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Abstract 
 

The potential applications of nanoparticles cover an enormous spectrum. The present work 

addresses the synthesis of nanoparticles using different synthetic methods and their potential 

fields of application. The first section of the thesis deals with the synthesis of perfectly shaped 

CoO nanooctahedra in a classical batch synthesis. The preparation of the nanoparticles first 

required optimization of the synthesis conditions, especially with respect to the ligand 

concentrations, ligand ratios, and reaction temperature. X-ray and electron diffraction were used 

to establish the crystal structure of the CoO nanooctahedra. Transmission electron microscopy 

was used to demonstrate the octahedral morphology of the particles. X-ray spectroscopic and 

magnetic studies confirmed the formation of phase-pure CoO and its surface chemistry. 

Molecular dynamics simulations were performed based on the experimental data. This showed 

that the binding energy of the surface ligands used for synthesis was lowest at a ratio of 1:1 

(oleic acid/oleylamine). Based on the experimental and simulated data, a mechanism for the 

formation of the octahedral nanoparticles was elucidated. The morphology of the particles had 

a crucial impact on the catalytic activity in anodic oxygenation during electrochemical water 

splitting.  

The second section of the dissertation deals with the synthesis of CeO2 nanoparticles in 

segmented flow as well as batch processes. Electron microscopic, thermal, vibrational 

spectroscopic and sorption studies showed no significant differences in terms of particle surface 

area or morphology. For segmented flow reactions, the reaction time was significantly reduced, 

and the yield was significantly increased. Haloperoxidase activity was detected by phenol red 

assay. The CeO2 nanoparticles were then used to prepare polycarbonate nanocomposites. The 

nanocomposites showed up to 85% reduction in biofilm formation. In addition, the formation 

of the virulence factor pyocyanin, which is directly linked to the quorum sensing system of 

bacteria, was reduced by 55%.   

In the third part of the work, a rapid microfluidic synthesis of NaCrO2 particles on a large scale 

was elaborated. The structure of NaCrO2 particles and their surface structure were determined 

by X-ray diffraction and X-ray spectroscopy studies. Investigations by 1H and 23Na nuclear 

magnetic resonance spectroscopy, Raman spectroscopy, thermal analysis, and transmission 

electron microscopy provided information about the formation mechanism of the NaCrO2 

particles. Submicrometer-sized micelles were formed by water-in-oil emulsions, acting as 

microreactors in the synthesis and allowing mixing of the reaction components at the molecular 

level. When the micelle-stabilized mixtures were heated, the product NaCrO2 was formed after 



 

 

a short annealing time and at moderate temperatures. The microfluidic synthesis of NaCrO2 was 

used for the synthesis of other layered oxides with the formular NaMO2 such as NaAlO2, 

NaFeO2 and NaCoO2. It offers the possibility to produce potential or already commercially used 

battery materials in very short reaction time in large quantities and with constant quality. 

  



Zusammenfassung 
 

Die Anwendungsmöglichkeiten von Nanopartikeln umfassen ein enormes Spektrum. Die 

vorliegende Arbeit beschäftigt sich mit der Synthese von Nanopartikeln über unterschiedliche 

Synthesemethoden und deren Anwendungsmöglichkeiten.  

Der erste Abschnitt der Arbeit befasst sich mit der Synthese von perfekt geformten CoO-

Nanooktaedern in einer klassischen Batch-Synthese. Die Herstellung der Nanopartikel 

erforderte zunächst eine Optimierung der Synthesebedingungen, insbesondere im Hinblick auf 

die Ligandenkonzentrationen, -verhältnisse und die Reaktionstemperatur. Durch Röntgen- und 

Elektronenbeugung wurde die Kristallstruktur der CoO-Nanooktaeder bestimmt. Mit Hilfe der 

Transmissionselektronenmikroskopie wurde die oktaedrische Morphologie der Partikel 

nachgewiesen. Röntgenspektroskopische und magnetische Untersuchungen bestätigten die 

Bildung von phasenreinem CoO und seine Oberflächenchemie. Auf der Grundlage der 

experimentellen Daten wurden moleküldynamische Simulationen durchgeführt. Dabei zeigte 

sich, dass die Bindungsenergie der Oberflächenliganden, die zur Synthese verwendet wurden, 

bei einem Verhältnis von 1:1 (Ölsäure/Oleyamin) am niedrigsten ist. Auf der Grundlage der 

experimentellen und simulierten Daten wurde ein Mechanismus für die Bildung der 

oktaedrischen Nanopartikel ausgearbeitet. Die Morphologie der Partikel hatte einen 

entscheidenden Einfluss auf die katalytische Aktivität in der anodischen Sauerstoffabscheidung 

bei der elektrochemischen Wasserspaltung.  

Der zweite Teil der Dissertation befasst sich mit der Herstellung von CeO2-Nanopartikeln im 

segmentierten Fluss sowie im Batchverfahren. Elektronenmikroskopische, thermische, 

schwingungsspektroskopische und Sorptionsuntersuchungen zeigten keine signifikanten 

Unterschiede in Bezug auf die Partikeloberfläche oder -morphologie. Bei Reaktionen im 

segmentierten Fluss wurde die Reaktionszeit erheblich verkürzt und die Ausbeute signifikant 

erhöht. Die Haloperoxidase-Aktivität wurde mit dem Phenolrot-Assay nachgewiesen. Die 

CeO2-Nanopartikel wurden anschließend zur Herstellung von Polycarbonat-Nanokompositen 

verwendet. Die Nanokomposite zeigten eine Verringerung der Biofilmbildung um bis zu 85 %. 

Darüber hinaus wurde die Bildung des Virulenzfaktors Pyocyanin, der direkt mit dem Quorum-

Sensing-System der Bakterien verknüpft ist, um 55 % reduziert.  

Im dritten Teil der Arbeit wurde eine schnelle mikrofluidische Synthese von NaCrO2-Partikeln 

in großem Maßstab ausgearbeitet. Die Struktur der NaCrO2-Partikel und ihre Oberflächen-

struktur wurden mittels Röntgenbeugungs- und röntgenspektroskopischer Untersuchungen 

ermittelt. Untersuchungen mittels 1H- und 23Na kernmagnetischer Resonanzspektroskopie, 



 

 

Ramanspektroskopie, thermischer Analyse, und Transmissionselektronenmikroskopie gaben 

Aufschluss über den Bildungsmechanismus der NaCrO2-Partikel. Über Wasser-in-Öl-

Emulsionen werden Mizellen in Submikrometergröße gebildet, die als Mikroreaktoren bei der 

Synthese fungieren und die Durchmischung der Reaktionskomponenten auf molekularer Ebene 

ermöglichen. Beim Erhitzen der Mizell-stabilisierten Gemische bildet sich bereits nach kurzer 

Zeit und bei moderaten Temperaturen NaCrO2. Die mikrofluidische Synthese von NaCrO2 

konnte auf die Synthese anderer Schichtoxide NaMO2 (wie NaAlO2, NaFeO2 und NaCoO2) 

übertragen werden und bietet die Möglichkeit, potenzielle oder bereits kommerziell genutzte 

Batteriematerialien in sehr kurzer Reaktionszeit in großen Mengen und mit gleichbleibender 

Qualität herzustellen.
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1. Introduction 

Although nanoparticles (NPs) have been used for a long time, research on NPs has only been 

conducted in recent decades.(1) The term nanotechnology was introduced by Norio Taniguchi 

in 1974. Since then, the use of NPs has steadily evolved.(2) Today, NPs are used in many fields. 

Their small size and the resulting large surface-to-volume ratio lead to numerous reactive 

surface centers. Therefore, NPs are well suited for applications in catalysis, hybrid materials, 

contrast agents(3), battery materials(4) and biocides(5). 

There are two approaches to produce NPs: (i) The top-down and (ii) the bottom-up approach. 

The top-down method is a physical approach unlike the bottom-up method, which is a chemical 

approach. It breaks down bulk materials into nanoscale materials, while the bottom-up approach 

builds up nanomaterials through the assembly of single units like atoms or molecules. Both 

approaches have their strengths but also weaknesses, the choice of approach depends on several 

factors such as the later application, costs, and particle properties. The bottom-up approach 

offers an excellent way to synthesize NPs with narrow size distribution, with well-defined facets 

and thus morphologies by utilizing surfactants to control the facet growth. The surface structure 

of NPs is determined by the size and morphology. The ability to adapt these properties is 

determined by various parameters e.g., surfactants, reaction temperature or solvents. Synthetic 

control is therefore crucial to obtain NPs with the desired properties.(6) 

The most common way to synthesize NPs through the bottom-up approach is the batch process, 

which has, however, some disadvantages. The physical and chemical properties of NPs are 

significantly determined by their size. It is well known that an upscaling of batch syntheses 

often leads to a broad size distribution or even changes concerning particle morphology, due to 

the changes of mass and heat transfer. Consequently, it is mandatory to find alternatives, due to 

the lack of control in batch processes. Flow syntheses offer an alternative to the conventional 

batch processes. Several factors indicate that flow synthesis can eliminate many of the problems 

of batch synthesis that can arise from upscaling. The use of micrometer-sized flow tubes leaves 

the surface-to-volume ratio unchanged during upscaling, furthermore, it allows a higher heat 

and mass transfer and therefore also a higher conversion rate.(7-8) Important parameters for the 

flow synthesis are temperature, pressure, reactants concentration and stream flow, and for the 

setup, the tube material, length of the tube and the pump type. Due to the formation of particles, 
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clogging issues can occur within the tubes, therefore optimizing the mentioned parameters and 

the setup are mandatory to avoid those issues.  

Recent publications clearly show that upscaling of syntheses in flow setups are easily possible, 

within short reaction times and therefore high yields per hour. Brutchey et al. synthesized nickel 

NPs with a 60% yield and therefore 15% more than the usual batch synthesis, also they were 

able to synthesize the Ni NPs with a conversion rate of 1,1 g/h.(9) The possibility to use different 

flow modes offers additional possibilities to adjust and therefore optimize the synthesis. 

Santamaria et al. were able to synthesize iron oxide NPs in a short reaction time, with different 

morphologies and crystalline structures by using a segmented flow and different gases as carrier 

medium e.g. N2, O2 or CO.(10) 

The present work deals with the synthesis of various NPs using different synthesis methods, in 

particular (i) batch- and (ii) microfluidic synthesis, as well as the characterization and 

application of the NPs. Major disadvantages associated with classical flask synthesis are 

theoretically avoidable by microfluidics. In the context of this work, among other things, this 

was investigated. Furthermore, the synthesis of NPs is in general influenced by various factors 

e.g., reaction time, ligand concentration and ligand ratios. The influence of the mentioned 

factors on the morphology, dispersity, size, and catalytic activity were investigated. 
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2. Theoretical Background 

2.1 Formation of Nanoparticles 

Wet chemical synthesis, a variation of the bottom-up approach, has several advantages over the 

top-down approach. First, implementation is simple. Furthermore, NPs with a low dispersity 

and with specific morphologies can be obtained with surfactants, which control NP facet growth. 

The properties of NPs are significantly influenced by their size and morphology as they 

determine the surface structure. Therefore, it is essential to control particle nucleation and 

growth. The LaMer model(1) is fundamental for understanding the formation of NPs in wet-

chemical synthesis. Originally, LaMer and Dinegar used the classical nucleation theory in order 

to describe the formation of sulfur sols. Nevertheless, it is used as a standard model to describe 

the homogenous nucleation and growth of NPs. The LaMer model is a kinetic model describing 

the solute concentration change as a function of time (Figure 2.1). Figure 2.1 is divided into 

three phases. The first phase comprises the formation of monomers, the second the nucleation 

process and the third the growth of the evolving NPs. Cs is the saturation concentration, which 

describes the solubility of the monomer. Cmin is the minimum and Cmax the maximum 

supersaturation. In the first phase, the monomer concentration increases rapidly until it reaches 

the minimum saturation concentration Cmin. At this point the nucleation process and therefore 

the transition to the second phase starts. The monomer concentration in phase 2 still increases, 

due to the formation of monomers in phase 1. Provided that no further monomers are formed, 

the concentration decreases. As soon as the monomer concentration reaches again the minimum 

saturation concentration, the transition into the third phase starts.(1-2) 
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Figure 2.1. LaMer model of nucleation and growth. Adapted with permission from ref (1). 

The growth by diffusion starts in the third phase. If the monomer concentration is lower than 

the minimum saturation concentration Cmin but higher than the saturation concentration Cs, the 

particles keep growing. The synthesis of monodisperse NPs requires the temporal separation of 

nucleation and growth processes. During the diffusion-controlled growth of the NPs (phase III), 

no further nuclei may be generated. Therefore, the nucleation rate should be as high as possible 

(burst nucleation) ensuring a step change into the growth phase. The temporal separation can 

be done by setting various parameters, e.g., temperature or pH-value, but also through the 

procedure, e.g., hot injection of the precursor.(3) A careful control of the parameters is therefore 

necessary to obtain monodisperse NPs. Due to the sensitivity of NPs synthesis concerning their 

parameters, smallest changes during the synthesis can change the particle size, quality and even 

the phase. Optimization is therefore crucial for the wet-chemical approach. However, it is well 

known that a simple scale-up of an optimized synthesis does not always work and often heavily 

influence the morphology, phase, or dispersity. Changes in heat- and mass transfer are 

responsible for this. Upscaling is always accompanied by a change in volume, leading also to a 

change of the surface-to-volume ratio. The change of the ratio impacts the heat transfer 

significantly.(4-7) In a typical batch synthesis, the heating process will be carried out externally. 

Through the external heating the energy is transferred through the walls of the flask and 

dissipated into the reaction solution. Three main reasons are responsible for the heating up of 

the reaction solution (i) radiation, (ii) conduction and (iii) convection.(8) Thermal radiation is 

the transfer of energy through electromagnetic waves and conduction through the contact 

between the heating source and the flask wall. Convection describes the heat transfer within the 

reaction solution. Convection processes are directly related to mass transfer, which describes 

the movement of mass within the batch.(9) A change in surface-to-volume ratio changes the 

thermal energy and the mass transfer. To enable upscaling, it is therefore essential to keep the 

change in the surface-to-volume ratio as low as possible or even unchanged. In a flow system 



2. Theoretical Background 

 

5 

 

the ratio does not change, it remains constant. It is therefore important to give an insight into 

the dynamics of flow systems in order to understand and apply the system as an alternative to 

batch synthesis. 

 

2.2 Microfluidics 

2.2.1 Fluids 

The term microfluidics consists of the two terms micro and fluid. While the former describes 

the size of the container that transports the medium, the latter refers to the nature of the medium 

in the container. In general, a fluid is a substance which deforms, i.e., flows by applying shear 

forces.(10) Therefore, liquids, gases and plasmas can be assigned to fluids. Fluids can be divided 

into ideal and real fluids. Ideal fluids are incompressible, they show no internal resistance to 

flow and therefore no viscosity, while real fluids show to some extent dependent on the material 

the mentioned behavior. For real fluids, a further subdivision can be made into Newtonian and 

non-Newtonian fluids. Newtonian fluids obey the Newtonian law of viscosity (Eq 2.1).(10-12) 

𝜏 =  𝜂
𝑑𝑢

𝑑𝑦
                                                          (2.1)(11) 

Here, τ stands for the shear stress, η for the dynamic viscosity, which is the product of the 

kinematic viscosity v and the density ρ, furthermore 
𝑑𝑢

𝑑𝑦
 describes the shear rate. Eq. 2.1 shows 

that the shear stress is proportional to the shear rate. Therefore, no change of the viscosity occurs 

in dependency of the shear rate (Figure 2.2A-B). A prototypical Newtonian fluid is water, which 

obeys Eq. 2.1. Different from Newtonian fluids non-Newtonian fluids behave differently when 

shear forces are applied.(10-12)  

 

Figure 2.2. Rheogram of Newtonian and non-Newtonian fluids. (A) Shear stress as a function of shear 

rate, (B) viscosity as a function of shear rate and (C) time. (A-C) Adapted with permission of ref (13-15). 

Non-Newtonian fluids are divided into two regimes. The nonlinear behavior of the fluids is 

divided by focusing on the (i) change of viscosity with increasing shear rate and (ii) with 
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constant shear rate during a time interval. Fluids whose viscosity increases with increasing shear 

rate exhibited shear thickening behavior and vice versa shear thinning behavior (Figure 2.2A-B). 

Fluids that change their viscosity at a constant shear rate as a function of time are divided into 

thixotropic and rheopectic materials (Figure 2.2C). Thixotropic fluids show a time-dependent 

decrease in their viscosity, while the viscosity for rheopectic materials increases, when the 

fluids undergo shear stress.(10) Internal friction and the associated viscosity are important factors 

influencing the flow behavior of fluids. Figure 2.3 shows a flow diagram of the different 

rheological behavior of fluids. 

 

Figure 2.3. Flow diagram of the rheological behavior of fluids. 

 

2.2.2 Laminar and Turbulent Flow 

The flow profile of Newtonian fluids can vary, depending on various factors. The flow profile 

is divided into laminar and turbulent flow.(10) In laminar flow, the fluid flows in layers that do 

not mix with each other. Mass transfer therefore takes place only through the momentum of the 

reactants, but not through the mixing of the layers. The layers move parallel to the tube wall in 

the flow direction. Due to the properties of a real fluid, friction occurs between the fluid layers, 

and with the tube wall. The internal friction between the layers and the interaction with the tube 

walls leads to different velocities of the single layers, which finally leads to a parabolic flow 

profile (Figure 2.4). The flow velocity reaches its maximum in the center of the tube, while it 
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decreases towards the pipe walls. The velocity profile can be described with the 

Hagen-Poiseulle equation (Eq. 2.2).(16) 

        𝑄 =
𝜋𝛥𝑝𝑅4

8𝜂𝐿
                                                                       (2.2)(17) 

Q stands for the volumetric flow rate, Δp is the pressure drop between the ends of the tube, R is 

the tube radius, η is the dynamic viscosity and L the tube length. The law represents the 

dependence of the volumetric flow rate on the tube radius. Furthermore, the law assumes that 

the viscosity does not change as a function of shear rate or time, i.e.it applies to Newtonian 

fluids.(18) Equation (Eq. 2.2) shows that doubling the tube radius leads to a 16-fold volumetric 

flow rate. It also shows that the flow rate is directly dependent on the viscosity. Taking that into 

account, the volumetric flow rate is determined by the tube radius and viscosity.  

In a turbulent flow, fluid layers are no longer present, instead, the streamlines are chaotic, 

leading to fluctuations concerning the pressure and flow velocity, but also to an efficient mixing 

of the layers. Therefore, the Hagen-Poiseulle equation cannot be used in turbulent flow. The 

transition from laminar to turbulent flow depends significantly on the flow velocity. The 

Reynolds number Re can be used to determine whether a flow is laminar or turbulent. It 

describes the ratio of inertial forces to viscous forces within a fluid (Eq. 2.3).(11,16) 

         𝑅𝑒 = 
𝜌𝑢𝐿

𝜂
                                                                 2.3(11) 

ρ describes the density of the fluid, u the flow velocity, L is the characteristic length, for the 

flow in a tube, L is usually equal to the inner diameter of the tube and. η describes the dynamic 

viscosity. Eq. 2.3 states that the Reynolds number increases with increasing flow velocity. 

Laminar flow occurs at Re < 2300 and turbulent flow at Re > 4000. In the range 

2300 < Re < 4000 an intermittent flow can be observed consisting of irregular intervals of 

laminar and turbulent flows.(16) 

Synthesizing NPs requires mixing of the precursors. In laminar flow mixing occurs through the 

momentum of the reactants rather than through the mixing of layers. The lack of mixing can 

lead to the formation of NPs with a broad dispersity, as well as to the formation of other phases 

as by-products. Furthermore, the parabolic flow profile leads to different residence times of the 

reactants, which also influences particle growth. In flow setup microfluidic mixers can be used 

which induce turbulence in a spatially limited area and thus enable the layers to be mixed. The 

turbulent flow allows excellent mixing, but due to the fluctuations in pressure and flow velocity, 

the reproducibility of a synthesis is not always given. During the synthesis of NPs, gas 

formation often occurs due to thermal decomposition of the precursors or reflux of the solvents. 
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The formation of gases induces turbulence between layers, therefore mixers can be dispensed 

for synthesis, where thermal decomposition occurs.  

Long residence times and therefore low flow velocities can lead to clogging, due to the 

accumulation of NPs within the tubes. Short residence times can result in no conversion. The 

setting of flow velocity is therefore crucial in order to optimize a synthesis in a flow setup. In 

addition to the flow velocity, other parameters are essential as well. A closer look to those 

parameters is therefore necessary. 

 

Figure 2.4. Laminar, transient and turbulent flow with the corresponding Reynolds number Re. Adapted 

with permission of ref (19). 

 

2.2.3 Setup and Parameters 

2.2.3.1 Microfluidic Pumps 

In microfluidics, two different types of pumps are generally used: (i) Syringe or (ii) peristaltic 

pumps. In a (i) syringe pump, the syringes serve as fluid reservoir and for dispensing the fluid 

into the flow system. The pump motor exerts pressure via an actuator which results into the 
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dispensing of the fluid into the tubes (Figure 2.5A). (ii) Peristaltic pumps belong to the group 

of mechanical displacement pumps. From an external fluid reservoir, the fluid is delivered into 

the tube by the principle of peristalsis, using a rotating head mechanism. The head mechanism 

consists of a certain number of actuators. The tube is placed along the actuators, contraction 

and relaxation (peristalsis) cause the fluid to spread in the tube (Figure 2.5B).(20) 

 

Figure 2.5. Pump types. (A) Syringe pump and (B) peristaltic pump.  

Syringe pumps can be adjusted very precisely in their injection speed, making them particularly 

suitable for reactions in which the slightest deviations can manipulate the synthesis. Syringe 

pumps can also be used at very high pressures, allowing a range of parameter variations 

concerning the synthesis. A major disadvantage is that the fluid volume is limited by the syringe 

volume, therefore upscaling is limited. Furthermore, some reactants do not dissolve in the 

solvent at room temperature, as the syringe cannot be heated. The range of possible applications 

is further limited. Peristaltic pumps are slightly less precise than syringe pumps. Furthermore, 

they cannot be used at very high pressures, limiting therefore the range of parameter variations. 

However, by using an external fluid reservoir, the volume and therefore upscaling is not limited. 

More importantly, the external fluid reservoir can be heated which allows further synthetic 

options. Therefore, peristaltic pumps are particularly suitable for the synthesis of NPs, since 

upscaling is possible, and no solubility issues occur. Due to the advantages of the peristaltic 

pump, the work described in this dissertation was carried out exclusively with peristaltic pumps. 

 

2.2.3.2 Tubes, Flow Velocity and Heating Elements 

Concerning the tubes two factors should be considered, the overall length of the tube and the 

tube material. The overall tube length depends on the setup such as the number of different 

heating regimes and the flow mode. More importantly, the tube length in correlation with the 

flow velocity determines the reaction time. The formation of NPs within the tubes can lead to 

clogging, the correct length is therefore essential to optimize a synthesis. Although the reaction 

time can be determined by the flow velocity, issues occur due to the formation of gases during 
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the decomposition of the reactants, which statistically influence the flow rate caused by the 

additional pressure. Therefore, a careful choice of the tube length and flow velocity is essential 

to optimize a synthesis. 

Mainly tubes made of glass, stainless steel or polymer-based materials are used in microfluidics. 

Glass is difficult to handle due to its fragility. Therefore, stainless steel or polymer-based tubes 

are usually used. The heating temperature is a major factor in the choice of the tube materials. 

Polymer-based tubes like fluorinated ethylene propylene (FEP), poly-tetrafluorethylene (PTFE) 

or polyether ether ketone (PEEK) have a maximum usage range temperature between 200 – 

350 °C, under the condition that no tube-damaging substances are used. For temperatures up to 

200 °C, these tubes can be used. At higher temperatures, stainless steel tubes are preferable. 

Unsaturated fatty acids are often used in the synthesis of NPs. Transition metals can accelerate 

the autooxidation of unsaturated fatty acids due to their catalytic effect. Stainless steel tubing 

can thus act as a catalyst for autooxidation, and high temperatures favor the process.(21-22) 

Depending on the synthesized NPs, autooxidation can affect the synthesis. Glass tubes should 

be considered if this issue occurs. Nevertheless, autooxidation is not a common issue in 

microfluidics, therefore stainless steel is the material of choice for high temperature syntheses. 

For temperatures lower than 180 °C oil baths are sufficient as heating elements. Possible 

alternatives at higher temperatures are sand baths, molten salt baths or continuous flow heaters. 

In this work, cartridge heaters were used, placed in the center of a cylindrical steel inlet. The 

inlet had a spiral-shaped notch, in which the stainless-steel tube was attached. The inlet was in 

a ceramic sleeve for insulation and better temperature control. (Figure 2.6).  

 

Figure 2.6. Heating element, with the cylindrical steel inlet and ceramic sleeve. 
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2.2.3.3 Flow Modes 

Different flow systems can be run in microfluidics. The choice of the particular flow system 

depends crucially on the synthesis conditions. The flow systems are subdivided into continuous 

and segmented flow systems. Continuous flow setups are the most established system in 

microfluidics, due to their simplicity. While the single-phase mixture flows through the main 

channel, further reactants can enter the reaction phase via side channels. This allows the 

realization of multistep syntheses, e.g., the synthesis of heterodimers. Due to the high 

throughput of fluid volumina and the direct contact of the fluid with the tube walls a high risk 

of channel clogging exists, due to the deposition of NPs on the tube walls (Figure 2.7A).(4) In 

segmented flow, two immiscible fluids are used. The reaction solution and the carrier medium 

alternate in the tube. Segmented flow systems are divided into liquid-liquid flows, e.g., water 

in oil, and gas-liquid flows.(4) The generation of droplets can be done by microfluidic chips or 

T-junctions. While the former is used for small fluid volumes and the throughput of NPs is low, 

T-junctions are suitable for the synthesis of NPs on a large scale.(23) The droplet size depends 

mainly on the flow rate, while the morphology depends on the composition of the reaction 

solution, the carrier medium, and the resulting interaction with the tube walls.(23) The different 

droplet morphologies are shown in Figure 2.7B. Figure 2.7B.1 shows the classical droplet 

morphology. The droplets are completely enclosed by the carrier medium and thus have no 

contact with the tube walls. Highly hydrophobic solutions, such as polytetrafluorethylene 

(PTFE), are suitable as the carrier medium, with water as reaction solution. Due to the polarity 

of water, interactions with the tube wall are low, ensuring therefore the formation of droplets.  

 

Figure 2.7. Illustration of the (A) continuous- and (B) segmented flow. The segmented flow is shown 

as (B.1) the droplet mode, (B.2) plug mode and (B.3) slug mode. Adapted with permission of ref (4,24). 

By changing the polarities of the carrier medium and reaction solution, the formation of convex 

droplets (plug mode) occurs (Figure 2.7B.2). In the plug mode, carrier medium and reaction 

solution are in contact with the tube walls. The carrier medium should not wet the tube walls to 

avoid the formation of droplets rather than plugs. Therefore, gases or non-polar compounds are 
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suitable as carrier media. Polar solvents are suitable for the reaction solution due to the low 

affinity to the tube walls. If the reaction solution shows a strong affinity to the tube walls, 

concave shaped droplets are formed (slug mode, Figure 2.7B.3). Nonpolar solvents as a reaction 

solution (e.g., hexane) tend to form slugs rather than droplets. The classical droplet flow is the 

most suitable choice for the synthesis of NPs.(23) Due to the lack of contact with the tube walls, 

the material of the tubes does not affect synthesis, e.g., through autooxidation processes. 

Furthermore, the probability of clogging is lowest, as the resulting NPs cannot interact with the 

walls and therefore do not adhere.(4,23) Nevertheless, droplet flow cannot always be driven. High 

reaction temperatures limit the choice of the carrier medium. Therefore, high polarity 

differences between reaction solution and carrier medium cannot always be achieved. 

Furthermore, the composition of the reaction solution determines the interaction with the tube 

walls. Therefore, it is not always possible to prevent the reaction solution from interacting with 

the tube walls. Segmented flow is particularly suitable when the risk of clogging in the 

continuous flow is too high. In addition, the use of gases in segmented flow can promote the 

oxidation of NPs unstable in air. Furthermore, different morphologies and phases can be 

produced in the gas-liquid flow, by varying the gas with unchanged composition of the reaction 

solution.(24) 

 

2.3 Nanoparticles and Their Applications 

2.3.1 Selective Synthesis of Nanoparticles  

The selective synthesis and thus the formation of certain facets can be essential, depending on 

the latter application. Therefore, the synthesis of NPs with certain facets is usually accompanied 

by the optimization of synthetic variables, as even small deviations in the synthesis can lead to 

a change in dispersity or even phase. It is therefore essential for a reproducible optimized 

synthesis to consider at least the most important variables. Important variables in a synthesis 

are the (i) metal precursor, (ii) surfactants, (iii) solvent (iv) heating temperature and heating 

rate, and (v) reaction time. The variables cannot be considered as independent factors affecting 

the system, but they merge into each other and therefore influence each other. For example, the 

selection of a different metal precursor can influence not only the phase of the product, but also 

the decomposition temperature. However, there are characteristic changes when changing a 

single parameter, so individual consideration of these is essential to understand the system. 
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It is generally known that the (i) variation of the metal precursor has an influence on the 

resulting phase, faceting, dispersity, and reaction temperature.(25-27) Banerjee et al.(25) 

investigated the influence of different iron precursors on the properties of magnetite NPs while 

maintaining the same synthesis conditions. Their results showed changes concerning the 

morphology of the NPs by changing the metal precursor (Fe(NO3)3 ∙ 9 H2O; FeCl3 ∙ 6 H2O). 

Furthermore, the use of an Fe2+ precursor ( e.g. FeSO4 ∙ 7 H2O) led to the formation of additional 

side phases (α-FeO(OH), γ-FeO(OH)). The preparation of pure cobalt NPs in the presence of 

oleylamine (OAM), which acts as a reduction agent, showed that changing the cobalt precursor 

from cobalt acetate (Co(ac)2) to cobalt acetylacetonate (Co(acac)2), led to a higher 

decomposition temperature and smaller NPs.(28) These two examples illustrate the influence of 

the metal precursor on the final product. Numerous causes can be the reason for this interference, 

but in general a change in the stability of the precursor or even in the reaction mechanism is 

usually associated with it. During the thermal decomposition of the metal precursor, 

intermediates are often formed by ligand exchange, which in turn decompose to form the actual 

precursor. Ligand exchange in turn depends on the stability of the metal precursor. A more 

stable precursor can cause the decomposition temperature to change, but also the nucleation 

and growth phases, which in turn can change the size and dispersity of the particles, but also 

the facet growth. The cobalt synthesis can be taken as an example. Co(acac)2 is 

thermodynamically more stable than Co(ac)2 due to the multidentate nature of acetylacetonate 

and the associated chelate effect. The ligand exchange of acetylacetonate with OAM therefore 

requires a higher temperature, which in turn increases burst nucleation and thus the number of 

nuclei, which finally leads to smaller NPs. As a result, particles of approx. 3 nm in size are 

obtained instead of 6-10 nm particles when using cobalt acetate.(28) The same applies to 

magnetite particles mentioned above. A change in the oxidation state can affect the formation 

of the phase, since the reaction mechanism changes.(25) Therefore, the variation of the metal 

reactants is essential to gain insight into the mechanism of NP formation. 

Beside the metal precursor, (ii) surfactants play an essential role in the wet chemical synthesis 

of NPs. Surfactants are characterized by long non-polar chains (tails), as well as a polar part 

(head). Due to the large surface/volume ratio, NPs tend to have relatively high surface energies, 

The task of a surfactant is to minimize the surface energy in order to stabilize them and thus 

protect them from agglomeration.(29) However, surfactants can also contribute to the formation 

of the particles during the nucleation stage e.g. by ligand exchange(25) or act as a reducing 

agent(30). Furthermore, in addition to their stabilizing effect on the particles, surfactants can also 

be used as a substitute for solvents. For example, ferrite NPs (MFe2O4) can be produced in the 
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presence of OAM, which acts as stabilizing agent but also as solvent.(31) Due to their functional 

groups, surfactants can also act as an acid or base. A well-known combination of two surfactants 

used within a single synthesis is oleic acid (OAC) and OAM.(32-34) Due to the functional groups 

of OAC and OAM, an acid-base equilibrium is established between the two surfactants. OAM 

acts as a base and deprotonates OAC (OAC +OAM = OAC- + OAMH+) and therefore improves 

the adsorption of oleate on certain facets.  

Asadi et al.(32) investigated the influence of the ratios of the two surfactants with respect to the 

morphology, size and size distribution of the resulting iron oxide particles. Various ratios of the 

two surfactants were tested, and an optimum ratio of 3:1 OAC to OAM was determined to 

obtain NPs with a defined morphology and narrow size distribution. Changing the ratio 

significantly affected facet growth and thus morphology as well as dispersity. Through 

molecular dynamic simulations, it was shown that at a ratio of 3:1 OAC:OAM, the binding 

energy of the deprotonated OAC to the surface of the NPs showed the highest negative binding 

energy and thus the ratio is most suitable for stabilizing the particles. When optimizing a 

synthesis, the concentrations of the ligands are therefore essential, and optimization in terms of 

concentration is indispensable. 

The influence of (iii) solvents on the synthesis of NPs is also an important factor to consider 

when optimizing a synthesis. During synthesis, the polarity of the solvents decisively influences 

the solvent-particle, solvent-ligand, particle-ligand, and particle-particle interactions. Therefore, 

solvents have a crucial influence on particle growth, as well as the stability of the particles with 

respect to agglomeration.(35-37) In general, colloidal NPs can be stabilized in solution by 

electrostatic or steric interactions. While in steric stabilization, surfactants on the surface of the 

particles prevent agglomeration, electrostatic stabilization relies on the formation of an 

electrochemical double layer. NPs have a charge on their surface, so in solution an 

electrochemical double layer forms on the particle surface. The strength of the electrochemical 

double layer depends, among other things, on the polarity of the solvent. When the polarity is 

changed, this also influences the electrochemical double layer, which ultimately leads to 

changed conditions in the growth of the particles.(35,38) Besides the influence of the polarity of 

the solvent on the electrochemical double layer and thus the electrostatic stabilization, the 

solvent also influences the steric stabilization. Taking oleate capped NPs as an example, the 

polarity of the solvent is crucial for the swelling of the oleate layer onto the surface of the 

NPs.(37) Wong et al.(37) demonstrated this influence with coarse-grained model structures and 

compared  theoretical and experimental results of oleate capped CdSe quantum dots. Through 

their investigations they showed that the extension of the swelling layer and therefore the 
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thickness of the layer increases with decreasing polarity. Various solvents were used, ranging 

from water to chloroform and hexane. The results showed the agglomeration behavior due to 

the polarity change of the solvent and therefore the change of the thickness of the oleate layer.(37) 

Solvents can also be used as surfactants(31) or even as reagents(39). The range of influencing 

factors is enormous. When optimizing a synthesis, the fine-tuning of the solvent is therefore 

crucial for the particle properties. 

The main influence of (iv) the heating temperature and heating rate is in the nucleation process, 

due to the thermal decomposition of the precursor. To understand this process, kinetic and 

thermodynamic factors must be considered. Two essential terms play a role in the homogeneous 

nucleation of a spherical particle. Eq. 2.4 shows the total free energy ΔG.(40)  

      𝛥𝐺 =  4𝜋𝑟2𝛾 + 
4

3
𝜋𝑟3𝛥𝐺𝑣                                                         (2.4)(40) 

            𝛥𝐺𝑣 = 
−𝑘𝐵𝑇𝑙𝑛(𝑆)

𝑣
                                                                       (2.5)(40) 

The first term represents the surface free energy. Here r is the radius of the particle and γ the 

surface energy. The second term is the bulk free energy, where ΔGv represents the crystal free 

energy. ΔGv depends (Eq. 2.5) upon the Boltzmann constant kB, the temperature T, the 

supersaturation S and the molar volume v. While the first term in Eq 2.4 is positive, due to the 

formation of a particle and thus the formation of a surface, the second term is negative. The 

second term has a stronger effect on the total free energy with increasing particle radius. Above 

a certain radius, the so-called critical radius, the second term predominates, and the formation 

of nuclei is thermodynamically preferred. It is therefore the minimum radius at which nuclei do 

not return to solution (Eq. 2.6). The critical radius corresponds with the critical free energy 

ΔGcrit (Eq. 2.7). The critical free energy is obtained by differentiating ΔG with respect to r.(40)  

            𝑟𝑐𝑟𝑖𝑡 = 
−2𝛾

𝛥𝐺𝑣
= 

2𝛾𝑣

𝑘𝐵𝑇𝑙𝑛(𝑆)
                                                               (2.6)(40) 

             𝛥𝐺𝑐𝑟𝑖𝑡 = 
4

3
𝜋𝛾𝑟𝑐𝑟𝑖𝑡

2                                                                        (2.7)(40) 

Eq. 2.6 states that with increasing temperature the critical radius decreases and thus the critical 

free energy. The nucleation rate, i.e. the formation of N nuclei after a certain time unit t can be 

obtained by an Arrhenius type equation (Eq. 2.8).(40)  

 

 
𝑑𝑁

𝑑𝑡
= 𝐴𝑒𝑥𝑝 (−

𝛥𝐺𝑐𝑟𝑖𝑡

𝑘𝐵𝑇
) = 𝐴𝑒𝑥𝑝 (

16𝜋𝛾3𝑣2

3𝑘𝐵
3𝑇3(𝑙𝑛(𝑆))

2)                             (2.8)(40) 

The nucleation rate depends mainly on temperature, supersaturation and surface free energy. 

When the temperature increases, the nucleation rate increases as well. A higher number of 

nuclei also influences the growth process of the particles. Since the higher number of nuclei 
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means that fewer monomers are available for each nucleus, the size of the particles decreases 

for higher temperatures. Beside the heating temperature, the heating rate influences the 

nucleation process. At slow heating rates, burst nucleation is suppressed. Thus, less nuclei are 

produced, and the particles generally become larger. Furthermore, the nucleation period is 

extended, whereby growth and nucleation phases can overlap and the size distribution becomes 

broader.(41) The heating temperature and rate are therefore important parameters to vary particle 

size. 

In particular the (v) reaction time influences the particle size. The duration of the growth phase 

and thus the size of the particles can be influenced by the reaction time. Short reaction times 

therefore often lead to smaller particles than long reaction times. However, the dispersity of the 

particles can also be influenced by changing the reaction time. Therefore, it is essential to adjust 

reaction time to the remaining conditions to optimize a synthesis.(42-45) 

In summary, some important synthetic variables that significantly influence particle properties 

have been discussed. However, it should be note that there are even more factors which have 

not been explained in detail, but which affect the outcome of a synthesis, e.g., the concentration 

of the metal oxide/chalcogenide product and thus the supersaturation of the solution. Still, the 

optimization of a synthesis should focus on the most essential parameters, otherwise there is a 

risk of complicating the system, making it impossible to understand the reaction and the 

mechanisms behind it. 

 

2.3.2 Haloperoxidase Mimicry of Nanoparticles 

Biofilms are communities of microorganisms embedded within a self-generated matrix of 

extracellular polymeric substances, attached to each other and to a surface.(46-47) The formation 

of biofilms is a dynamic process and divided into different stages which are shown in Figure 2.8. 

In the first stage, the reversible attachment of microorganism to a surface start. In the second 

stage the irreversible immobilization of the microorganism on the surface starts through 

interactions with flagella, different types of polysaccharides and adhesive proteins. The second 

stage is therefore characterized by the formation of microcolonies. In the third stage the 

proliferation of the multilayered cell structure begins. Furthermore, extracellular polymeric 

substances forms and their segregation begins. The fourth stage is marked by the maturation of 

the biofilm, which consists of channels to distribute nutrients , but also signal molecules, which 

are responsible for the communication of the microorganism (quorum sensing) In the last stage 

the detachment and dispersal starts, in order to spread and colonize further surfaces.(47-49) An 

essential factor for the formation of biofilms is the quorum sensing. It is the ability of bacteria 
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to monitor their cell-population density and consequently regulate their gene expression in order 

to adapt to their environment concerning various physiological activities.(50-53) Quorum sensing 

occurs via secretion of signal molecules called autoinducers (AI). The chemical structure of 

autoinducers is mostly based on acyl homoserine lactones (AC-1) or furanosyl compounds 

(AC2), depending on the species of the bacteria. To prevent quorum sensing and thus 

communication between bacteria, the AIs act as a target molecule. By changing the chemical 

composition of the AIs, the corresponding receptors are not able to bind those, thus a reaction 

to the signal molecule remains absent.(50-53)  

 

Figure 2.8. Biofilm formation with the different stages. Adapted with permission of ref (47,54). 

In nature, there are numerous examples that show that quorum sensing can be prevented e.g. 

red marine algae(55) brown algae(56) or even in bacteria like Streptomyces toyocaensis(57). A 

common mechanism in nature in order to prevent the formation of biofilms, is the oxidative 

halogenation of AI by haloperoxidase enzymes which consists often of iron or vanadium-based 

compounds.(54) Scheme 1 shows the haloperoxidase reaction.  

 

The oxidation of halides (Cl-, Br-, I-) occurs through hydrogen peroxide (H2O2), leading to the 

formation of hypohalous acids, which further react with nucleophilic acceptor molecules.(54) 

Hypohalous acids inhibit the formation of biofilms due to halogenation of the AIs. Furthermore, 

they show biocidal effects caused by their oxidizing power and toxicity to various 
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microorganisms.(58) NPs can mimic native enzymes. Various materials show peroxidase – like 

activity, e.g., V2O5
(59), Fe3O4

(60), TiO2
(61) and CeO2

(62). CeO2 is a promising candidate, due to 

its non-toxic behavior and high abundance, which allows an environmentally compatible use, 

as well as a cost-efficient production on an industrial scale. The Belousov-Zhabotinsky reaction 

describes the bromination of malonic acid. During the reaction hyphohalous acids forms, due 

to the redox couple Ce3+/Ce4+.(63) Due to the non-stochiometric occurrence of Ce3+/Ce4+ in CeO2 

NPs, the haloperoxidase activity is close related to the Belousov-Zhabotinsky reaction.(63-65) 

Herget et al.(62) showed a significant decrease of biofilm formation on stainless steel plates with 

CeO2-nanorods, indicating a haloperoxidase-like activity of CeO2. Furthermore, kinetic 

measurements showed typical Michaelis-Menten kinetics, indicating the enzyme-like behavior. 

Frerichs et al.(63) increased the catalytic activity by a factor of 3 through doping with Bi3+ in 

comparison to undoped CeO2 particles. With a concentration of 270 ng/mL of Ce0.8Bi0.2O2-δ the 

NPs reduced the biofilm formation by 50%. In comparison, phase pure CeO2 NPs decreased 

biofilm formation by slightly more than 20%, assuming therefore a significant correlation 

between defect concentration and haloperoxidase activity.(63) Besides defect concentration, the 

catalytic activity is also determined by the surface/volume ratio, i.e., particle size, surface 

ligands and surface charge. Therefore, the scope of factors to further decrease the biofilm 

formation is significant and the potential of CeO2 NPs has not yet been fully exploited. 

 

2.3.3 Intercalation Batteries 

The principle of a battery is to generate electrical energy from a chemical potential.(66) In recent 

years, the demand for rechargeable batteries, especially for use in portable devices and electric 

vehicles, has increased enormously. Batteries with higher capacities and a long cycle life are 

needed to fulfill increasingly demanding tasks. There are many different types of batteries, and 

in recent decades intercalation batteries have become particularly popular. Since 1990, when 

Sony announced the first commercial lithium-ion battery (LIB), intercalation batteries have 

become ubiquitous in our lives and are used in nearly every portable electronic device.(67) 

Figure 2.9 shows the set-up of a LIB. LIBs consist of a negative and a positive electrode and an 

electrolyte. Furthermore, current collectors are present. A copper foil is placed at the negative-, 

and aluminium foil at the positive electrode. Between the two electrodes is a separator 

consisting of a porous solid membrane.(68) Both electrodes are made of intercalation materials. 

The positive electrode is made mostly of a layered lithium metal oxid (LiMO2), while the 

negative electrode commonly consists of graphite.(68-70) The electrolyte allows the diffusion of 

Li-ions from one electrode to the other, depending on the charge mode. It usually contains 



2. Theoretical Background 

 

19 

 

lithium salts, additives, and organic solvents.(71) During discharge, the lithium cations in the 

electrolyte diffuse through the porous membrane to the positive electrode. Meanwhile, the 

electrons migrate to the positive current collector (aluminum foil) with the help of the negative 

current collector, usually a copper foil. At the positive electrode, intercalation of the 

lithium-ions into the metal layer oxide material begins. When the battery is charged, the 

migration of the lithium ions changes in the opposite direction.(68,72) 

Important parameters to describe batteries in general are (i) specific capacity, (ii) specific 

energy and (iii) cycle life. The capacity describes the amount of energy provided during a 

discharge process. The unit of the capacity is Ah, while the (i) specific capacity has the unit 

Ah/kg, therefore it describes the capacity as a function of mass. The product of the specific 

capacity and the average discharge voltage gives the (ii) specific energy with the unit Wh/kg.  

 

Figure 2.9. Basic principle and set up of LIBs during the discharging process. Adapted with permission 

of ref (68). 

It describes the stored energy per gram. The energy density refers to the volume of the material 

and describes the stored energy per liter (Wh/L).(68) The (iii) cycle life describes the number of 

discharge and charge cycles before the capacity reaches the critical capacity of 80% of the 

original value.(73) The most commercially used material for LIBs as positive electrode material 

is LiCoO2.
(72) With a specific capacity of 190 Ah/kg at a voltage of 3.9 V, it is predestined for 

numerous applications e.g., for electronic devices.(74) 
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Nevertheless, some problems are associated with the material. LiCoO2 is known to release 

oxygen at high temperatures. Therefore, safety issues can occur.(70,74) Furthermore, cobalt is 

relatively expensive.(72) To improve safety and reduce the price, different new materials have 

been developed. LiMnO2 has a smaller specific capacity (110 Ah/kg) at a voltage of 4.0 V, but 

it is safer in terms of oxygen release and biohazard. However, the thermal stability of the 

material is lower, which limits its potential range of applications.(72-74) LIBs with the 

composition LiNi1-x-yCoxMnyO2 (NMC) and LiNi1-x-yCoxAlyO2 (NCA) offer a serious 

alternative to LiCoO2. LiNi0.8Co0.1Mn0.1O2 shows a specific capacity of 200 Ah/kg at a voltage 

of 3.8 V, LiNi0.8Co0.15Al0.05O2 shows similar results(200 Ah/kg at 3.7 V). The energy density 

of NMC and NCA are at the level of LiCoO2. Therefore, similar applications for the latter LIBs 

can be considered. Due to the composition, less cobalt is necessary, which reduces the price. 

Furthermore, NMC and NCA are known to be safer than LiCoO2.
(72,75-76) NMC batteries are 

already in commercial use, e.g., in e-bikes or electric powertrains.(77) The improvement of 

lithium-based batteries is a subject of current research. In terms of safety, specific capacity, 

energy density, cost, there is still room for improvement. In the next few decades, demand for 

lithium is expected to increase significantly, driven in particular by demand for electric vehicles 

and electronic devices.(78) Due to the limited resources of lithium, the price of the raw materials 

will also rise as demand increases. The development of non-lithium-based batteries is therefore 

essential to avoid such problems. A promising candidate are sodium-based ion batteries (SIB). 

The elemental abundance of sodium is around 400 times higher than lithium, increasing demand 

for rechargeable batteries would therefore not be a serious problem for SIBs.(79-80) Nevertheless, 

it should be mentioned that according to the current state of research, SIBs can be used 

complementary to LIBs, but not as a substitute in all respects, because the standard 

electrochemical potential for lithium is 3.04 V, while it is 2.71 V for sodium. Furthermore, the 

Shannon´s ionic radii for lithium and sodium are 0.76 Å and 1.02 Å. This leads to a smaller 

theoretical energy density compared to the lithium-based counterpart.(81-82) Due to the expected 

price increase for lithium-based raw materials in the next few years, prices for SIBs could be 

around 10-20% lower according to previous forecasts.(81-83) Therefore, the use of SIB batteries 

can be considered a more resource-efficient option in some areas. The classification of sodium 

layered oxides proposed by Delmas et al.(84) is subdivided into two types of structures, the O3 

and P2 type. Figure 2.10 shows the different stacking order of sodium layered oxides. In 

general, metal layered oxides with the formula ABO2 are made up of MO2 layers with edge-

sharing MO6 octahedra. The cations A occupy the positions between the layers. The main 

difference between the O3 (R3̅m) and P2 (P63/mmc) types is the oxide coordination of the A 
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cations and therefore the occupation of the A sites between the layers. The O3 structure type 

has an octahedral coordination of the Na+ cations, while the sodium ions in the P2 structure 

type occupy the prismatic sites.(81)  

 

Figure 2.10. NaMO2 layered oxide structures with phase transition induced due to sodium 

de/intercalation. Reprinted with permission from ref (81). 

The O3 structure type (α-NaFeO2) is build up by edge shared NaO6 and MO6 octahedra layers 

which are alternating perpendicular to the [111] direction. The MO2 layers have the sequence: 

AB, CA, BC. During the deintercalation of the sodium ions a phase transition occurs from the 

O3 to the P3 structure type occurs, where an octahedral coordination of the Na+ cations rather 

than a prismatic coordination become favored. During this phase transition the MO2 layers 

change their stacking order, with an AB, BC, CA sequence after rearrangement. In the P2 

structure type, the sodium cations are prismatically coordinated by oxide anions, the main 

difference compared to the P3 type is the stacking order (AB, BA). Through intercalation of 

sodium cations, a phase transition to the O2 structure type occurs via rearrangement of the MO2 

layers. The O2 type has the sequence AB, AC. In general, phase transitions from the O3/P3 to 

O2/P2 type do not occur.(81) 
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Various sodium-based materials have been reported as potential positive electrode materials. 

Table 1 shows and compares a few potential sodium-based positive electrode materials with 

their Li-based counterparts. The specific capacity of the sodium compounds is in general lower 

than that of the lithium-based materials. Therefore, intensive research efforts have been invested 

into sodium-based compounds in order to improve their specific capacity. 

 

Table 2.1. Various lithium and sodium based positive electrode materials. 

Material Specific 

capacity (Ah/kg) 

Voltage 

(V) 

Reference 

LiCoO2 190 3.9 74 

LiMnO2 110 4.0 72 

LiNi0.8Co0.1Mn0.1O2 

(NMC) 

210 3.8 85 

LiNi0.8Co0.15Al0.05O2 

(NCA) 

200 3.8 85 

α-NaFeO2 85 3.3 86 

β-NaFeO2 100 0.2-4.0 87 

Na3V2(PO4)2F3 135 3.8 88 

NaCrO2 113 3.0 89 
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3.1. Abstract 

Thermal decomposition is a promising route for the synthesis of metal oxide nanoparticles 

because size and morphology can be tuned by minute control of the reaction variables. We 

synthesized CoO nanooctahedra with diameters of ∼48 nm and a narrow size distribution. Full 

control over nanoparticle size and morphology could be obtained by controlling the reaction 

time, surfactant ratio, and reactant concentrations. We show that the particle size does not 

increase monotonically with time or surfactant concentration but passes through minima or 

maxima. We unravel the critical role of the surfactants in nucleation and growth and rationalize 

the observed experimental trends in accordance with simulation experiments. The as-

synthesized CoO nanooctahedra exhibit superior electrocatalytic activity with long-term 

stability during oxygen evolution. The morphology of the CoO particles controls the 

electrocatalytic reaction through the distinct surface sites involved in the oxygen evolution 

reaction. 

 

3.2. Introduction 

The synthesis of well-defined nanocrystals is a central topic in inorganic chemistry. It is vital 

for applications in areas ranging from catalysis to energy storage, sensing, and nanomedicine. 

Small nanocrystals have large surface area/volume ratios. This leads to unsaturated and thus 

reactive surface atoms and short diffusion pathways, which allows for application in 

heterogeneous catalysis,(1−6) as battery materials,(7,8) or as contrast agents for magnetic 

resonance imaging.(9−11) 

Nanomaterials can be synthesized by physical (top-down) or chemical (bottom-up) approaches. 

While the physical approach breaks down bulk materials into nanoscale objects, the chemical 

approach builds up a structure atom-by-atom, molecule-by-molecule, or cluster-by-cluster from 

solution. This wet-chemical approach is appealing because of its simplicity and usually narrow 

distribution of particle sizes, and it has reached a level of synthetic control that has a benefit for 

nanotechnological applications.(10,12,13) Metal and metal oxide nanocrystals can be made in non 

agglomerated form with well-defined sizes and morphologies by utilizing surfactants as 

protective shells. This is in stark contrast to the agglomerated materials with ill-defined 

morphologies obtained from the gas phase,(14) spark-discharge,(15) or laser ablation(16) reactions. 
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Gas phase approaches are relevant for applied science because they enable scalability up to 

industrial quantities with high chemical purity and crystallinity. 

The control of size and morphology is crucial as they determine the surface structure of 

nanocrystals. The ability to engineer nanocrystal size may ultimately allow the tuning of solid 

state reactivity, e.g., for electrode materials or catalytic reactivity and selectivity (water-

splitting reactions).(17−20) This is valuable when preparing colloidal nanocrystals with metal 

oxides because the interplay between reactivity and surface structure is well-understood from 

single-particle studies (TiO2, MnO, Fe3O4, CoO, Co3O4, ZnO).(21−26) Many metal oxides are 

employed as catalysts in a large number of industrial-scale catalytic processes.(23,27) Cobalt 

monoxide (CoO) nanoparticles are significant because of their potential application based on 

magnetic, catalytic, and gas-sensing properties.(28−34) CoO adopts the rock-salt structure and is 

antiferromagnetic. Particle size and crystal structure affect its magnetic properties. It is present 

typically as a thin shell on ferromagnetic cobalt particles that exceeds the superparamagnetic 

limit of small cobalt clusters due to magnetic exchange coupling.(28) Wurtzite-type CoO has 

been prepared and studied as an “end member” of the solid solution series Zn1-xCoxO(35) 

because transition-metal-substituted semiconductors can exhibit ferromagnetism with high 

Curie temperatures.(36) Pure CoO nanocrystals are difficult to prepare because the surface of 

nanoscale CoO is oxidized easily,(37) which affects the product quality of hydro/solvothermal,(38)  

organic,(39) and condensation(40) reactions. CoO nanocrystals with rock-salt and wurtzite 

structure have been prepared by the reduction of Co(acac)3 in oleylamine,(41) similarly as for 

monodisperse MnO and FeOx nanoparticles.(42−44) 

In this process, where oleic acid (OAC) is used together with oleylamine (OAM), we analyzed 

the behavior of the surfactants on the phase composition and morphology of the CoO particles. 

The organic solvent prevents the precipitation of metal hydroxides, and the thermolysis of 

molecular precursors leads to a controlled formation of particles with specific size, morphology, 

phase selectivity, crystallinity, and surface coordination.(45) 

Much effort has been devoted to understand how particle size,(42,46−48) phase composition,(45,49,50) 

and morphology(48,51) can be tuned by a careful choice of solvents and capping agents. 

Morphology control is an important goal because facet-dependent reactivity and stability of 

cobalt oxides have been reported for the oxygen evolution reaction (OER),(52,53) which has a 

slow kinetics and poor energy efficiency due to the overpotential associated with the four-

electron reaction 2H2O = 4H+ + O2 + 4e− (in acidic media) or 4OH− = 2H2O+O2 + 4e− (in 

alkaline media). Cobalt oxalate microcrystals with distinct morphologies have been employed 

for catalyzing the OER in alkaline solution(54) with the goal to replace precious metal oxides 
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(IrO2, RuO2) as the electrocatalyst.(55) Similarly, Co(OH)2, CoO and Co@CoOx nanomaterials 

have shown promising results for electrocatalytic water oxidation.(56−58) 

The thermal decomposition of labile molecular precursors is an appealing route for the synthesis 

of monodisperse nanocrystals. Still, the apparent simplicity of the synthesis is counterbalanced 

by the complex interplay of reaction variables that determine the final particle size, composition, 

and morphology. We have studied recently the effects of concentration, reaction time, and 

surfactants (OAC and OAM) on growth, size, and monodispersity of manganese and iron oxide 

particles.(42,45−48) Precursor concentrations and the reaction temperature control the nanoparticle 

size, while the surfactants control the reaction kinetics by binding to the growing particle 

surfaces, where they play a critical role in their morphology and size distribution. Finding 

optimum conditions is therefore a crucial task. Here, we present a detailed experimental and 

theoretical study for the synthesis of CoO nanooctahedra with different sizes. Reaction time, 

surfactants ratio, and concentrations of the precursors were experimental variables whose 

effects on the resulting CoO nanocrystals were screened and unravelled. The CoO 

nanooctahedra are efficient electrocatalysts for the electrochemical splitting of water. 

 

3.3. Results and Discussion 

Synthesis of CoO Nanoparticles. In the first step, the synthesis of CoO nanoparticles was 

studied and optimized. Because of its solubility, Co(OAc)2 was used as the metal precursor with 

the capping ligands OAC and OAM. Nonpolar 1-octadecene (ODE) was used as the solvent 

and heated up to 330 °C with a fixed temperature profile. The reaction of Co(OAc)2 to CoO 

could be traced even visually by a color change of the solution (Figure 3.9 SI) from purple (Co2+ 

precursor) at ∼65 °C to blue at 330 °C, indicating the formation of Co(OH)2. During the cooling 

process, the color changed to brown, which indicates the formation of CoO by a condensation 

reaction of Co(OH)2. By changing either the reaction time or the concentration of the ligands, 

the formation of CoO nanoparticles could be tuned. 

Insight into the formation of the CoO nanoparticles was obtained by (i) varying the precursor 

concentrations while keeping the ratio of the OAC and OAM surfactants at a constant 1:1 ratio 

(series A) and (ii) varying the reaction times from 15 min up to 60 min (series B and C). (iii) In 

another trial run (series D) the ratio of the OAC and OAM surfactants was varied while keeping 

the total amount of the ligands constant. (iv) In a last set of experiments (series E and F) the 

concentration effect of each individual ligand was studied (Table 3.1). From the results of these 

experiments (series A− F), it can be concluded that in a first step Co(OAc)2 dissolves in ODE. 



3. Selective Synthesis of Monodisperse CoO Nanooctahedra as Catalysts for Electro-

chemical Water Oxidation 

 

31 

 

Increasing the temperature leads to ligand exchange between acetate and OAC, indicated by the 

formation of a purple viscous mass that was obtained after very short reaction times. OAM acts 

as a nucleophile leading to the decomposition of a Co intermediate. The color change to blue 

indicates that the decomposition occurs at 330 °C and Co(OH)2 was formed. Maintaining the 

reaction temperature at 330 °C leads to the formation of CoO through the condensation reaction 

of Co(OH)2 as indicated by the color change from blue to brown. In the next sections, the effects 

of reaction time, surfactant concentration, and surfactant ratio on the product composition, 

morphology, and polydispersity are analyzed in detail. 

Surfactant Concentration. The progress of the reaction depends on the total amount and the 

ratio of the surfactants. The resulting CoO nanoparticles showed systematic changes in size and 

morphology. The color of the solution allowed tracking of the reaction even visually. The effect 

of the total amount of the surfactants was analyzed in series A, for a fixed reaction time of 

60 min and a reaction temperature of 330 °C with 1 mmol of Co(OAc)2 in 10 mL of ODE and 

a constant surfactant ratio of 1:1 (OAC:OAM). Each surfactant was increased stepwise from 3 

to 12 mmol (Figure 3.1). 

 

Figure 3.1. TEM images of series A: (A) concentration of OAC:OAM 3:3, (B) 6:6, (C) 9:9, and (D) 

12:12. (E) Size evolution as a function of OAC concentration. 

 

The color of the reaction solution showed a full conversion to brown CoO for all ligand 

concentrations. At a concentration of 3 mmol for each surfactant, agglomerates with 
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367 ± 44 nm (Figure 3.1A, A1, PDI = 12%) were obtained. By increasing the amount of the 

surfactants, the agglomerates had diameters of 272 ± 2 6 nm (Figure 3.1B, A2, PDI = 10%), 

while for reactions with 9 mmol of ligand, nanoparticles with diameters of 79 ± 9 nm (Figure 

3.1C, A3, PDI = 12%) were obtained. By increasing the amount of both surfactants to the 

optimum concentration of 12 mmol, the diameter of the nanoparticles further decreased to 

48 ± 3 nm (Figure 3.1D, optimized synthesis (OPT), PDI = 6%). The corresponding particle 

size distribution is shown in Figure 3.10 (SI). After the total amount of the surfactants was 

increased at a fixed 1:1 ratio, the nanoparticles showed a continuous decrease in size 

(Figure 3.1E). OAM is known to facilitate thermal decomposition.(42) Thus, increasing the 

OAM concentration leads to a higher number of nuclei and to smaller particles. An increase of 

the OAC concentration led to a better surface stabilization and prevented particle agglomeration, 

resulting in nanoparticles with smaller size. By changing the concentration of the surfactants, 

we could control size and shape to obtain the CoO nanoparticles with almost perfect octahedral 

morphology at an optimum surfactant concentration. 

Reaction Time. The effect of reaction time was analyzed with 1 mmol of Co(OAc)2 in 10 mL 

of ODE at a reaction temperature of 330 °C with 3 mmol (B) and 12 mmol (C) of each OAC 

and OAM. It was changed in steps of 15 min up to an hour of reaction time. Starting with 

series B, we obtained particles with diameters of 91 ± 8 nm (Figure 3.11A (SI), B1, PDI = 9%) 

after 15 min; the particle diameter decreased after 30 min to 75 nm ± 10 nm (Figure 3.11B (SI), 

B2, PDI = 13%) and increased again to 120 ± 21 nm (Figure 3.11C (SI), B3, PDI = 18%) after 

a reaction time of 45 min. Large agglomerates with diameters of 367 ± 55 nm (Figure 3.11D 

(SI), B4 = A4, PDI = 16%) were obtained after 60 min. In summary, series B reveals that the 

particle size steadily increases from 30 to 60 min, while the PDI remains large (Figure 3.11E). 

Increasing the reaction time leads to an agglomeration of the particles caused by the low 

concentration of the surfactant, which is not able to cover the particles sufficiently anymore. 

The lowest polydispersity was obtained after 15 min of reaction time (B1, PDI = 9%). The 

particle size distribution for each individual synthesis is shown in Figure 3.12 (SI). In series C 

(Figure 3.13 (SI)) the reaction time was varied in the presence of 24 mmol of the capping 

ligands (12 mol each). No nanoparticles were obtained after 15 min (C1). The formation of a 

purple product indicated that the reaction slowed down. Nanoparticles with diameters of 

80 ± 17 nm (Figure 3.13A (SI), C2, PDI = 21%) were obtained after 30 min. The color changed 

from purple to blue and finally to brown. Therefore, a longer reaction time was needed for 

higher concentrations of the capping ligand. The particle diameter decreased to 70 ± 11 nm 

(Figure 3.13B (SI), C3, PDI = 16%) after 45 min. After 60 min the diameter and the 
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polydispersity decreased to 48 ± 3 nm (Figure 3.13C (SI), C4/OPT, PDI = 6%). The particle 

size distribution of each synthesis is shown in Figure 3.14 (SI). A higher concentration of 

capping ligands in series C led to longer reaction times (compared to series B). By changing 

the reaction time from 30 to 45 and 60 min, the PDI value and the particle size decreased 

steadily. The lowest PDI values were obtained for 60 min reaction time (C4/OPT, PDI = 6%). 

Compared to reaction times of 30 and 45 min, the particles obtained after 60 min showed a 

morphologically well-defined structure. The CoO nanoparticles exhibited an octahedral 

morphology (Figure 3.1D), which could not be obtained after any other reaction time. In 

comparison to series B, we were able to suppress the agglomeration of the nanoparticles at 60 

min, by using an optimum concentration of 12 mmol OAC and OAM each, instead of 3 mmol 

each. 

Surfactant Ratio. The composition of the surfactant mixture may affect the size, morphology, 

and even the crystal structure of the nanoparticles. This was analyzed in different test series 

with 1 mmol of Co(OAc)2 in 10 mL of ODE and a reaction time of 60 min at 330 °C. In series D 

a constant amount of 24 mmol of the surfactants was used, while the surfactant ratios were 

varied systematically in steps of 3 mmol, starting with 24 mmol of OAC and no OAM to 

24 mmol of OAM and no OAC, respectively. The formation of CoO ceased when the 

OAC/OAM ratio was >1. For an OAC/OAM ratio of 24:0 (D1) to 15:9 (D4), no CoO was 

obtained (series D, Table 3.1 (SI), D1−D4). For an OAC/ OAM ratio of 12:12, we obtained 

octahedral shaped nanoparticles (OPT). Decreasing the OAC/OAM ratio to <1 lead in general 

to the formation of elemental cobalt (Co) as a side or main product, depending on the exact 

ratio. An OAC/OAM ratio of 9:15 led to the formation of well-defined nanoparticles with a size 

of 38 nm ± 5 nm (Figure 3.2A, D6, PDI = 13%).  
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Figure 3.2. TEM images of series D: (A) concentration of OAC:OAM 9:15, (B) 6:18, (C) 3:21, and (D) 

0:24. (E) Size evolution of the nanoparticles, while the total concentration of OAC and OAM is 24 mmol. 

(F) XRD pattern of series D with reflections of CoO (red ticks) and elemental Co (blue ticks). 

 

Besides the main product CoO, a small amount of elemental Co was formed (D6, Figure 3.2F). 

By decreasing the OAC/OAM ratio to 6:18, CoO nanoparticles with a size of 42 nm ± 9 nm 

(Figure 3.2B, D7, PDI = 22%) were obtained, again with impurities of elemental Co. A further 

decrease of the OAC/OAM ratio to 3:21 still led to the formation of well-defined nanoparticles 

with an average diameter of 47 nm ± 8 nm (Figure 3.2C, D8, PDI = 18%). In the presence of 

pure OAM, nanoparticles with ill-defined morphologies were obtained (Figure 3.2D, D9). Due 

to the reducing properties of OAM and the absence of OAC, no CoO was formed and the sample 

contained only elemental Co (D9, Figure 3.2F) 

We assume that the OAC surfactant forms labile complexes with Co2+ cations which are 

decomposed at elevated temperature. In addition, it interacts with the growth species during the 

thermal decomposition of the cobalt intermediate. This affects the size and morphology of the 

resulting nanoparticles. An optimized ratio of the surfactants is essential, as it strongly affects 

the CoO formation kinetics. The diameter of the CoO nanoparticles decreased when the 

OAC/OAM ratio increased, until a 1:1 ratio (Figure 3.2E), indicating a significant change in 

the kinetics, by using the same concentration of OAC and OAM.  
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OAM has reducing properties and no strong affinity for oxide surfaces. Therefore, elemental 

Co was formed besides CoO for OAC/OAM ratios up to 9:15. By increasing the OAC/OAM 

ratio, the unprotonated OAM concentration was reduced through the acid−base equilibrium 

OAC + OAM = OAC− + OAMH+ . As a result, the reducing properties are weakened, and no 

elemental Co was formed. An equal amount of OAC and OAM is required to prevent the 

formation of phases other than CoO. We further studied the effect of the OAC/OAM 

composition to substantiate this hypothesis by changing the concentrations of one ligand, while 

keeping the concentration of the other one constant. 

Variable Amount of OAM with Constant OAC Concentration. The effect of the OAC 

concentration as a capping ligand was analyzed in a test series with a constant amount of OAC. 

For this purpose, 1 mmol of Co(OAc)2 was dissolved in 10 mL of ODE for a reaction time of 

60 min at 330 °C. In series E the amount of OAC was set to 12 mmol, while the amount of 

OAM was varied from 0 to 12 mmol in steps of 3 mmol. Nanoparticle formation ceased with 

decreasing OAM concentration, indicating that OAM is needed to facilitate the thermal 

decomposition of the cobalt intermediates. The products of each synthesis in series E were 

characterized by TEM; the yield was not sufficient to allow X-ray diffraction analysis. Starting 

with the optimized ratio of 12:12 OAC/ OAM (Figure 3.3A, OPT), the OAM concentration was 

stepwise decreased. With an OAM concentration of 9 mmol, the particle diameters were 149 ± 

16 nm (Figure 3.3B, E4, PDI = 11%). By further decrease of OAM (6 mmol), only a few 

particles with average diameters of 119 ± 18 nm (Figure 3.3C, E3, PDI = 15%) were obtained. 

For a low concentration of OAM (E2, 3 mmol) and in the absence of OAM (E1), no 

nanoparticles were formed.  
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Figure 3.3. TEM images of series E (variable OAM, constant OAC concentration) and F (variable OAC, 

constant OAM concentration). (A) Concentration of OAC:OAM 12:12 (optimum ratio). Series E: (B) 

OAC:OAM 12:9, (C) 12:6. Series F: (D) 9:12, (E) 6:12, (F) 3:12. (G) XRD patterns of series F with 

CoO (red ticks) and Co (blue ticks) as references. (H) Size evolution of series F. 

 

A viscous purple mass was obtained instead, indicating the formation of an intermediate during 

the synthesis. This observation was similar as for series B, where a longer reaction time was 

necessary for thermal decomposition with high OAC concentrations. Series E supports the 

importance of the OAC/OAM acid−base equilibrium for the formation of particles with 

octahedral morphology. Thermal decomposition is impeded for low amounts of OAM because 

fewer nuclei and therefore larger nanoparticles are formed. The TEM images (sample E4 and 

E3, Figure 3.3B−C) revealed meso-crystalline structures (consisting of smaller subcrystals) for 

particles of series E. Thus, the particle morphology can be tuned via the OAC/OAM ratio. 
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Variable Amount of OAC with Constant OAM Concentration. The effect of OAM as the 

reductant and base was analyzed in series F with a constant amount of OAM. Here, 1 mmol of 

Co(OAc)2 was dissolved in 10 mL of ODE, and the reaction time and temperature were set 

again at 60 min and 330 °C. The amount of OAM was kept constant at 12 mmol, while the 

amount of OAC was varied from 0 to 12 mmol in steps of 3 mmol. At an amount of 9 mmol 

OAC, we obtained reasonably well-developed octahedral nanoparticles with diameters of 

59 ±  17 nm (Figure 3.3D, F4), although the polydispersity (PDI = 29%) was still high compared 

to the optimized synthesis with 12 mmol OAC and OAM (PDI = 6%). We observed, like in 

series D, the formation of elemental Co at ratios of <1 (Figure 3.3G). For 6 mmol of OAC, the 

TEM image shows nanoparticles with slightly irregular, but already emerging octahedral 

morphology with an average diameter of 45 ± 10 nm (Figure 3.3E, F3, PDI = 21%). At a 

concentration of 3 mmol of OAC, particles with an average diameter of 31 ± 7 nm (PDI = 23%) 

and ill-defined morphology were obtained (Figure 3.3F, F2). In the absence of OAC (0 mmol, 

F1), a macrostructured product with ill-defined morphology was obtained consisting of 

elemental Co only (Figure 3.3G, F1). Nanoparticles with octahedral morphology and low PDI 

value were obtained only for equal amounts of OAC and OAM particles with octahedral 

morphologies but significantly higher PDI value and elemental Co impurities were formed for 

higher OAM concentrations (compared to OAC). Still higher OAM concentrations led to 

increased nucleation and smaller particles. The particle diameters increased with increasing 

OAC concentration (Figure 3.3H), equal concentrations of OAC and OAM being the only 

exception. In the optimized synthesis, the PDI dropped significantly, and only CoO with 

homogeneous particle size and morphology was formed. In summary, large OAM 

concentrations led to the preferred formation of elemental Co by reduction. Increasing the 

amount of OAC decreased the reducing properties of the OAC/OAM mixture and therefore led 

to the nucleation of CoO. The acid−base equilibrium OAC + OAM = OAC− + OAMH+ leads 

at the optimum OAC/OAM ratio of 1:1 to the controlled formation of oleate ligands that can 

bind to the CoO particle surfaces. It is known that the absence of free protons (originating from 

OAC) by protonation of OAM prevents the desorption of oleate ligands from the CoO particle 

surface. This inhibition of desorption slows down the kinetics of particle growth and leads to 

the formation of smaller particles with a narrow size distribution.(46,47) Furthermore, it prevents 

the reduction of the cobalt precursor to Co. 

Characterization of CoO Nanooctahedra. For the final product, we focused on two samples: 

(i) the optimized synthesis (OPT) and (ii) sample F4 (using 9 mmol of OAC and 12 mmol of 

OAM). Caused by the low yield of sample E4 (12 mmol OAC and 9 mmol OAM), no further 
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analytics rather than HRTEM were possible. The BET surface areas are 14.62 m2 /g (48 ± 3 nm) 

for sample OPT and 11.85 m2 /g (59 ± 17 nm) for sample F4. HRTEM images in Figure 3.4 

reveal their high crystallinity. The associated fast Fourier transforms (FFTs, shown as insets) 

show a single set of reflections for each sample, confirming that the nanoparticles are single 

crystalline or contain several domains sharing identical facets. From the FFTs we obtained for 

all three samples a d value of 2.46 Å for the lattice plane distance, corresponding to the (111) 

plane (d = 2.4659) of CoO. The HRTEM images of sample F4 and OPT (Figure 3.4A−B) show 

well-defined lattices fringes, with an interplanar distance of 2.46 Å corresponding as well to 

the (111) planes 

 

Figure 3.4. HRTEM images of selected samples (FFT as insets). (A) Sample F4 (9 mmol OAC and 12 

mmol OAM), (B) OPT (12 mmol OAC and 12 mmol OAM), and (C) sample E4 (12 mmol OAC and 9 

mmol OAM). 

 

Figure 3.5. HRTEM tilt series for CoO nanooctahedra resulting from an optimized synthesis. 

Projections are shown in the insets. (A) Projection along [111] (0°), (B) projection along [011] (-40°), 

(C) projection along [112] (+ 40°). 

 

The octahedral morphology of the particles is related to the minimization of the (100), (010), 

and (001) surfaces. Nanoparticles of the optimized synthesis expose the (111) surface 

(Figure 3.5A) containing only either Co2+ or O2− ions. Tilt series were performed to exclude the 

possibility of overlapping triangular nanoplates rather than octahedral nanoparticles. The 
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images show the octahedral particles from different perspectives (Figure 3.5). Most of them 

show a hexagonal structure (for a tilt angle of 0°) corresponding to the [111] zone axis (Figure 

3.5A). After the TEM grid is tilted, the particles appear as rhombohedra (Figure 3.5B) or 

rectangles (Figure 3.5C) corresponding to the [011] and [122] zone axis. No triangles were 

observed, which confirms the octahedral morphology of the CoO particles. Furthermore, no 

Co3O4 shell was observed, as reported in previous work.(37) The corresponding SAED through 

the [111] zone axis is shown in Figure 3.17 (SI), confirming that pure, single-phase, and 

perfectly octahedral CoO particles were formed. Their (111) surfaces are stabilized by the oleate 

capping ligands that prevent surface oxidation. The full tilt series is shown in Figure 3.18 (SI). 

Based on an ideal octahedron with eight {111} facets, the HRTEM images for sample F4 and 

OPT confirm that the nanoparticles are enclosed by {111} facets. 

The octahedral morphology appears to be related to the oleate capping ligands. The IR spectra 

in Figure 3.6A show the presence of the surfactant on the particle surface for sample F4 (Figure 

3.6A, red ticks) and the product of the optimized synthesis (OPT, Figure 3.6A, black ticks). The 

spectra of both samples show vibrational bands at identical wavenumbers. The band at 

3675 cm−1 belongs to the stretch of the free hydroxyl groups on the (111) surface of CoO.(63) 

The bands at 2924 and 2854 cm−1 are characteristic for the asymmetric and symmetric stretches 

of the OAC methylene groups.(61) OAC and OAM are involved in an acid−base equilibrium. 

Therefore, we observe the asymmetric and symmetric vibrations at 1553 and 1415 cm−1 caused 

by the OAC carboxylate group.(62) The band at 1017 cm−1 is associated with the C−O vibration 

of the carboxylate group, and the band at 669 cm−1 is associated with the Co−O stretch.(60) The 

absence of the C=O stretch at ∼1700 cm−1 indicates a chemisorption of OAC as an anionic 

carboxylate ligand onto the particle surface. No characteristic band of an amine ligand appears 

that might be compatible with surface-bound OAM. This supports our assumption that OAC is 

the preferred surfactant that controls the growth of the (111) facets, while OAM is responsible 

only for the deprotonation of OAC and for the nucleophilic attack on the cobalt intermediate. 
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Figure 3.6. Analysis of sample F4 (9 mmol OAC and 12 mmol OAM, red ticks) and the product of the 

optimized synthesis OPT (black ticks). (A) FTIR spectra, (B) powder X-ray diffractograms with CoO 

(black ticks) and Co (blue ticks) as references. (C) Magnetization as a function of the applied field at 

300 K; (D) magnified image of (C); (E) magnetization as a function of the temperature for the optimized 

synthesis and (F) for the sample F4. (G) Co2p XPS spectra and (H) O1s spectra. 

 

The X-ray powder diffractograms (Figure 3.6B) show that phase-pure CoO (without Co 

contamination) was formed in bulk amounts under optimized conditions (OPT), while sample 

F4 shows small impurities of elemental Co. Bulk CoO and Co3O4 show antiferromagnetic 

ordering with Neel ́ temperatures of TN = 291 K (CoO) and TN = 40 K (Co3O4). Figure 3.6C 

shows the magnetization as a function of the applied field at 300 K. A magnified image for 

Figure 3.6C is given in Figure 3.6D. The M(H) curves show a ferromagnetic response indicating 

the presence of different magnetic phases. Nanoparticles are known to have a magnetic behavior 

different from the bulk materials because surface magnetism becomes important for high 

surface-to-volume ratios. The ferromagnetic response is caused by uncompensated magnetic 

moments on the particle surfaces.(64) This is supported by the data for sample F4, which shows 
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a much stronger magnetic response than the product of the optimized synthesis (OPT). The 

average diameter for sample F4 is 59 ± 17 nm (PDI = 29%), while the particle diameter is 

48 ± 3 nm for sample OPT (PDI = 6%). Taking into account the PDI, a higher fraction of 

nanoparticles with small diameters leads to a higher signal (larger hysteresis) for sample F4 than 

for monodisperse CoO nanooctahedra obtained from the optimized synthesis. This is supported 

by the magnetization data as a function of temperature. A maximum at 291 K appears for the 

monodisperse nanooctahedra (Figure 3.6E), whereas sample F4 shows no pronounced 

maximum of the susceptibility (Figure 3.6F). This is compatible with the higher polydispersity 

of the particles which leads to a significantly broader maximum. Neither CoO nanooctahedra 

obtained from the optimized synthesis nor sample F4 shows a maximum at 40 K indicating an 

antiferromagnetic ordering of Co3O4. This shows that no surface oxidation occurs because both 

products contain only CoO and no Co3O4. The peak positions of the XPS spectra (Figure 3.6G) 

for both samples are at 780 eV (for 2p3/2) and at 796 eV (for 2p1/2). CoO and Co3O4 are known 

to have significant differences in their XPS spectra. CoO shows intense shakeup satellite 

structures, while the satellites for Co3O4 are very weak or even missing. The Co 2p3/2 

spin−orbital component has a satellite located at about S1 = 786 eV, while the Co 2p1/2 satellite 

is located at S2 = 803 eV (Figure 3.6G). Both satellites show intense signals, indicating the 

presence of Co2+, while there are no signals indicating the presence of Co3+ species. The O1s 

signals at higher binding energies allow to differentiate clearly between both samples (Figure 

3.6H). The broadened O1s signal for sample F4 appears at 531.6 eV (with a shoulder); for the 

nanooctahedra from the optimized synthesis a distinct split signal is centered at 530.9 eV and 

532.8 eV, and the signals at lower binding energies are located at the same position (529.4 eV). 

An explanation for the differences of the O1s signals could be the higher polydispersity of 

sample F4. While latter signal (lower binding energy) is associated with the Co−O bonds, the 

signal at higher binding energies is associated with hydroxyl groups on the particle surface and 

may be affected more strongly by the polydispersity.(65) In summary, there is no indication of 

Co3+, which could indicate the presence of a Co3O4 surface shell on the CoO particles. 

Binding Energy vs OAC/OAM Ratio. Simulation experiments were done to determine the 

dependence of the binding energy in relation to the OAC/OAM ratio. Based on the Monte Carlo 

calculations (Figure 3.19 (SI)), the nanoparticles with the lowest spread in the adsorption values 

and the highest adsorption energy were chosen, so that the rest of the simulation experiments 

could be carried out on only 2 representative particles instead of all 50 different diameters. 

Therefore, additional simulations were carried out with nanoparticles having sizes of 2.7 and 

3.2 nm. The simulations are based on the different series described above. We considered 12 
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molecules of OAC in the solution, and the number of OAM molecules was increased in steps 

of 3 molecules from 0 to 12 OAM molecules. The same procedure was done vice versa by 

fixing the number of molecules for OAM at 12 and increasing the number of molecules for 

OAC. Furthermore, the same simulations were done with a fixed number of 24 molecules of 

OAC or OAM. It was also taken into account that the hydrogen from the deprotonated OAC 

can protonate OAM. In all the simulated scenarios, the systems with an OAC/ OAM ratio of 1 

gave the highest negative binding energy (Figure 3.7A−B). This implies that this ratio will give 

the most stable configurations. This is in agreement with the experimental observation that the 

ideal ratio of OAC/OAM of 1 allows the formation of small, stable nanoparticles with an 

octahedral morphology and with a narrow size distribution. By increasing the total number of 

molecules in the solution from 24 (12 fixed) to 48 (24 fixed) at the ideal ratio of 1, the smaller 

nanoparticles (i.e., the 2.7 nm representative of the smaller nanoparticles in the simulation 

experiments) have a slightly higher negative binding energy compared to the representative 

larger nanoparticles (i.e., with a diameter of 3.2 nm). Thus, an increase in the number of 

molecules in the solution leads to the formation of smaller nanoparticles at this ideal ratio. This 

is confirmed by the experimental observation (Figure 3.1E) that an increase in the concentration 

of each surfactant leads to a decrease of both the nanoparticle diameter and the PDI (series A). 

Another important observation is that the negative binding energy increases as the OAC/OAM 

ratio increases. This predicts that the smaller nanoparticles will be more stable for ratios with 

excess OAC compared to nanoparticles with excess OAM. By using an excess of OAC (series 

E), we obtained meso-crystalline structures (consisting of smaller subcrystals, Figure 3.3B−C). 

 

Figure 3.7. Summary of the simulation experiments in a plot of binding energy versus OAC/OAM ratio 

for nanoparticles with a size of 2.7 and 3.2 nm. The number of OAC molecules was fixed at 12 or 24 

molecules. OAM were increased stepwise from 0 to 12 or 24 molecules, and the same procedure was 

done vice versa. (A) The hydrogen from the deprotonated OAC protonates OAM; (B) OAM is not 

protonated. 
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In the absence of OAM, when only OAC is present in solution, the binding energy is less than 

the ideal ratio of 1, implying that the simulated system becomes more and more unstable. The 

reason is that the protons (from the deprotonated OAC that adsorbed onto the nanoparticle 

surfaces) create electrostatic pressure and, at some point, some OAC desorbs from the 

nanoparticle to balance this effect.(61) This, in turn, leads to a less stable nanoparticle surface. 

As a result, particle growth is not inhibited, which leads to uncontrolled particle growth. 

Considering series B, the reaction time depends on the concentration of the surfactants. High 

surfactant concentrations lead to longer reaction times. Furthermore, we could show that OAM 

facilitates the thermal decomposition of the cobalt intermediate. Therefore, no uncontrolled 

nanoparticles growth was observed within a reaction time of 60 min in the absence of OAM. In 

the absence of OAC, the negative binding energy for all the simulated systems was 

comparatively low. Thus, the CoO nanoparticles would not be stable in this configuration 

without OAC. This agrees with the experimental results that only elemental Co forms in the 

absence of OAC (Figure 3.3G, F1). In summary, the following mechanism can be proposed 

based on the simulations and the experimental results. OAC is the preferred surfactant that 

controls the growth and stabilizes the CoO nanoparticles, while OAM is responsible for the 

deprotonation of OAC and the nucleophilic attack on the Co intermediate. The systems where 

OAM is not protonated by oleic acid (Figure 3.7B) seem to be slightly more stable than the 

counterpart where OAM is protonated by OAC (Figure 3.7A). We assume that, after OAM has 

deprotonated OAC, the weak van der Waals bond between the nitrogen and hydrogen atoms (to 

form NH3
+ functional groups) can easily be broken by the CoO surface to form surface hydroxyl 

groups (as observed experimentally by the FTIR data). Therefore, the OAM molecules return 

to their original state (with NH2 groups) where they are available for the deprotonation of OAC 

by nucleophilic attack. Figure 3.20 (SI) shows a representative energy and geometry-optimized 

configuration image for all simulated systems, considering OAC as the surfactant, while OAM 

is only responsible for the deprotonation of OAC as well as for the nucleophilic attack on the 

precursor. 

CoO Nanooctahedra as Catalysts for the Oxygen Evolution Reaction (OER). The 

electrochemical performance of the as-fabricated electrodes with samples OPT and F4 is 

provided in Figure 3.8. The electrodes were baked at 350 °C prior to the measurements to 

improve mechanical stability. 
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Figure 3.8. Morphology-dependent electrochemical water oxidation performance of CoO: (A, B) 

normal and magnified LSV plots, (C, D) normal and magnified electrostability curves, (E) EIS Nyquist, 

and (F) Tafel plots. 

 

The LSV curves in Figure 3.8A and B show that the onset water oxidation potential for the 

electrodes prepared from sample OPT is shifted to a lower Vonset value of 1.53 V compared to 

sample F4 (Vonset = 1.65 V). Factors other than the particle size may affect the shift of the onset 

potential (e.g., different catalytic centers). These may be surface sites, defects, etc. that lower 

the activation energy and therefore the catalytic activity. These sites may be present on the 

surfaces of the CoO OPT samples due to the preparation, and they are nontrivial to detect. The 

current density was up to 10 mAcm−2 at 1.60 and 1.78 V for the electrode from particles of 

sample OPT and F4, respectively. A long-term stability test was carried at 10 mA cm−2 standard 

current at 1.60 V for sample OPT and at 1.78 V for samples OPT and F4, respectively 

(Figure 3.8C and D). In both cases, the initial current density drop was followed by a persistent 
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stability period, where the current density showed little polarization. However, the electrode 

from sample F4 showed a significant current decay from 9.8 mA cm−2 (after 4 h) to 9.1 mA cm−2 

(after 10 h), i.e., a 9% decay of the initial current. In contrast, the electrode surface of the OPT 

particles surface showed a much higher resilience to electric decay. It sustained its electric 

stability up to 9 h, followed by a slight decay to 9.7 mA cm−2 , approximately a 3% loss of the 

initial current density. The better current sustaining stability of the electrode from OPT particles 

could be attributed to the metal surface sites of the CoO particles with octahedral morphology, 

which led to a swift electron transfer and hence supported the surface reaction kinetics of 

adsorbed species (i.e., water molecules). In addition, we have measured the size histogram and 

surface area using BET for both OPT and F4 samples. The histogram shows that the optimized 

sample (OPT) has particle diameters of 48 ± 3 nm (PDI = 6%) and sample F4 has particle 

diameters of 59 ± 17 nm (PDI = 29%). Sample OPT had a BET surface area of 14.62 m2 /g, and 

sample F4 a BET surface area of 11.85 m2 /g. These parameters also favor the enhanced 

electrochemical activity of sample OPT. It should be mentioned that most of the surfactant 

molecules are decomposed during the sintering of the electrodes (as demonstrated by FT-IR 

spectroscopy (Figure 3.20C (SI)). There is no contribution of surfactant molecules to the 

generated current. These results show that the particle morphology with Co2+ sites exposed on 

the (111) surfaces plays a significant role in the charge transfer mechanism, as the optimized 

(OPT) particles maintained almost all (∼97%) of the initial current compared to 91% (for 

sample F4). Moreover, the long-term stability test with no countable increase in the 

overpotential is strong evidence of the viable OER process assisted by the modified electrode. 

The stability with respect to the phase and the morphology of the nanoparticles after the 

electrochemical treatment was monitored by X-ray diffraction. The X-ray diffractogram 

(Figure 3.20D (SI)) of the electrodes after preparation, sintering, and electrochemical 

measurments clearly confirm that the phase of the CoO nanomaterials is conserved. The 

morphology of the nanoparticles at elevated temperature was confirmed by TEM after 

annealing the nanoparticles at 350 °C (Figure 3.20A−B (SI)). The electrode kinetics were 

assessed from the charge transfer resistance with electrochemical impedance spectroscopy 

(EIS). The semicircles of the comparative Nyquist plots in Figure 3.8E at low frequency (high 

Z) increase in order, i.e., bare GCE > F4 > OPT, indicating a facilitated charge flow for the OPT 

particles. The EIS plots indicate a decreasing charge/ mass transfer resistance in the order GCE 

> F4 > OPT. This behavior validates the fast transfer of electrons between the 

electrolyte−electrode interface as a function of particle diameter, morphology, and surface 

structure. Similarly, structural defects have been reported to promote electronic conduction in 
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CoO particles with hexagonal star morphology, thereby leading to improved electrocatalytic 

water oxidation at lower overpotentials.(34) 

Tafel plots were obtained by LSV analysis recorded at 2 mV s −1 . The results for bare GCE, F4, 

and OPT electrodes are provided in Figure 3.8F. The electrode from the OPT nanoparticles has 

a small Tafel slope of 64.5 mV dec−1 compared to 67.5 mV dec−1 for F4 nanoparticles. The 

Tafel slope for the electrode prepared with OPT particles is compatible with a kinetically faster 

OER process and mass transfer between the electrode interface and electrolyte, which is more 

beneficial for electrochemical applications.(66) The smallest value of the Tafel slope for the 

electrode prepared with OPT particles suggests an adsorption of the active species on the 

electrode surface. This is compatible with a single electron transfer mechanism, the most 

established pathway reported for cobalt-based OER catalysts(34,66,67) according to Shinagawa et 

al.,(68) who provided theoretical insight into how Tafel plot values may be assigned to a specific 

mechanism. A Tafel slope of 120 mV dec−1 is characteristic for processes where the surface 

species formed in the step just before the rate-determining step is predominant. Tafel slopes 

>120 mV dec−1 are characteristic when surface-adsorbed species produced in the early stage of 

the OER are dominant.(65) The electrochemical performance of the electrodes prepared from the 

CoO nanomaterials synthesized in this work is compared with the performance of materials 

reported before (20,30,56,57,69,71−76) with regard to their onset potential (V vs RHE) measured at 

10 mA cm−2 in Table 3.2 (SI). 

 

3.4. Conclusion  

We demonstrated that control of CoO nanoparticle size and morphology was achieved for the 

thermal decomposition of Co(OAc)2 by changing (i) the surfactant ratio of OAC/OAM and (ii) 

the reaction time. We could show that a ratio of OAC/OAM > 1 ceased the formation of 

nanoparticles, while decreasing the ratio lead to the formation of meso-crystalline CoO. When 

the ratio was <1, elemental Co was formed as a side product beside CoO. The optimized ratio 

(1:1) led to the formation of well-defined CoO nanooctahedra. There are two competing 

mechanisms influencing the nucleation and growth of the nanoparticles: (i) concentration-

dependent monomer diffusion and (ii) monomer stabilization by excess surfactant. While the 

former controls the size for changing the amount of solvent, both mechanisms control the 

particle size when the precursor concentration is changed by way of the surfactants/ precursor 

ratio. The resulting nanoparticles were superparamagnetic at room temperature and ferro-

ferrimagnetic at low temperature. Different simulation experiments support the experimental 
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observations with the theoretical data, allowing to put the experimental results on a secure basis 

and to suggest a molecular mechanism for the reaction processes. Most importantly, the CoO 

nanooctahedra showed a high performance toward catalyzing OER in alkaline medium, 

manifesting a small OER onset potential, large anodic current, and long-term durability. With 

an onset potential of 1.61 V vs RHE,(69) they compared favorably with previously reported Co-

based OER electrocatalysts,(70−72) and they were superior to “conventional” spherical CoO 

particles or CoO nanoparticles with multioctahedral morphology. 

 

3.5. Experimental Section 

Materials. Cobalt acetate, Co(OAc)2 ∙ 4 H2O (98% ABCR), oleylamine (OAM) (>50 % Tokyo 

Chemical Industry), oleic acid (OAC) (90% Sigma Aldrich), 1-octadecene (ODE) (90% Sigma 

Aldrich), cyclohexane (99% Fisher Chemical), ethanol (98% Honeywell). 

Optimized synthesis. 1 mmol of solid Co(OAc)2 ∙ 4 H2O (249 mg) was given into a 100 mL 

three-necked flask, and 10 mL of ODEand 12 mmol (4 mL) of OAM and OAC were added. 

The solution was heated to 65°C under stirring (600 rpm) and kept at that temperature during 

degassing (10-2 mbar). Subsequently, the flask was flushed with argon, and the process was 

repeated twice. The resulting solution was heated to 330°C (3°C/min) for 60 minutes under 

stirring (600 rpm). Subsequently, the reaction solution was cooled to room temperature. For 

purification, the product was washed three times with ethanol and cyclohexane and dried in 

vacuo at room temperature. The variations within the series A-F were done following to the 

same procedure as above while changing the parameters given in Table S1. 

X-ray powder diffraction (XRPD). 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.  

IR Spectroscopy. ATR-IR spectra were measured on a Nicolet iS10 Spectrometer 

manufactured by Thermo Scientific. The spectra were recorded in a frequency range from 

650 cm-1 to 4000 cm-1 with a resolution of 1.4 cm-1 per data point. 

Transmission electron microscopy (TEM). Transmission electron microscopy (TEM) mages 

for determining the size and morphology were acquired on a FEI Tecnai G2 Spirit microscope 

operating at 120 kV (LaB6 filament), equipped with a Gatan US1000 CCD-camera (16-bit, 

2048 × 2048 pixels), using the Gatan Digital Micrograph software. Samples for TEM were 
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prepared by placing one drop (10 µL) of a diluted nanoparticle solution in cyclohexane 

(0.1 mg mL−1) on a carbon-coated copper grid and by letting it dry at room temperature. Size 

evaluation of individual nanoparticles on the TEM images was performed with ImageJ. 

High Resolution Transmission electron microscopy (HRTEM). The samples were prepared 

by adding a drop of CoO in cylcohexan on a carbon coated copper grid. The samples were 

measured with the FEI Tecnai F30 ST TEM at 300 kV acceleration voltage equipped with a 

Gatan US4000 4k CCD camera. 

Superconducting quantum interference device (Squid). The magnetization as function of 

the applied field or the temperature were carried out with a QuantumDesign MPMS-XL-5 

SQUID (superconducting quantum interference device) magnetometer. 

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

measurements were performed on a Kratos AXIS Ultra DLD instrument using a monochromatic 

Al Ka x-ray source. 

Simulation methodology. Nanoparticles with different diameters ranging from 1.0 nm to 6.0 

nm in steps of 0.1 nm where simulated and 1 OAC molecule was adsorbed onto the nanoparticle 

surface. This was done to select the nanoparticle diameters with the highest adsorption energy, 

so that the rest of the simulation experiments could be carried out on only 2 representative 

particles as set out below instead of on all 50 different diameters.  The nanoparticles with 

diameters of 2.7 and 3.2 nm was selected as these diameters had the highest adsorption energy 

and a relatively small spread in the adsorption values based on the Monte Carlo calculations. 

Thereafter, sixteen (16) different simulation experiments were conducted as follows: 

(a) The number of OAC molecules adsorbed onto the CoO nanoparticles was fixed at 

12 molecules while the number of OAM in the solution was varied from 1 to 12 in steps 

of 3 molecules. During this experiment the hydrogen from the deprotonated OAC was 

not allowed to protonate the OAM molecules.  

(b) The number of OAC molecules adsorbed onto the CoO nanoparticles was again fixed 

at 12 molecules with varying number of OAM (1 to 12 in steps of 3), but this time the 

hydrogen from the deprotonated OAC was allowed to protonate the OAM molecules. 

(c) The number of OAM molecules was then fixed at 12 molecules, and the number of 

OAC was allowed to vary from 1 to 12 in steps of 3 molecules. Similar to before, at first 

the hydrogen from the deprotonated OAC was not allowed to protonate the OAM 

molecules. 
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(d) The number of OAM molecules was again fixed at 12 molecules and the number of 

OAC was varied from 1 to 12 (step 3 molecules) and the hydrogen from the 

deprotonated OAC was allowed to protonate the OAM molecules 

(e) (a) to (d) was then repeated but this time for 24 molecules fixed in each case for 

either OAC or OAM respectively and the other molecules was varied with step sizes of 

4 molecules. 

(f) Thereafter (a) to (d) as well as (e) was repeated but for CoO nanoparticles with a 

diameter of 3.2 nm. 

 All these simulation experiments were carried out to determine the binding energy for each 

scenario and from the binding energy values predict the most likely (most stable) CoO-

OAC/OAM system.  This was done as follows: 

I. Adsorption 

Material Studio (MS7.0) was used to perform Monte Carlo, simulated annealing schemes, with 

10 most likely outcomes. Different ratios of OAC/OAM as described above, were used and the 

molecules were simultaneously adsorbed onto the nanoparticle surface. Most likely adsorption 

configurations were identified by doing Monte Carlo searches of the configurational space of 

the substrate-adsorbate systems as the temperature was slowly decreased. Initially a universal 

forcefield was used with charges assigned by the QEq charge equilibration method. The same 

experiments as described above were also repeated using the charge consistent valence 

forcefield (cvff) with charges assigned by the forcefield, and similar results were generated. The 

electrostatics and the Van der Waals interactions summation method were both atom based with 

an ‘ultra-fine’ quality selected, i.e. with 10 cycles and 100,000 steps per cycle. 

II. Geometry optimization 

Geometry optimization was carried out via molecular mechanics on each of the scenarios as 

described above. ‘Discover’ was employed with a cvff forcefield and charges assigned by the 

forcefiled. An ‘atom-based’-summation method was used with settings applied to both Van der 

Waals and Coulomb forces. A ‘smart minimization’ algorithm was employed. This uses 

combinations of the steepest descent, conjugate gradient and newton methods. The Fletcher-

Reeves algorithm was used for the conjugate gradient method and for the newton method, 

Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithms was used. 

III. Molecular dynamics simulations 

After geometry optimization as described above, molecular mechanics were carried out on all 

of the simulated systems. A constant temperature, constant volume (NVT) ensemble at room 

temperature was used with a time step of 1.0 femtosecond and a dynamics time of 20.0 
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picoseconds. The Anderson-thermostat with a collision ratio of 1.0 was used with 20,000 

simulation steps. Thereafter, the final molecular dynamics output was again geometry 

optimized as described above to arrive at the final, geometry- and energy- optimized systems. 

IV. Binding Energy 

The binding energy of the OAC/OAM (EM) onto the nanoparticle surface (ENP) was calculated 

by subtracting EM and ENP from the total energy of the system (ETotal), since the total system 

energy is just the energy of each separate system plus the binding energy (EB), i.e.  

EB = ETotal – ENP – EM      (3.1) 

This was done as follows. After the optimum configurations of the nanoparticle-molecules 

systems were determined, a single point energy calculation was conducted. Thereafter, the 

nanoparticle was removed from the system and a single point energy calculation was carried 

out, from which the energy of the molecules was determined. The energy of the nanoparticle 

was then determined by removing the molecules and conducting a single point energy 

calculation. 

Electrode preparation. The as-synthesized F4 and OPT. nanoparticles (5 mg) were added to 1 

mL of ethanol/water solution (Vethanol : Vwater = 1 : 3). 30 μL of 5 wt% Nafion solution was added 

to this solution to enhance the binding affinity of the electrocatalyst with the GCE surface. This 

was subjected to sonication for one hour to prepare a homogeneous slurry. The GC working 

electrode was prepared by taking 5 μL of the slurry and drop-casted with a micropipette. The 

electrodes were allowed to dry overnight at room temperature in a clean chamber and 

subsequently sintered at 350 °C. To monitor the crystal structure stability after electrochemical 

measurements, electrodes were prepared under similar experimental condition (as stated above) 

on conductive FTO glass as GC surfaces could not be used as support for X-ray diffraction. 

The electrocatalytic performance of the CoO nanooctahedra was measured with an  

electrochemical analyzer (CH Instruments, Model CHI660E) in 1.0 M KOH solution at 25 °C. 

A three-electrode electrochemical cell consisting of (i) a saturated calomel electrode (SCE) as 

reference electrode, (ii) a Pt gauze-auxiliary electrode, and (iii) a 3 mm (0.07 cm2) glassy carbon 

working electrode (GCE) was used to record the electrochemical function and output 

measurements. Initially, compensation for iR drop was recorded for all samples (100%). Full 

scan linear sweep voltammograms (LSVs) were acquired for the determination of the Tafel plot 

for all samples (i.e., bare GCE, F4, and opt) electrodes. The long term stability of the samples 

as electrocatalyst was monitored by chronoamperometric (I-t) analysis. Electronic impedance 

spectroscopy (EIS) was used to determine the charge transfer behavior at the interface of the 
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respective electrode. EIS was carried out at 1.55 V (vs. a reversible hydrogen electrode (RHE)). 

All electrochemical results were plotted with respect to the RHE by using the Nernst equation  

E(RHE) = E(SCE) + 0.242 + 0.059 (pH)         (3.2) 

For the overpotential (η) equation (1) was modified according to   

η = EAg/AgCl + (0.197 + 0.059 × pH) − 1.23        (3.3) 
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3.7. Supporting Information  

Table 3.1. Series chart with the sample labels and the corresponding synthesis parameters. 

Series Label OAM 

(mmol) 

OAC 

(mmol) 

Reaction time at 

330 °C (min) 

 

A 

A1 3 3 60 min 

A2 6 6 60 min 

A3 9 9 60 min 

A4/OPT* 12 12 60 min 

 

B 

B1 3 3 15 min 

B2 3 3 30 min 

B3 3 3 45 min 

B4/A1 3 3 60 min 

 

C 

C1 12 12 15 min 

C2 12 12 30 min 

C3 12 12 45 min 

C4/OPT* 12 12 60 min 

 

 

 

 

D 

D1 0 24 60 min 

D2 3 21 60 min 

D3 6 18 60 min 

D4 9 15 60 min 

D5/OPT* 12 12 60 min 

D6 15 9 60 min 

D7 18 6 60 min 

D8 21 3 60 min 

D9 24 0 60 min 

 

E 

E1 0 12 60 min 

E2 3 12 60 min 

E3 6 12 60 min 

E4 9 12 60 min 

 

F 

F1 12 0 60 min 

F2 12 3 60 min 

F3 12 6 60 min 

F4 12 9 60 min 

*Optimized synthesis 
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Table 3.2. Comparison of CoO electrodes with reference data from the literature. 

# Material 

composition and 

synthesis method 

Morphology & 

Phase 

Onset 

Potential  

(V vs. RHE) 

Electrostability 

@ Current 

Density  

Ref. 

1.  Bridged-multi-

octahedral cobalt 

oxide nanocrystals 

 

Octahedral 

morphology with 

(111) facet 

1.60 V at  

10 mA cm-2 

13 h at  

10 mA cm-2 

69 

2.  Ultrathin 

α-Co(OH)2 

Nanosheets by 

solvent engineering 

Nanosheets with α-

Co(OH)2 form 

(JCPDS no. 46-

0605) 

1.50 V at  

10 mA cm-2  

25 h at  

10 mA cm-2 

57 

3.  Ultrathin cobalt 

oxide 

nanostructures by 

one-step 

hydrothermal 

synthesis 

Thin nanosheets 

with the quasi 

amorphous phase 

1.55 V at  

50 mA cm-2 

24 h at  

50 mA cm-2 

73 

4.  Aligned cobalt-

based 

Co@CoOx nanostr

u-ctures by 

pyrolysis 

 

2D morphlogy 1.52 V at  

10 mA cm-2 

 56 

5. 1 CoOx/CNTs by 

colloidal synthesis 

Spherical NPs, 

with cubic 

structure (JCPDS 

9-0402) 

1.59 V at  

10 mA cm-2 

400 min at  

5 mA cm-2 

74 

6.  CoO Nanoparticles 

Grown on 

Nitrogen-Doped 

Hollow Graphene 

Microspheres by 

three step 

wetchemistry 

technique 

No information 

given 

1.63 V at  

10 mA cm-2 

for CoO  

Lost more than 

20% activity 

after 10 hours 

30 

 

7. 2 Co@Co–Bi/Ti by 

two-step method of 

electrochemical 

deposition 

3D morphology 

with metallic 

cobalt (JPDS no. 

05-0727 and 15-

0806 

1.56 V at  

10 mA cm-2 

20 000 s at a 

potential of  

1.56 V. 

75 

8. 3 Nanoparticle-based 

Co3O4 tubes 

 

Hierarchical 

Tubular 

morphology  

1.62 V at  

10 mA cm-2 

10 min at  

10 mA cm-2 

71 

https://pubs.acs.org/doi/10.1021/acscatal.6b00553
https://www.nature.com/articles/srep27081
https://pubs.rsc.org/en/Content/ArticleLanding/2017/NR/C7NR00508C#!divAbstract
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9. 4 Macroporous CoO 

covered by Co/N-

doped graphitic 

carbon nanosheet 

arrays (mac-

CoO@Co/NGC 

NSAs) prepared by 

the ultrasonic-

assisted wet-

chemistry 

technique 

Porous CoOx 

heterostructures 

with CoO = 

JPDF#43-1004 and 

Co = JPDF#15-

0806)) 

1.62 V 35 h at 

10 mA cm-2 

76 

10. 5 Cobalt oxide 

(CoOx) with 

adsorbed Fe3+ ions 

prepared by 

electrodeposition 

JCPDS 00-003-

0913 

1.55 V at  

10 mA cm-2 

20 h at  

10 mA cm-2 

72 

11. 6 CoO‐Co2O3‐

Co(OH)2 Multipha

se‐Nanoparticles 

Prepared by 

Femtosecond Laser 

Ablation in Water 

 

Spherical NPs  1.65 V at  

1.0 mA cm-2  

Significantly 

lower current 

density achieved 

even at 1.7 V vs. 

RHE   

20 

12. 7 Selective Synthesis 

of Monodisperse 

CoO 

Nanooctahedra as 

Cata-lysts for 

Electrochemical 

Water oxidation 

CoO nanoparticles 

with octahedron 

shape 

1.59 V at 

10 mA cm-2 

10 h at  

10 mA cm-2 

Loss only 

~3.5 % activity 

after 10 h 

This 

Work 

https://pubs.acs.org/doi/abs/10.1021/acscatal.7b03509
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Figure 3.9. Color changes during synthesis. Purple color at 65 °C, blue color at 330 °C, brown color 

after the synthesis at 25 °C. The brown powder indicates the conversion to CoO, while the purple viscos 

mass indicates no conversion. 
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Figure 3.10. Particle size distributions obtained by the TEM images for series A. (A) Particles size 

distribution for sample A1, (B) sample A2, (C) sample A3 and (D) sample A4 (OPT).  
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Figure 3.11. TEM snapshots after 15, 30, 45, and 60 minutes for the synthesis of CoO nanoparticles 

(series B) with a concentration of 3 mmol for each, OAC and OAM. (A) After 15 minutes at 330 °C, (B) 

30 minutes, (C) 45 minutes and (D) 60 minutes. (E) Size evolution as a function of the reaction time. 
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Figure 3.12. Particle size distributions for the synthesis of CoO nanoparticles obtained from TEM 

snapshots after 15, 30, 45 and 60 min (series B). (A) Particles size distribution for 15 minutes reaction 

time, (B) 30 minutes, (C) 45 minutes. The particle size distribution for 60 minutes is shown in Figure 

3.10A (sample B4 = A1). 
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Figure 3.13. TEM snapshots after 15, 30, 45 and 60 min (series B) for the synthesis of CoO 

nanoparticles with a concentration of 12 mmol for each, OAC and OAM. After 15 minutes no conversion 

had occurred. (A) After 30 minutes at 330 °C, (B) 45 minutes and (C) 60 minutes (OPT). 

 

Figure 3.14. Particle size distributions for the synthesis of CoO nanoparticles obtained from TEM 

snapshots after 15, 30, 45 and 60 min (series C). (A) Particles size distribution for 30 minutes reaction 

time and (B) 45 minutes reaction time. Particle size distribution for 60 minutes (OPT) is shown in Figure 

3.10D.  
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Figure 3.15. Particle size distributions obtained from TEM images for the synthesis of CoO 

nanoparticles (series D). (A) Particles size distributions for sample D8, (B) sample D7, and (C) sample 

D6.  
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Figure 3.16. Particle size distributions obtained from TEM images for the synthesis of CoO 

nanoparticles (series F). (A) Particle size distribution for sample F2, (B) sample F3 and (C) sample F4.  
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Figure 3.17. Phase analysis of sample OPT. (A) HRTEM image of sample OPT, the red circle marks 

the corresponding particle on which SAED measurements were performed. (B) SAED, the indexed 

diffraction pattern corresponds to a distance of 1.53 Å, corresponding to the {022} planes. (C) Crystal 

facets for CoO, with minimized {001} planes, the red atoms represent oxygen, while blue atoms 

represent cobalt. (D) Projection through the [111] direction, the green line corresponds to the {022} 

planes, perpendicular to the (111) plane.  
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Figure 3.18. HRTEM tilt series of the optimized synthesis OPT. (A) HRTEM image at 0° tilt. (B) At 

+10° and (C) -10°. (D) At +20° and (E) -20°. (F) At +30° and (G) -30°. (H) At +40° and (I) -40.° 
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Figure 3.19. Adsorption energy vs. nanoparticle size. The nanoparticles with diameters of 2.7 nm 

(representative of “small” nanoparticles) and 3.2 nm (representative of “large” nanoparticles) were 

selected since these have both (i) the highest probable adsorption energy as well as (ii) the smallest 

spread in the values.  
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Figure 3.20. Representative energy- and geometry – optimized simulated systems. The red atoms are 

Oxygen, the purple is Cobalt, the green molecules are OAC molecules that have chemisorbed onto the 

Co via the carboxyl function group, the pink molecules are the OAM molecules (not adsorbed) and the 

remaining molecules are OAC that have only physisorbed and not chemisorbed onto the CoO. 
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Figure 3.21. Analysis for the OER. TEM images of the annealed samples (A) OPT and (B) F4 with the 

corresponding (C) FT-IR spectra. (D) XRD patterns of sample OPT (red), FTO (black), OPT-FTO (blue), 

OPT-FTO annealed at 350 °C (violet) and OPT-FTO annealed at 350 °C, after OER.
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4.1. Abstract 

Transparent, hardened CeO2/polycarbonate surfaces that prevent adhesion, proliferation, and spread 

of Pseudomonas aeruginosa PA14 were manufactured. Large amounts of monodisperse CeO2 

nanoparticles for this application were synthesized in segmented flow using a high-throughput 

microfluidic benchtop system using water/benzyl alcohol mixtures and oleylamine as capping 

agent. This reduced the reaction time for nanoceria by more than one order of magnitude compared 

to conventional batch methods. Ceria nanoparticles prepared by segmented flow showed high 

catalytic activity in halogenation reactions, which makes them highly efficient functional mimics of 

haloperoxidase enzymes. Haloperoxidases are used in nature by macroalgae to prevent formation of 

biofilms via halogenation of signaling compounds that interfere with bacterial cell-cell 

communication (“quorum sensing”). CeO2/polycarbonate nanocomposites were prepared by dip-

coating plasma-treated polycarbonate panels in CeO2 dispersions. These showed a reduction in 

bacterial biofilm formation of up to 85% using P. aeruginosa PA14 as model organism. Besides 

biofilm formation, also the production of the virulence factor pyocyanin is under control of the 

entire quorum sensing systems P. aeruginosa. CeO2/PC showed a decrease of up to 55% in 

pyocyanin production, whereas no effect on bacterial growth in liquid culture was observed. 

This indicates that CeO2 nanoparticles affect quorum sensing and therefore inhibit biofilm 

formation in a non-biocidic manner. The engineered polycarbonate surfaces have the promise to 

repel biofilms as green antimicrobials on plastics (drinking bottles, glasses, food containers), 

where biocides are prohibited, or on touch panels and portable devices for consumer electronics 

(e.g., mobile phones).  

 

4.2. Introduction 

Biofilms are an accumulation of microorganisms, mostly bacteria, living in close community 

within a mucous substance.(1) They can form on almost any surface. Typical examples are 

plastic surfaces in the domestic environment (e.g. shower curtains, touch surfaces),(2) or on 

consumer electronics(3) Many industries suffer from the ill-effects of biofilm growth, which 

leads to costs for cleaning and maintenance.  

There are different strategies for the design of antibiofouling surfaces: (i) coating with 

antimicrobial materials,(4) (ii) inhibit adhesion with hydrophilic surfaces, like polyethylene 

glycol (PEG) polymers,(5) with zwitterionic materials,(6) amphiphilic block copolymers,(5,7) and 
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stimuli-responsive materials,(8) (iii) micro-nano structuring,(9) (iv) photoactivation of 

surfaces,(10) or (v) superamphiphobic or -oleophobic surfaces(11) that mimic the architecture of 

the lotus leaf.(12) Each of them has its limitations, such as mechanical weakness, poor substrate 

adhesion, non-uniform coating, leaching of toxines, insufficient long-term stability, low 

biocompatibility or cost-benefit ratio. A simple, sustainable, and inexpensive method to prepare 

durable, polymer surfaces with uncompromised mechanical properties, which repel a variety of 

contaminants, has immediate relevance in many applications that suffer from the above issues.  

A new and environmentally benign solution is inspired by nature. Macroalgae have evolved 

molecular mechanisms to limit biofilm formation (biofouling) of their surfaces.(13) The lack of 

microbial fouling of these algae is associated with the formation of brominated furanones that 

inhibit bacterial quorum sensing,(32) a process by which bacteria monitor cell density and 

regulate their communal behavior such as biofilm formation, virulence, or swarming motility 

among other responses.(14-16) Many bacteria secrete small signaling molecules, called 

autoinducers (AI) as their quorum sensing compounds.(14) The halogenated messenger 

compounds have been shown to disrupt quorum sensing by displacing the signaling molecules from 

their corresponding receptor or by covalent modification, i.e. inactivation of the associated 

enzyme.(14-16) 

These biohalogenation reactions are catalyzed by haloperoxidases (HPOs), a group of enzymes 

that use hydrogen peroxide, generated in micromolar quantities in sunlight, and halides (Cl-, 

Br-) to form hypohalous acids (HOX, X = Cl, Br). These short-lived reaction intermediates are 

powerful halogenating and oxidizing agents that halogenate a wide range of substrates.(17-19) 

Some halogenated metabolites have antimicrobial activity and/or prevent the formation of 

biofilms, i.e., Nature uses oxidative halogenation as a chemical defense strategy against 

biofouling.  

Several metal complexes,(20-24) V2O5 ,
(25) and CeO2

(26) nanoparticles (NPs) can mimic the 

catalytic activity of haloperoxidase enzymes under ambient conditions.(27) Therefore, these NP 

enzyme mimics(28-31) display a sustained and long-term activity at ambient conditions to 

produce sufficient amounts of hypohalous acids to prevent biofouling in moist environments or 

surface water films.(32) Incorporating these nanomaterials in polymers or coatings may reduce 

biofilm formation and lead to materials with long‐term stability. Assuming that concentrations 

of halide anions and peroxide on polymer surfaces are similar as in natural waters, a related 

behavior might be expected on polymer coatings.(33,34) This may open new and sustainable 

applications in everyday life (e.g. textiles, touch surfaces, food packaging, foils) and circumvent 
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the use of biocides like silver or copper ions, antibiotics, chlorohexidine, or quaternary 

ammonium salts.(35,36) 

Nanoceria is biologically benign.(37-39) Its application in transparent polymer coatings or 

nanocomposites requires large-scale synthesis of non-aggregated CeO2 NPs with well-defined 

size and crystallinity to enable blending or dispersing NPs in polymers with high optical 

transparency while maintaining antibacterial properties. Large scale routes to nanoceria are 

based on high-temperature gas phase reactions, which lead to highly agglomerated particles 

incompatible with the required transmittance and low haze in display films, coatings or lenses.  

Precipitation in batch reactors is a straightforward route to ceria NPs, but it suffers from long 

cycle times and difficulties in controlling particle size due to poor heat and mass transfer. 

Alternative routes to CeO2 NPs are sol-gel or hydrothermal/solvothermal synthesis.(40) The size 

and morphology of CeO2 NPs can be tailored by adjusting the process parameters (e.g. pH value, 

reaction time, counter ions and addition of surfactants).(41-45) Larger quantities of NPs (e.g. ceria, 

yttria, and zirconia nanoceramics) with low polydispersity and control over particle size can be 

obtained by continuous flow synthesis.(46-50) However, these reactions require high energy input, 

special equipment and they are difficult to parallelize.  

Here we present a simple and highly scalable microfluidic benchtop system for high-throughput 

synthesis of CeO2 NPs with homogeneous size, morphology and crystallinity in segmented flow. 

The synthesis was carried out with oleylamine and cerium(III)-acetate in benzyl alcohol as 

reaction and water as carrier medium. Investigation of their surface chemistry revealed a very 

high haloperoxidase-like activity of the CeO2 NPs. Surface coating of polycarbonate panels 

with CeO2 NPs resulted in transparent nanocomposites with very low surface roughness and an 

enhanced Young's modulus as a measure of stiffness. CeO2/PC nanocomposites inhibit bacterial 

biofilm formation of P. aeruginosa. Production of the virulence factor pyocyanin in P. 

aeruginosa showed that the bacteria repelling properties are probably due to quorum quenching, 

an effect also termed quorum quenching. CeO2/PC nanocomposites may find application as 

biocide-free “green” antimicrobials on plastics for electronic, automotive, aircraft, or railway 

components, for drinking bottles, glasses and food containers, where traditional biocides are 

strictly prohibited because of toxicity. In the health sector this may prevent infections that are 

becoming increasingly troublesome with the emergence of drug resistant bacteria and help 

reducing the use of antibiotics. 
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4.3. Results and Discussion 

Batch synthesis. A single step approach was devised for the synthesis of ceria NPs based on a 

non-hydrolytic sol-gel route in benzyl alcohol. It allows excellent control over particle size, 

phase, and crystallinity, but also simplifies transfer into the flow setup.(51-53) Ce(ac)3 or 

Ce(acac)3 were used as starting compounds because of their availability and good solubility in 

benzyl alcohol. In a typical non-hydrolytic sol-gel reaction, the Ce(ac)3 precursor - or secondary 

complexes - experience an increased thermodynamic driving force to form “monomers”. 

Further reaction of these monomers with benzyl alcohol(51) leads to the formation of CeO2 

nuclei. The nucleation of nascent NPs is triggered by heating, and continued heating allows the 

nuclei to grow into mature NPs. Heating involves specific subtleties resulting from the interplay 

of reaction variables such as precursor concentration,
 
solvent, reaction temperature and time.

 

All these variables affect the final size and size distribution of the NPs.  

A possible scenario could be as follows: In the reaction of cerium acetate hydrate 

(Ce(ac)3 x H2O) in benzyl ether an acid-base equilibrium ac- + HOCH2C6H5 = 

ac-OCH2C6H5  +  OH- precedes the formation of Ce(OH)3 in an initial step at 120°C (from Ce3+ 

and OH- anions formed in the acid-base equilibrium). Ce(OH)3 is sensitive to aerial oxygen and 

oxidized to CeO2 in a topotactic condensation reaction, where water is eliminated.(54) In benzyl 

alcohol this water may be involved in a second acid-base reaction with oleylamine according 

to H2O + H2N-R = OH- + +NH3-R. In a competing reaction oleylamine acts as a capping agent 

in the surface complexation of the growing CeO2 NPs. The hexagonal structure of the Ce(OH)3 

intermediate allows topotactic growth of anisotropic particles (e.g., nanorods) of CeO2 (which 

adopts the cubic fluorite structure).(55) The capping agent plays an important role for the size 

distribution of the NPs by binding to the growth species and controlling its growth rate.(56-58) 

Terminating the reaction at this stage leads to the formation of single-domain crystalline CeO2 

NPs with diameters of 2-7 nm, which could be dispersed in nonpolar solvents such as 

cyclohexane or toluene. 

Figure 4.1A shows commercially available CeO2 NPs synthesized on an industrial scale. They 

have an ill-defined morphology and strong agglomeration. For the latter application small NPs 

with a high surface area are necessary, therefore the control of the morphology and size is 

mandatory. CeO2 NPs from the batch (high-resolution transmission electron microscopy 

(HR)TEM images in Figure 4.1B) are much smaller (two orders of magnitude) than their 
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commercial counterparts and therefore suitable for application in nanocomposites. In the second 

step, the batch synthesis was transferred into a continuous setup.  

Synthesis of CeO2 NPs under segmented flow conditions. The HRTEM micrograph in 

Figure 4.1C shows that the CeO2 NPs by segmented flow synthesis have essentially the same 

morphology as those obtained from the batch reaction (Figure 4.1B). Compared to the 

commercial CeO2 particles (Figure 4.1A) the NPs from the segmented flow synthesis show a 

uniform morphology and size.  

 

 

Figure 4.1. (A) TEM image of commercial CeO2. HRTEM images of CeO2 NPs obtained by non-

aqueous sol-gel chemistry. (B) NPs obtained from batch chemistry and (C) under segmented flow 

conditions. 

 

However, clogging of the reactor could not be prevented under continuous flow conditions. 

Therefore, the synthesis was carried out under segmented flow using water as carrier medium. 

Advantages of this setup are the low costs and the boiling temperature of water. Water 

evaporates when the flow passes through the heating element. The water vapor leads to 

additional pressure between the segmented droplets of the reaction medium and thus prevents 

– independent of the flow rate – clogging of the reaction channel. A constant flow rate of the 

reaction medium and the water through the PTFE tube was achieved with a peristaltic pump. 

Nucleation was triggered by warming the reactant stream in a heating element. 

Two heating elements (120° and 180°C) were used to simulate the temperature profile of the 

batch process. The setup is shown in Figure 4.9 (SI). The suitability of the PTFE tubing for the 

thermally induced formation of CeO2 NPs was assessed in preliminary experiments under 

continuous flow conditions. The residence times in each oil bath was set to 2.7 min to simulate 

the reaction conditions from the batch synthesis (vide supra). The reaction solution had a 

reddish color and turned purple after passing through the tubes. Two phases were obtained: the 
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upper phase was an emulsion of water, benzyl alcohol and oleylamine, the lower phase 

contained the precipitated yellow NPs (Figure 4.9 (SI)).  

Importantly, the reactions could be carried out in automated form with much shorter reaction 

times. For the batch synthesis, the product yield was 0.7 mg/min, while 15.8 mg/min (i.e., 22 

times as much) were produced at the same temperature in segmented flow (Figure 4.9 (SI)). 

The average crystallite sizes of the NPs (bulk sample) were determined by powder X-ray 

diffraction (PXRD, Figure 4.2 red line) and Rietveld refinement (blue line, difference green 

line).(59,60) Details concerning the refinement are given in the Supporting Information (Table 

4.1-2 (SI)). The NPs are single-crystalline. The X-ray diffractograms of the CeO2 NPs by batch 

synthesis (Figure 4.2A.1) are very similar to those obtained by segmented flow reaction (Figure 

4.2A.2) and show the expected intensities for (bulk) CeO2 (lattice parameter a = 5.42 Å). 

Reflection broadening allowed extracting the particle size (average 3.2 nm and 5.8 nm by 

Rietveld analysis of the PXRD patterns for CeO2 NPs (batch/segmented flow synthesis). The 

morphologies of the NPs from both processes are similar, the NPs from segmented flow process 

are slightly larger than those obtained by batch synthesis. However, a scale up was possible, 

due to the segmented flow setup, which avoided clogging of the tubes, i.e., it allows a high-

throughput automated synthesis single crystalline CeO2 NPs in large quantities. 

Surface chemistry of CeO2 NPs. The oleylamine surfactant required an analysis of the CeO2 

surface chemistry to assess the effect of the organic ligands on the catalytic activity. FT-IR 

spectroscopy was used to identify the surface ligands of the as-synthesized CeO2 NPs. 

Figure 4.2B shows the spectrum of pure oleylamine. The spectra of the CeO2 NPs from the 

batch (Figure 4.2C) and the segmented flow synthesis (Figure 4.2D) indicate the presence of 

surface-bound oleylamine. The broad band between 3500 cm-1 and 3000 cm-1 envelopes the 

symmetric and asymmetric O-H stretches. The bands around 2920 cm-1 and 2850 cm-1 are 

characteristic for the C-H stretch of the terminal CH3 group.(56) The absorptions in the range of 

1550 cm-1 to 1400 cm-1 and in the range from 1250 cm-1 and 1400 cm-1 and close to 1000 cm-1 

are typical for the stretching and bending vibrations surface-bound bi- and polydentate 

carbonate groups.(61) The surfactant coverage was determined by TGA (Figure 4.2E-F).  
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Figure 4.2. (A) X-ray powder diffraction patterns with Rietveld refinements of CeO2 NPs obtained by 

batch synthesis (1) and under segmented flow conditions (2). Experimental data (red line), Rietveld 

refinement (blue line), difference curve (green line). Ticks indicate theoretical positions of Bragg 

intensities. FT-IR spectra of (B) pure oleylamine, (C) CeO2 NPs obtained from batch chemistry, and (D) 

under segmented flow conditions. TGA traces of CeO2 NPs obtained under (E) batch and (F) segmented 

flow conditions.  

Figure 4.2E shows thermogravimetric traces of the CeO2 NPs from the batch synthesis. The 

first step in the diagram is associated with a mass due to surface-bound H2O (mrel = 4.05%). 

This step is initiated between 50 °C and 200 °C. Between 200 °C and 650 °C there is another 

mass drop corresponding to the remaining organic residues and traces of carbonate being 

stripped off (mrel = 15.45%). The remaining solid material was CeO2. NPs obtained under 

segmented flow (Figure 4.2F) contained a higher amount of surface-bound H2O (mrel = 6.06%) 

because they were prepared in aqueous environment, while the mass loss of organic residues 

and carbonate was lower (mrel = 13.89%) compared to the batch synthesis. The FT-IR spectra 

of the products obtained by batch and segmented flow synthesis (Figure 4.2C-D) show a weaker 

intensity of the vibration at around 2920 cm-1 and 2850 cm-1 for the C-H stretch of the terminal 

CH3 group. This indicates a lower share of surface-bound oleylamine. Consequently, a larger 

amount of H2O was bound onto the surface. Based on the spectroscopic and thermoanalytical 

data a temperature-dependent (185 °C, 500 °C, 800 °C) analysis of surface chemistry and the 

resulting catalytic activity of the NPs was carried out. 
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X-ray analysis of the CeO2 NPs from the batch preparation (Figure 4.3A.1) and segmented flow 

synthesis after annealing for 5h at 185 °C (Figure 4.3A.2) showed no significant changes 

compared to their non-annealed counterparts (Figure 4.2A). CeO2 NPs from segmented flow 

synthesis were also annealed for 5h at 500 °C and 800 °C. The NP diameter increased from 5.8 

nm (185 °C) to 16.2 nm (500 °C) and finally to 71.5 nm (800 °C). The sharp reflections at 

500 °C and 800 °C (Figure 4.3B-C) and the HRTEM images (Figure 4.10A-C (SI)) show the 

increase in particle size. Since particle diameter correlated with surface area in an inverse 

fashion, the surface area was reduced at high annealing temperatures (Figure 4.3D). The surface 

area for the NPs prepared at ambient temperature was 184 m2 g-1. It increased to 190 m2 g-1 

after annealing at 185 °C. Surface ligands of the CeO2 NPs (ambient temperature) may cause 

errors in the BET measurements. Therefore, the surface area increased - formally - slightly after 

annealing, even though it is unfeasible physically. The surface areas decreased at higher 

temperatures to 78 m2 g-1 (500 °C) and 17 m2 g-1 (800 °C) due to grain growth. 

The FT-IR spectra of the CeO2 NPs (batch preparation and segmented flow synthesis) showed 

after annealing for 5h at 185 °C (Figure 4.3E)  no organic ligand anymore, indicated by the 

absence of the bands around 2920 cm-1 and 2850 cm-1, which are characteristic for the C-H 

stretch of the terminal CH3 group.(56) The absorptions at 1570 cm-1, between 1250 cm-1 and 

1400 cm-1 and close to 1000 cm-1 are typical for the stretching and bending vibrations of 

surface-bound bi- and polydentate carbonate groups.(61-63) CeO2 shows acid/base properties. Its 

acidic behavior is responsible for OAM surface binding. Its base properties are responsible for 

the binding of carbonate groups. This binding of carbonaceous species is responsible for the 

use of CeO2 in gas-phase heterogeneous catalysis (e.g. in exhaust catalysts).(64,65) It is also an 

important feature of hydroxylated and non-hydroxylated CeO2 NPs in aqueous environment, 

where active surface sites are blocked by adsorbed species. 

After calcination for 5h at 800 °C all vibrational bands of the surface species vanished 

(Figure 4.3E), and the ζ-potentials of the NPs before and after annealing changed from positive 

to negative values. For CeO2 NPs (ambient temperature, segmented flow) an average value of 

50.2 mV ± 1.5 mV was obtained. After annealing for 5h at 185 °C the ζ-potential decreased 

slightly to 47.3 mV ± 0.12 mV. Annealing for 5h at 500 °C reduced the ζ-potential to -4.78 mV ± 

0.17 mV, and after annealing for 5h at 800 °C it was -18.9 mV ± 0.59 mV (Figure 4.3F).  
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Figure 4.3. X-ray powder diffraction patterns with Rietveld refinements of CeO2 NPs obtained by batch 

synthesis (A1) and under segmented flow conditions (A2) after annealing for 5h at 185 °C. (B) CeO2 

annealed for 5h at 500 °C and (C) 800 °C. Experimental data, Rietveld refinement and difference curve 

are shown as red, blue and green lines. Ticks indicate calculated positions of the Bragg intensities. (D) 

Average diameter and surface area as a function of annealing temperature. (E) FT-IR spectra of as-

synthesized CeO2 NPs for different annealing temperatures and (F) ζ-potential as a function of annealing 

temperature. 

 

Haloperoxidase activity. The haloperoxidase activity of CeO2 NPs was determined by UV/Vis 

spectroscopy with the phenol red (PR) assay (Figure 4.4A). The spectra in Figure 4.4B-C show 

the time-dependent intensity change of the two principal absorption bands for PR for CeO2 NPs 

(batch or segmented flow synthesis, after annealing at 185 °C) as haloperoxidation catalyst. The 

spectral changes and the slope of the absorbance correspond to the reaction rate. Figure 4.4D-E 

show the absorbance change for PR at 590 nm measured as a function of time for CeO2 (catalyst, 

25 µg/mL), H2O2 (300 µM), PR (50 µM) and KBr (25 mM). The shift of the absorption bands 

is due to the fourfold oxidative bromination of PR to tetrabromophenol blue (TBPB) 

As the haloperoxidase activity depends on the concentration of the H2O2 substrate, the 

Michaelis-Menten kinetics was evaluated by varying the H2O2 concentration. The kinetic data 

were fitted using the Hill equation. Table 1 shows the parameters derived from a fit to the Hill 

equation (Figure 4.11 (SI)). Evaluating the kinetic parameters for CeO2 NPs obtained from the 
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segmented flow synthesis (ambient temperature) was not possible, because their water 

dispersibility was low due to the OAM surface ligands. 

 

Figure 4.4. Scheme of the (A) oxidative bromination of PR. Spectral changes induced by the oxidative 

bromination of PR with time for the determination of the haloperoxidase activity of CeO2 obtained (B) 

from batch chemistry and (C) under segmented flow conditions after annealing at 185 °C, (D) the 

corresponding absorbance change at 590 nm as a function of time (E) the corresponding absorbance 

change. Assay components: CeO2 catalyst (25 µg/mL), H2O2 (300 µM), PR. 

 
Table 4.1. Kinetic parameters with H2O2 as substrate derived from the Michaelis-Menten equation. 

Sample vmax (µM min-1) Km (µM) n 

CeO2  – 185 °C 0.15 470.0 1.47 

CeO2 – 500 °C 0.36 296.9 1.15 

CeO2 – 800 °C 0.03 575.8 0.82 

 

Brunauer-Emmett-Teller (BET) surface areas were determined to normalize the reaction rates 

to surface areas between 190 m2 g-1 (ambient temperature) and 17 m2 g-1 (800 °C). Table 1 

shows that the bromination rate increases with the annealing temperature (185 °C vs. 500 °C) 

for CeO2. Based on the surface areas (190 m2g-1 vs. 78 m2 g-1) and the ζ-potentials 
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(47.3 mV ± 0.12 mV vs. -4.78 mV ± 0.17 mV) one may expect a higher activity for the sample 

treated at 185 °C. However, the bromination rate appears to depend not only on surface area 

and ζ-potential. Another factor might be the carbonate surface concentration of the CeO2 sample 

annealed at 185 °C, as surface bound CO3
2- groups may quench the reaction or block active 

sites. After annealing at 800 °C the bromination rate dropped significantly. The saturation rate 

(Km value) increased, i.e., the affinity for H2O2 decreased. The Hill coefficient decreased 

initially from 185 °C to 800 °C. Thus, cooperative effects decrease by increasing the annealing 

temperature from 185 °C to 500 °C and finally to 800 °C. The catalytic activity described in 

terms of the turnover frequency (TOF) or the catalytic constant (kcat)
(66) depends on the catalyst 

surface area, time, and mass concentration. The rate of reaction (ROR) is defined by Eq. (4.1). 

TOF =  
vmax
[Cat]0

 
[Cat]0→SBET⋅β(Cat)
→              ROR = 

vmax
SBET ⋅ β(Cat)

                             (4.1) 

Here, the accessible surface area per mass equivalent of the catalyst is expressed through the 

BET surface (SBET in m2 g-1). The turnover of PR to TBPB is surface specific because only the 

catalyst surface is accessible for the substrate. Eq. 4.1 can be evaluated based on time 

(vmax/M min-1), surface area (SBET/m2 g-1) and mass concentration (β(Cat) /g L-1) and yields the 

molar amount of TBPB that was formed by reaction of HOBr with PR per unit surface and time. 

The calculated ROR value for CeO2 (185 °C) is 0.031 µmol m-2 min-1, while CeO2 (500 °C) 

shows the highest ROR value (0.185 µmol m-2 min-1). For the CeO2 annealed at 800 °C we 

obtained a value of 0.071 µmol m-2 min-1. For the application of CeO2 NPs on polycarbonate 

surfaces there are two important requirements . (i) A high surface area to volume ratio is 

essential for catalytic activity. (ii) High dispersibility of the NPs is necessary to ensure uniform 

distribution of the NPs on the polycarbonate surface during the dip coating process. In this way, 

we could fabricate a smooth and transparent nanocomposite. CeO2 NPs annealed at 185 °C were 

the most successful candidate.  

CeO2/polycarbonate (PC) nanocomposites. In order to bind a sufficiently large amount of 

CeO2 NPs to the PC surface, the PC panels were exposed to an oxygen plasma for 20 min. 

Contact angle measurements of polycarbonate with water, showed a decrease from 86.75° 

before treatment to 26.88° after oxygen plasma treatment (Figure 4.12 (SI)), indicating a 

significant change in surface energy.  The plasma treatment generated new oxygen containing 

groups such as C=O, O-C-C or O-C=O as reported by Shikova et al.(67) Dip-coating of the 

plasma-treated PC panels in a dispersion of CeO2 particles in cyclohexane (ambient temperature) 

and water (185 °C) resulted in the binding of the particles to the polycarbonate surface by 

condensation reaction between the polar groups of polycarbonate surface and the free hydroxyl 
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groups of the particles leading to a very dense and stable coating of CeO2 NPs on the PC surface 

(10 mg/mL, immersion speed of 60 mm/min, deposition time of 5 s and withdrawal speed 

60 mm/min). The coated plates were dried in air (110 °C), excess CeO2 was removed by 

washing with ultra-pure MilliQ (QMQ) water, and the plates were dried at 80 °C overnight. 

Surface coating prevented embedding of CeO2 particles in the PC matrix without having an 

active surface area for catalytic reactions. It also circumvented the problem of producing stable 

dispersions from a mixture of CeO2 NPs and organic binders which often result in hazy films(68) 

due to particle aggregation. The coating with CeO2 NPs was demonstrated by SEM/EDX 

(Figure 4.5A-B, not annealed, annealed at 185 °C).  

 

Figure 4.5. CeO2/polycarbonate panels. (A) SEM images of polycarbonate panels with CeO2 NPs from 

segmented flow synthesis with corresponding (EDX mapping marked as blue dots for Ce). (B) 

Polycarbonate panels with CeO2 NPs from segmented flow synthesis, annealed at 185 °C (EDX mapping 

marked as red dots). (C, D) Spectral changes induced by oxidative bromination of PR after 72 h of the 

CeO2/polycarbonate panels with (C) CeO2 NPs (not annealed) and (D) CeO2 NPs (annealed at 185 °C). 

(E) Image of a blank polycarbonate panel (left) polycarbonate panels with CeO2 NPs (not 

annealed/185°C 
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The binding of the CeO2 NPs to the surface proved to be successful, as both CeO2/PC panels 

showed high catalytic activity (demonstrated by conversion PR to TBPB in the PR assay, 

Figure 4.5C-D). Importantly, coating of polycarbonate panels with CeO2 NPs did not lead to 

any color change. Highly transparent CeO2/PC sample panels were obtained, which showed no 

difference in transmission compared to uncoated PC panels (Figure 4.5E; UV-Vis absorption 

spectra in Figure 4.13 (SI)).  

Similar Young's moduli / hardness values were obtained for the CeO2/PC samples. The Young's 

moduli for CeO2/PC with annealed NPs slightly (3.74 GPa ± 0.06 GPa) increase compared to 

those of CeO2/PC with non-annealed NPs (3.73 GPa ± 0,12 GPa), while the hardness value 

slightly decreased for the former ones from 274.81 MPa ± 8.76 MPa (ambient temperature) to 

265.80 MPa ± 9.86 MPa (annealed at 185 °C). These values are much higher than those which 

were obtained for pure PC 2.32 ± 0.02 GPa (2.4 GPa ISO 527-1,-2) and 178.77 MPa ± 2.20 

MPa.(69) As expected, the Young's modulus increased with surface-bound CeO2 content. 

Comparative hardness values of polystyrene, polypropylene, polyethylene, poly(ethylene 

terephthalate), and poly(methyl methacrylate) polymer films without NPs coating are typically 

close to 10 MPa,(70) while the Young's modulus and hardness of pure ceramic CeO2 coatings 

prepared by magnetron sputtering are 80.5 ± 1.3 GPa and 4.1 ± 0.3 GPa.(71) Although Young´s 

modulus and scratch resistance are independent parameters, the ratio E/H of Young´s modulus 

and hardness paralles the ratio of the contact depth over the total penetration.(72) This indicates 

that CeO2 coating of PC panels increases the scratch resistance of polycarbonate surfaces. 

CeO2/PC nanocomposites inhibit biofilm formation and affect pyocyanin production in P. 

aeruginosa. CeO2/PC composites were tested on their potential to inhibit bacterial biofilm 

formation and on the ability to interfere with bacterial quorum sensing with P. aeruginosa, a 

Gram-negative soil bacterium, recognized for its ubiquity, its antibiotic resistance mechanisms, 

which is known to contaminate drinking water distribution systems. Furthermore, P. aeruginosa 

is a potent biofilm producer and therefore widely used as an indicator strain.(73) Additionally, P. 

aeruginosa is known to be responsible for opportunistic infections in situations with limited 

barriers, such as skin defects in wounds, or epithelial impairment in advanced stages of chronic 

pulmonary diseases or cystic fibrosis.(74)  

To test biofilm formation on CeO2 coated PC surfaces, the bacteria were grown for 72 h at 30 °C 

on different composites placed in 24-well plates. After removing the planktonic cells, the 

attached bacteria were stained with crystal violet. In comparison to the uncoated PC plate, both 

nanoparticle composites were able to decrease bacterial biofilm formation (Figure 4.6). 

However, the CeO2 particles annealed at 185 °C had with a 65% decrease a much larger effect 
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on the biofilm formation of P. aeruginosa than the untreated CeO2 particles which only showed 

a 30% decrease. While the biofilm on the untreated PC plate was distributed equally all over 

the surface, the distribution was inhomogeneous on both CeO2 RT/PC composites and the CeO2 

185 °C/PC nanocomposites (Figure 4.6). 

 

 

Figure 4.6. Bacterial biofilm formation on CeO2-coated PC surfaces. Crystal violet staining assay of P. 

aeruginosa PA14 grown in LB broth. The bacteria were cultivated aerobically for 72 h under gentle 

movement (150 rpm) at 30 °C on non-coated (blank plate) and CeO2-coated PC surfaces annealed at 

185 °C or not annealed (RT). Then, the planktonic cells were removed, and the attached cells were 

stained with crystal violet. After solubilization of the bound crystal violet, the quantification was 

performed via measurement of absorbance in a plate reader at 575 nm. The stained plates are shown at 

the bottom of the figure. Error bars represent the standard deviation of three independently performed 

experiments.  

Furthermore, we analyzed biofilm formation on CeO2 coated PC surfaces via quantifying single 

live and dead cells on the surfaces. For that purpose, the P. aeruginosa PA14 was grown for 72 

h at 30 °C on the different PC samples placed in 24-well plates. After removing the planktonic 

cells, the attached bacteria were stained with SYTO 9 (total cell count) and propidium iodide 

(live cell count). In comparison to the blank plate (Figure 4.7A), both CeO2/PC composites 

showed a decrease in bacterial cell attachment. While the biofilm on the blank plate was equally 

distributed all over the surface, less biofilm clusters were visible on the CeO2 RT/PC 

(Figure 4.7B) and much less as well as smaller clusters on the CeO2 185 °C/PC (Figure 4.7C) 

composites. Although both nanoparticle composites were able to reduce the bacterial 

attachment, resulting in a reduced number of cell clusters on the surface, the most promising 
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effect could be achieved with the CeO2 185 °C/PC composites. In comparison to the blank plate, 

approximately 60% of the cells were attached to the CeO2 RT/PC surfaces, and only 15% on 

the CeO2 185 °C/PC composites (Figure 4.7D). Furthermore, the composites had no effect on 

the life/dead cell-ratio, as the portion of dead cells on the treated surfaces were comparable to 

that on the blank plate (approximately 15%-20%) (Figure 4.7D). These data clearly show the 

inhibitory and non-biocidal effect of the composites on bacterial biofilm formation. This could 

be also demonstrated in liquid culture. The addition of CeO2 to a liquid culture of P. aeruginosa 

PA14 had no effect on the growth of the bacteria at 30°C (Figure 4.7E). Therefore, CeO2 must 

interfere with bacterial biofilm formation on another than a toxic way. 

 

Figure 4.7. Effect of CeO2-coated PC surfaces on cell adhesion and growth of P. aeruginosa PA14. The 

bacteria were cultivated for 72 h under gentle shaking (150 rpm) at 30 °C on non-coated and coated 

CeO2/PC composites. The planktonic cells were removed, and the remaining bacteria attached to the 

surfaces were stained with SYTO 9 and propidium iodide for 30 minutes at 30 °C. The surfaces were 

then analysed by epifluoresence surface microscopy. The pictures show bacterial attachment on (A) non-

coated , on (B) CeO2 RT/PC and (C) CeO2 185 °C/PC  composites. The effect of the incorporated CeO2 

NPs on bacterial biofilm formation was quantified by analyzing three different squares of 300 µm x 400 

µm in size by quantifying the portion of green (SYTO 9) and red fluorescence color (propidium iodide) 

representing (D) total and live cells (blue) count and respectively dead cells (orange). The asterisks (**) 

indicate statistically significant differences with a p-value smaller than 0,001. (E) Growth curve of P. 

aeruginosa with (black) and without (turquoise) addition of 2% (w/v) CeO2. Error bars represent 

standard deviation of three independently performed experiments. 

For the organization within a biofilm, bacteria usually have to communicate via small diffusible 

molecules sensing their cell count, a process called quorum sensing.(75) The CeO2 NPs promote 

the production of halogenated compounds, which are similar to quorum sensing molecules of 
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Gram-negative bacteria. Therefore, we assumed that the non-toxic biofilm inhibiting effect of 

CeO2 composites might be due to a putative interference with the bacterial cell-cell 

communication, an effect that is generally referred to as quorum quenching.(76) 

 

 

Figure 4.8. Effect of CeO2/PC nanocomposites on the pyocyanin production in P. aeruginosa PA14. 

The bacteria were cultivated for 72 h under shaking conditions (350 rpm) at 37 °C on non-coated and 

coated PC plates. The plates were then removed, and the remaining culture fluid was analyzed for 

pyocyanin occurrence in a plate reader at 695 nm. Error bars represent standard deviation of three 

independently performed experiments. 

In order to get first evidence on the molecular mechanism of how CeO2/PC inhibit bacteria 

biofilm formation, we analysed its effect on the production of the virulence factor pyocyanin in 

P. aeruginosa PA14. Besides biofilm formation, the biosynthesis of pyocyanin is also under 

control of the entire quorum sensing systems in these bacteria (77). For that purpose, the bacteria 

were cultivated for 72 h at 37 °C on blank plates and on CeO2/PC composites. Then, the PC 

plates were removed, and the remaining culture fluid was analyzed on the presence of 

pyocyanin as described under Materials and methods. Both nanocomposites had a negative 

effect on pyocyanin production (Figure 4.8). However, CeO2/PC composite annealed at 185 °C 

showed the highest decrease of up to 55% compared to the control cultures. Since P. aeruginosa 

is known to communicate via a distinct cell-cell signaling scheme,(78) it can be assumed that the 

NPs act on at least one of the three known quorum sensing systems. The results regarding 

inhibition of biofilm formation and pyocyanin production in P. aeruginosa finally showed the 

applicability of CeO2/PC nanocomposites to inhibit bacterial communication and therefore 
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bacterial biofilm formation as a non-toxic strategy. Optimal growth conditions for P. aeruginosa 

are a pH-value range of 6 – 7.5 and a temperature of 30 °C.(79) Our tests were done in this pH 

and temperature window. Therefore, a change of the pH-value or temperature would in 

generally decrease the growth rate of the bacterium rather than the antibacterial performance.  

 

4.4. Conclusion 

CeO2 NPs were coated on polymer surfaces to fabricate highly transparent and hard 

polymer/nanoparticle composites, which display the intrinsic haloperoxidase-like 

characteristics of the CeO2 NPs as demonstrated by the bromination of PR and the formation of 

the virulence factor pyocyanin, which is regulated by the quorum sensing system. Since P. 

aeruginosa is known to communicate via a distinct cell-cell signaling scheme, it can be assumed 

that the biomimetic activity of the CeO2 NPs acts on at least one of the three known quorum 

sensing systems. An effective segmented flow synthesis of CeO2 NPs was devised. It allows the 

continuous synthesis of non-agglomerated material with a single mixer to fabricate 

nanomaterials for polycarbonate displays in large quantities. The yield can easily be enhanced 

by parallelization. The highly reproducible (automated) synthesis of CeO2 NPs in copious 

amounts allowed to systematically analyze the role of particle size, ion concentration and 

surface chemistry on their (bio)catalytic properties.  

An important point is that ceria does not leach because of its extremely low solubility (solubility 

product log KL = −60).(80,81) This is also the reason why cerium – despite its abundance 

(comparable to copper)(82)– is involved in biological processes only under extreme conditions 

in volcanic mudpots.(83) The low solubility makes ceria nanoparticles also highly 

biocompatible: little or no cytotoxic effects were observed (depending on the uptake 

pathway).(84) Ceria nanoparticles have been proposed for biomedical applications (e.g. in sun 

creams),(54)and it was demonstrated with in vivo experiments that ceria NPs can even protect 

cells against irradiation and oxidative stress.(55,85)  

In contrast, various metal NPs (e.g., Cu or Ag) preventing biofouling are known to be harmful 

to the environment. (86) V2O5 NPs showed excellent performance to prevent biofouling on 

surfaces in marine environments,(43) but leaching leading to soluble polyvanadates in 

combination with reported carcinogenic and mutagenic effects make any practical application 

unlikely.(87-90)  
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TiO2 nanoparticles show antibiofouling properties, but their mode of biocidal activity TiO2 is 

associated with the induction of oxidative stress due to photogenerated reactive oxygen species 

under UV irradiation. The production costs of TiO2 dispersible nanoparticles are moderate.(10,91) 

TiO2 particles can be incorporated into various polymers, such as polyamide(10) poly(lactic-co-

glycolic acid)(92) or polytetrafluorethylene(93) with antibiofouling properties. Titania 

nanoparticles have a broad activity spectrum against microorganisms, and they have been 

considered environmentally friendly with non-contact biocidal action.(94) Their recent 

classification as a “suspected carcinogen” by the EU, however, may lead to restrictions or even 

a ban on their chemical use in consumer products.(95) CeO2 offers a sustainable alternative to 

TiO2, with non-toxic properties and high abundance, more importantly catalytic activity does 

not depend on UV irradiation.  

Because of their non-toxicity and environmental sustainability polycarbonate/CeO2 

nanocomposites may find broad application as green antimicrobials on plastics for automotive, 

aircraft, or railway components, for drinking bottles, glasses and food containers, where 

traditional biocides (toxines, antibiotics, etc.) are strictly prohibited because of toxicity, non-

target impacts or the evolution of resistance by micro-organisms. Other applications could be 

touch panels, sporting helmets, glasses, fountain pens, portable devices for consumer 

electronics like smart phones, audio player cases, computer cases, durable, lightweight luggage, 

musical instruments, and toys. Especially in the health sector this may prevent infections that 

are becoming increasingly troublesome with the emergence of drug resistant bacteria and 

reduce the use of antibiotics.  

 

4.5. Experimental Section 

Materials. Ce(ac)3 ∙ H2O (99,9% Sigma Aldrich), oleylamine (> 50% TCI Chemicals), benzyl 

alcohol (99% Acros Organics), deionized water, cyclohexane (99,8% Fisher Scientific), ethanol 

(98% Honeywell), H2O2 (35% Roth), fluorinated ethylene propylene tube with 1/16´´ OD and 

1 mm ID (Fisher Scientific), peristaltic pump reglo ICC (Ismatec), Polycarbonate (thickness 1 

mm, Goodfellow) 

Batch Synthesis. Before the synthesis Ce(ac)3 ∙ H2O was dried for 10 minutes at 130 °C in an 

oven. Subsequently 0.5 mmol (150 mg) of dried Ce(ac)3 was transferred into a 100 mL three-

necked flask, furthermore 7 mL of benzyl alcohol and 3 ml of oleylamine were added. The 

solution was heated up to 120 °C (5 °C/min) and kept at the temperature for 20 minutes. Then 
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it was heated up to 180 °C (5 °C/min) for 30 minutes with a stirring speed of 400 rpm. The 

reaction solution was subsequently cooled down to room temperature. For the purification the 

product was washed three times with ethanol and cyclohexane and dried under vacuum at room 

temperature. 

Segmented Flow Synthesis. Before the synthesis Ce(ac)3 ∙ H2O was dried for 10 minutes at 

130 °C in an oven. Subsequently, 1.4 mmol of dried Ce(ac)3 was transferred into a beaker, 

21 mL of benzyl alcohol and 9 mL of oleylamine were added, and the solution was stirred at 

room temperature. Deionized water was added in a second beaker. The overall tube length was 

9 m. The first segment (3 m) was put in an oil bath with a temperature of 120 °C, the second 

segment (3 m) was heated in an oil bath to 180 °C, the last segment (3 m) was kept at room 

temperature. The two solutions were pumped separately, the flow rate for the metal precursor 

solution was 2 mL/min, the flow rate for the deionized water was 1.5 mL/min. The two solutions 

were connected through a T-fitting. The nanoparticles were washed three times with ethanol 

and cylclohexane and dried under vacuum at room temperature. The reaction mixture was also 

scaled up to the tenfold and even twentyfold of the amount of the original batch synthesis. 

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. Full pattern profile fits (Pawley / Rietveld) were performed with 

TOPAS Academic 6.0 applying the fundamental parameter approach. (76,77) 

Transmission Electron Microscopy. Transmission Electron Microscopy (TEM) images for 

determining the size and morphology were acquired on a FEI Tecnai G2 Spirit microscope 

operating at 120 kV (LaB6 filament), equipped with a Gatan US1000 CCD-camera (16-bit, 

2048 × 2048 pixels), using the Gatan Digital Micrograph software. Samples for TEM were 

prepared by placing one drop (10 µL) of a diluted NP solution in chloroform (0.1 mg mL−1) on 

a carbon-coated copper grid and by letting it dry at room temperature. Size evaluation of 

individual nanoparticles on the TEM images was performed with ImageJ. 

High Resolution Transmission electron microscopy. The Samples were prepared adding a drop 

of diluted Nanoparticles in Cylcohexan on a carbon coated copper grid. The samples were 

measured with the FEI Tecnai F30 ST TEM at 300 kV acceleration voltage equipped with a 

Gatan US4000 4k CCD camera. 

Scanning Electron Microscopy. Scanning Electron Microscopy (SEM) images for 

demonstrating the presence of CeO2 on the surface of PC were acquired on a FEI Nova 
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NanoSEM with a EDX-detector (EDAX-Pegasus X4M). The samples were coated with gold 

before investigation and observed at 15 kV. 

IR Spectroscopy. ATR-IR spectra were measured on a Nicolet iS10 Spectrometer manufactured 

by Thermo Scientific. The spectra were recorded in a frequency range from 650 cm-1 to 4000 

cm-1 with a resolution of 1.4 cm-1 per data point. 

Thermogravimetry (TGA). The measurements were conducted using a Perkin Elmer TGA Pyris 

6 (30 to 800 °C, heating rate of 5 °C·min-1, oxygen atmosphere, the sample weight was about 

10 mg).  

Brunauer-Emmet-Teller (BET). The specific surface area was determined using a 3P micro 300 

adsorption-desorption device from 3P instruments. Measurements were conducted with an 

appropriate amount of sample (150 mg) at 77 K with nitrogen as analysis gas. 

Preparation of CeO2/Polycarbonate Nanocomposites. Polycarbonate (PC) plates (ca. 1x1 cm) 

were washed with MQ-water and ultrasonicated for 10 min in isopropanol to remove 

contaminants. After that, PC plates were dried in air at 80 °C overnight. PC substrates were 

exposed to oxygen plasma for 20 min to produce hydroxyl groups onto the surface. The oxygen 

plasma was created at a pressure = 0,1 mbar and a power = 300 W. The pretreated PC plates 

were dip coated in a CeO2 dispersion (10 mg/mL) in cyclohexane with a dipping speed of 

60 mm/min, deposition time of 5 s, and withdrawal speed of 60 mm/min. After dip coating, the 

coatings were dried in air at 110 °C for 16 h. Finally, CeO2-coated PC substrates were washed 

with MQ-water to remove excess CeO2 from the surface and dried at 80 °C overnight. 

Nanoindentation Young’s modulus and hardness were measured by nanoindentation using a 

MFP Nanoindenter (Asylum Research, Santa Barbara, CA) equipped with a diamond 

Berkovich indenter. Each series of indentations was done on a grid of 26 indents on a 

9090 µm2 area at three different positions on the sample, i.e., 36 indents per series. The 

Young’s moduli and hardness were calculated by fitting the indentation curves according to the 

Oliver-Pharr method(96) using the analysis software of the nanoindenter. The Young’s modulus 

was obtained as elastic response of the sample upon unloading, i.e., from the slope of the onset 

of the unloading curve. The hardness of the material was obtained as the ratio of maximum 

applied load divided by the indenter contact area at that load. It is indicative of the resistance 

of the material against plastic deformation. 

Contact Angle Measurements. The contact angle was measured with the contact angle 

measurement system OCA35 and the water drop was deposited by a Hamilton syringe (100 µL) 

with a hydrophobic needle. 
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HPO Activity Measurements. The activity measurements were performed with the phenol red 

assay. Phenol red (PR) is converted to tetrabromophenol blue (TBPB) in the presence of a 

bromide source (KBr), H2O2 and CeO2 NPs dispersed in MilliQ water. The kinetic 

measurements were carried out on a Varian Cary 5G UV/Vis spectrometer in the wavelength 

range from 300 nm to 750 nm. For the measurements, CeO2 NPs (25 µg/mL) were dispersed in 

MilliQ water (18.2 MΩ cm-1), and H2O2 (300 µM), PR (50 µM), and KBr (25 mM) were added 

to the solution. The solution was stirred for 2 minutes after the addition of PR to obtain a 

homogenous solution. The baseline was measured with a mixture of NPs, KBr and PR dissolved 

in MilliQ water. H2O2 was added prior to the measurement. 

Michaelis Menten kinetics. The Michaelis Menten kinetics were measured by adding different 

amounts H2O2 to a stirred solution of PR, KBr and the NPs. For this, standard solutions of KBr 

(250 mM) and PR (1 mM) were prepared separately by dissolving the appropriate amount in 

MQ-water under sonication. As next step a mixed standard solution of PR with KBr was 

prepared by dilution of the standard solutions. The final solution contained 50 µM PR and 25 

mM KBr. From this solution 2 mL were mixed in a 2.5 mL quartz cuvette with 62.5 µL of a 

nanoparticle dispersion (1 mg/mL). The amount of H2O2 was introduced by adding always the 

same amount (50 µL) of an appropriate H2O2 dilution. For this purpose, a 100 mM H2O2 

standard solution was prepared as a starting solution and the dilution was done immediately 

before the addition. Dilution was achieved by mixing MQ-water with the H2O2 initial solution 

(e.g. 95:5 v/v (water/H2O2(100 mM)) for a 5 mM H2O2) to prepare the diluted H2O2 solution. 

All kinetics were run for a reaction time of 6 min. The absorbance change was measured at a 

wavelength of λ = 590 nm. All data points were fitted linearly in an interval of 2-5 min, to 

achieve a linear relation between the data. The amount of TBPB was calculated from the 

Lambert-Beer law. The extinction coefficient was determined by measuring five TBPB 

solutions containing different amounts of dye (range c(dye) = 0.002 – 0.018 mM) in a quartz 

cuvette (d = 1 cm) to fit into the range of 0.1 < A590 < 1. An extinction coefficient of 

47111 L mol-1 cm-1 was determined for pure TBPB in water measured with a Varian Cary 5G 

spectrophotometer. 

Bacterial strains and growth conditions. P. aeruginosa PA14 was used for biofilm and growth 

assays, which is a clinical isolate with increased virulence compared to the reference laboratory 

strain PAO1 and is resistant against a large number of antibiotics)(97)  P. aeruginosa was 

aerobically cultivated in LB medium (1% (w/v) NaCl; 1% (w/v) tryptone; 0.5% (w/v) yeast 

extract) at 30 °C. For preparation of agar plates, 1.5% (w/v) agar was added to the medium. For 

monitoring growth curves P. aeruginosa PA14 cultures were grown overnight at 30 °C in LB 
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medium. Overnight cultures were washed with sterile 0,85 % NaCl (w/v) solution to remove 

residual media. Cultures were diluted in fresh LB medium to obtain equal optical densities 

(OD600) of 0,005. Growth of the cultures was assessed in LB broth in presence and absence of 

2% CeO2 NP´s (w/v). Growth was monitored by determining absorbance at 600 nm using 

Ultrospec 2100 pro UV/Vis Spectrometer (Biochrom, Berlin, Germany) cuvette reader for 12 h 

at 30 °C. All experiments were performed in triplicate.  

Biofilm assays. For quantification of bacterial biofilm production, a modified method of 

previous published protocols was used .(98) Briefly, P. aeruginosa was aerobically cultivated in 

LB medium over night at 30 °C. The cultures were then diluted in LB in a volume of 1 ml per 

well of a 24-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) at a final concentration of 32 mM and 0.8 mM, respectively, were added 

to the wells. Then, the blank plates and CeO2/PC composites were subjected. 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 plates were rinsed with 

water to remove the planktonic cells. After drying for 5 min, 1 ml of 1% (w/v) crystal violet 

(Merck, Darmstadt) was added to the wells containing the plates. After 30 min incubation at 

room temperature, unbound crystal violet was removed by gently submerging the plates for two 

times in water. The plate was then air-dried over-night at room temperature. For quantification, 

1 ml of 30% (v/v) acetic acid (Roth, Karlsruhe) was added to the plates 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. 

Pyocyanin Analyses. For pyocyanin production, an alternate method of already published 

protocols were used.(96) P. aeruginosa was cultivated in LB medium over night at 30 °C. The 

cultures were then diluted in LB, in a volume of 1 ml per well of a 24-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 non-coated plates and CeO2/PC 

composites were then added to the wells, respectively. The microtiter plate was then incubated 

for 72 h under shaking conditions (350 rpm) at 37 °C. Every 24 h H2O2 was added at a final 

concentration of 0.8 mM. Afterwards, the composites were taken out of the wells and the 

remaining supernatant inside the wells was collected in a microreaction tube (Eppendorf, 

Germany). Cells were separated from culture fluids via centrifugation at 16 × 1000 g for 15 
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min. Then, the supernatant was passed through 0.22 μm filters (Merck, Darmstadt). Cell-free 

culture fluids were then analysed for pyocyanin in a plate reader (Tecan, Salzburg) at 695 nm. 

Epifluorescence microscopy and fluorescence quantification. P. aeruginosa PA14 was 

cultivated in LB medium over night at 30 °C. The cultures were then diluted in LB, in a volume 

of 1 ml per well of a 24-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 non-

coated blank plates and nanoparticle composites 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 1 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 analysed 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 images were then processed using the ZEN 3.3 

blue software. The green and red fluorescence intensity within single squares were was then 

quantified and set into correlation using ImageJ software (Version: 2.0.0-rc-69/1.52n).  
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4.7. Supporting Information 

Table 4.2. General information concerning the Rietveld refinement. 

General information Description 

Diffractometer 

 

Detector 

Stoe Stadi P 

 

Dectris Mythen 1k 

 

Wavelength (Å) 

 

0.7093 (MoKα1) 

  

Temperature (K) 

 

Program 

298 

 

TOPAS Academic 6.0 

  

Number of parameters 

 

Space group (cerianite) 

17 

 

Fm-3m 

 

Wyckoff positions Ce: 4a, O: 9c 
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Table 4.3. Information concerning the Rietveld refinement. 

Sample Rwp Cell parameter (Å) Crystallite size 

(nm) 

MF RT 4.36 5.418(1) 5.86(7) 

    

MF 185 °C 4.21 5.423(1) 5.83(5) 

    

MF 500 °C 4.44 5.4141(2) 16.2(1) 

    

MF 800 °C 8.70 5.41678(2) 71.5(4) 

    

Batch RT 4.58 5.412(1) 3.15(2) 

    

Batch 185 °C 4.28 5.417(2) 3.78(3) 
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Figure 4.9. (A) Setup for the segmented flow, (B) comparison of the reaction solution and the product. 

(C) CeO2 NPs after 83 minutes in the segmented flow and in the batch process.  
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Figure 4.10. HRTEM images of CeO2 NPs obtained under segmented flow conditions and annealed 

for 5 h at (A) 185 °C, (B) 500 °C and (C) 800 °C. 
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Figure 4.11. Michaelis-Menten kinetics for H2O2, with the corresponding Hill fit (red line) for the 

CeO2 NPs obtained from the segmented flow (A) annealed at 185 °C, (B) 500 °C and (C) 800 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4. A Simple Microfluidic Benchtop System for High-Throughput Synthesis of CeO2 

Nanoparticles in Segmented Flow for Highly Transparent Nanocomposites Repelling 

Pseudomonas aeruginosa PA14 Biofilms 
 

107 

 

 
 

Figure 4.12. Contact angle measurements of polycarbonate with water (A) before and (B) after 

oxygen plasma treatment. 
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Figure 4.13. UV-VIS absorption spectra of polycarbonate before (black) and after coating (red) with 

CeO2 NPs.
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5.1. Abstract 

NaCrO2 particles for high-rate sodium ion batteries were prepared on a multigram scale in seg- 

mented flow from chromium nitrate and sodium nitrate using a segregated flow water-in-oil 

emulsion drying process. Microfluidic processing is an environmentally friendly and rapid 

synthetic method, which facilitates large-scale industrial implementation for the production of 

materials with superior properties. The reaction time for NaCrO2 nanocrystals was reduced by 

almost one order of magnitude compared to a standard batch process and by several orders of 

magntitude compared to a conventional solid-state reaction. In addition, it allows for an easy 

upscaling and was generalized for the synthesis of other layered oxides NaMO2 (M = Cr, Fe, 

Co, Al). The automated water-in-oil emulsion approach circumvents the diffusion limits of 

solid-state reactions by allowing a rapid intermixing of the components at a molecular level in 

submicrometer-sized micelles. A combination of Raman and nuclear magnetic resonance 

spectroscopy (1H, 23Na), thermal analysis, X-ray diffraction and high resolution transmission 

electron microscopy provided insight into the formation mechanism of NaCrO2 particles. The 

new synthesis method allows to produce cathode materials of different types in large scale, 

constant quality and in short reaction times in an automated manner. 

5.2. Introduction  

Lithium-ion batteries (LIBs) are considered a promising battery technology for combining 

renewable energy sources with large scale and high-energy applications for portable electronics 

or electric mobility.(1–4) The limited availability of lithium and other state-of-art-materials in 

LIBs lead to price increases on the world market and partial exhaustion of resources requires 

the development of alternatives for postlithium battery technologies. Sodium-ion batteries 

(SIBs) are promising alternative stationary energy storage devices based on cost effective and 

naturally abundant materials. The world sodium deposits are almost 400 times higher than those 

of lithium.(5,6) Therefore, sodium-based compounds could establish a new generation of 

commercial batteries. The chemical properties of lithium and sodium, including the 

intercalation chemistry, are similar in many aspects, and the redox potential of sodium is with 

–2.71 V(7) only 0.3 V higher than that of lithium.(4,8,9) Therefore, electrode materials are being 

developed, capable of accommodating the larger Na+ cations and enabling highly reversible 

(de-)sodiation as well as stable long-term cycling, in order to enable Na-based energy storage. 
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A variety of different materials have been developed for use as potential SIBs.(1,4,9–13) Layered 

oxides with the formular NaxMO2 (x ≤ 1, M = Ni, Co, Mn, Fe, V, Ti, Cr, Cu) showed high 

specific capacities, good thermal stability, excellent cyclability.(1,4,10,14) Layered oxides of the 

form ABO2 have structures with MO2 layers of edge sharing MO6 octahedra. The A cations 

between these layers can have different (octahedral, prismatic, trigonal, or linear (for 

Delafossites)) site symmetries, based on the oxygen packing sequence.(15) Delmas et al.(15) 

categorized layered oxides into O3 and P2 type materials. The key difference between the O3 

and P2 types is the occupation of Na+ site between the slabs of the layered structure and 

therefore the oxide coordination of the Na+ cations. In the α-NaFeO2 structure type, the 

interlayer Na+ site is octahedrally coordinated, and all metal oxide octahedra have the same 

orientation, described by the notation “O3” (octahedrally coordinated sodium ions, 3 layers). 

In the P2 type structure Na+ occupies the prismatic sites between the MO2 layers.(10,15,16) 

NaCrO2 crystallizes in the α-NaFeO2 structure (O3 type, space group R 3̅m) which has a 

sufficiently large sodium reservoir. Wang et al.(1) showed that NaCrO2 has a reversible capacity 

of up to 123 mAh g-1 at 0.1C with excellent cycling performance up to 88.2% of the initial 

capacity after 500 cycles at 2C. Based on the outstanding performance of NaCrO2 in SIBs, an 

automated large-scale synthesis with high conversion rates and therefore low reaction times is 

essential to meet the potential demand. An emulsion technique(4) to prepare NaCrO2 in micelles 

serving as a reservoir for phase formation proved useful for a continuous flow synthesis. Flow 

reactions in micrometer-sized tubes can circumvent typical problems of batch processes, where 

the change of the surface-to-volume ratio during upscaling can change many important 

synthesis parameters (e.g., heat transfer) which impacts the composition and the properties of 

the products and prevents direct upscaling. The use of micrometer-sized flow tubes leaves the 

surface-to-volume ratio unchanged, and product particles with homogeneous dispersity, 

morphology or composition can be obtained. Furthermore, the high surface-to-volume ratio 

allows a higher heat transfer and a much higher higher conversion rate.(17,18) Therefore, flow 

reactions in microfluidic devices enable automated processes which are essential for large scale 

syntheses. Here, we report an automated flow synthesis based on an emulsion-drying method. 

Systematic studies were carried out to understand the formation mechanism of NaCrO2 and and 

its NaMO2 analogues. 
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5.3. Results and Discussion 

An automated flow synthesis of NaCrO2 with a high conversion rate and short reaction time 

was established based on an emulsion drying technique.(4) Figure 5.1 shows the experimental 

set up for the synthesis. Channel 1 contains a Tween surfactant/kerosene solution (solution 1), 

channel 2 contained a mixture of Cr(NO3)3 ∙ 9 H2O and NaNO3 in deionized water (solution 2). 

The two solutions were connected through a T-fitting. Due to the immiscibility of kerosene and 

water, the flow is segmented, i.e. each segment contains alternating mixtures of channel 1 or 2. 

Preliminary experiments were done to produce an emulsion inside the tubes. Figure 5.6 (SI) 

indicates ultrasonicating of both mixtures to be sufficient to form an emulsion. Channel 3 

contains kerosene (solution 3), which passes an oil bath with T = 180 °C. After passing the oil 

bath, the hot kerosene and the emulsion were mixed by a T-segment. The resulting mixture was 

collected, and water and kerosene were removed through a spiral-type condenser. The final 

product was obtained by heating the resulting powder under argon for 4 hours at 800 °C.  

Compared to the emulsion/drying techniques, the reaction time could be reduced by a factor 8. 

The most time-consuming steps were the combination of solution 1 and 2, and combining the 

resulting emulsion with solution 3. By setting suitable flow rates for each channel, we could 

avoid long reaction times and quadrupel the yield within a given time period. 

The final product was obtained by heating the residue under argon (to avoid the oxidation of 

Cr3+ to Cr4+ or Cr6+) for 4 hours at 800 °C after removing water and kerosene. An annealing 

temperature of 800 °C was needed to obtain single-phase NaCrO2. X-ray powder diffraction 

(XRPD) patterns (Figure 5.2A) of the products obtained at annealing temperatures (400 – 

800 °C) always show the formation of NaCrO2 with minor impurities (Figure 5.2A). The 

diffractograms in Figure 5.2B show that single phase product was obtained after increasing the 

amount of sample by a factor of ten compared to a conventional batch process, i.e., an upscaling 

can be done without any difficulties.  
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Figure 5.1. Experimental setup for the synthesis. Solution 1 contains a Tween/kerosene mixture, 

solution 2 contains Cr(NO3)3 ∙ 9 H2O and NaNO3 in deionized water, solution 3 contains kerosene.  

 

 

Figure 5.2. XRPD patterns obtained after (A) different annealing temperatures and (B) at different scale 

ups in comparison with the flask synthesis, with NaCrO2 (black ticks) as reference. 

Pawley refinement of the product obtained by annealing at 800 °C (Figure 5.3A) shows the 

formation of a highly crystalline product. Details concerning the refinement are given in the 

supporting information (Table 5.1). A HRTEM image of a crystalline nanoplate (Figure5.3B) 

shows well-defined lattice fringes with an interplanar distance of 5.33 Å corresponding to the 

(003) plane. The corresponding diffraction pattern shows a single set of reflections confirming 

that the particles are either single crystalline or contain several domains sharing identical facets. 

SEM images confirm the platelike morphology of the particles (Figure 5.7A (SI)), and the 
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elemental mapping (Figure 5.7B-C) shows the presence of Na and Cr in equal quantities. XPS 

survey spectra show the presence of Na, Cr and O surface species (Figure 5.3C). The high-

resolution image of the Cr 2p spectrum shows the positions at 577 eV (2p3/2) and at 587 eV 

(2p1/2) (Figure 5.3D), compatible with the presence of Cr3+(peak positions for Cr4+ are located 

at 580 eV and latter 588 eV).(19)  

 

 

Figure 5.3. (A) XRPD pattern with Pawley refinement for NaCrO2 obtained after annealing at 800 °C 

for 4 h. Experimental data (black line), Pawley refinement (red line), difference curve (blue line). Ticks 

indicate theoretical positions of Bragg intensities. (B) HRTEM-image with the corresponding diffraction 

pattern as inset. (C) XPS survey spectra and (D) Cr 2p spectra of the obtained particles. 

 

Nucleation and growth of NaCrO2 required a short annealing at 400°C (Figure 5.2A). The 

XRPD pattern and Raman spectrum of the oily pre-annealed intermediate (Figure 5.4A- B) 

show only the presence of NaNO3 (melting point of 308°C), i.e., the formation of the NaCrO2 

product phase is likely to occur within the micelles. The vibration bands at 1385 cm-1 (ν3) and 

725 cm-1 (ν4) and the band at 185 cm-1 can be assigned to the Eg modes and the libration mode 
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of the nitrate anion. The vibration at 1068 cm-1 belongs to the A1g (ν4).
(20) Two vibrations of the 

annealed product (Figure 5.4C) at 450 and 572 cm-1 (A1g) are compatible with the Cr-O 

vibrations in NaCrO2.
(21)

 No vibrations of the starting compound NaNO3 occurred after 

annealing, i.e., indicating the transformation to be complete.  

The diffraction data and Raman spectra suggest that the micelles formed by the Tween 

surfactant serve as nanoreactors that encapsulate the educts during the emulsion-drying. During 

the removal of water and kerosene in the spiral type condenser, the micelles precipitate while 

the educts are still encapsulated and intermixed on an atomic level and in an appropriate ratio. 

This reduces the transport distances to atomic dimension, compared to transport lengths in the 

order of μm in conventional solid-state reactions. It is even more crucial when one recalls that 

the diffusion coefficients in the solid state typically range from 10-16 to 10-12 cm2/s.(22) As a 

consequence, solid-state reactions typically require a high thermal activation and long reaction 

times. This favors thermodynamic control and the formation of thermodynamically stable 

products, which significantly hampers the reproducibility and predictability in solid-state 

synthesis.  

The micelles collapse upon heating. NaNO3 melts at 308°C, and Cr(NO3)3 decomposes inside 

to carbonized “nanoreactors” to form nanosized NaCrO2. Laser scanning microscopy images 

of the pre-annealed sample (Figure 5.8A-B (SI)) shows two different laser scanning microscopy 

images in support of our hypothesis. 

The 23Na solid state NMR spectrum of the pre-annealed sample (Figure 5.4D black) shows a 

single resonance at δ = - 8.01 ppm (with respect to solid NaCl), which perfectly matches to the 

sodium signal in NaNO3.
(23) This sharp spectral line disappears in the 23Na-NMR spectrum of 

the annealed product (Figure 5.4D red) which confirms the complete transformation of the 

starting product. Instead, three broad 23Na resonances appear in the NMR spectrum indicating 

three new sodium environments. Measurements at different spinning frequencies were carried 

out to distinguish the centerband from the spinning sideband envelope (Figure 5.9A-B (SI)). 

Assuming that the major 23Na shift contribution arises due to the chromium ions in the first 

coordination sphere and that there are no significant interactions between the paramagnets at 

ambient temperature(24) the significant low field shift of ca -270 ppm of one of the 23Na lines is 

due to the hyperfine interaction with Cr3+. Figure 5.4E shows the polarization mechanism 

related with the negative sign of the spin density transferred to the Na 3s orbital.(24)  

Additionally, two more sodium resonances are detected in the 23Na NMR spectrum of the 

annealed product. Their shifts are in the spectral region for sodium in diamagnetic compounds 

(most probably arising from sodium related with the diamagnetic Cr6+, i.e. Na2Cr2O7). As long 
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as no other phase was detected in the XPRD pattern of the annealed product these sodium 

environments should be disordered.  

Further confirmation for the success of the synthesis is observed when comparing the 1H-NMR 

spectra (Figure 5.10 (SI)) of the pre-annealed and the annealed samples. Proton resonances 

originating from the surfactant molecules involved in micelle formation in the product mixture 

are clearly detected in the pre-annealed product, whereas these signals disappear in the 1H NMR 

spectrum of the product after annealing at 800 °C. Also, the respective C-H vibrations after 

annealing are no longer observed in the FTIR spectrum. (Figure 5.11 (SI)). 
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Figure 5.4. (A) XRPDs before (red) and after annealing (black) at 800 °C, with the corresponding 

references NaCrO2 (black ticks) and NaNO3 (red ticks). Raman spectra (B) before annealing and (C) 

after annealing. (D) 23Na-NMR before (black) and after annealing (red) referred to solid NaCl. (E) 

Molecular t2g* (top) and eg (bottom) orbitals of Cr3+ in NaCrO2 in an external magnetic field with the 

polarization mechanism between Cr3+ and Na+, (F) TG/DTG/DSC analysis of the pre-annealed product.  

The TG trave is shown in black, the DSC trace in red and DTG trace in blue. 
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Figure 5.4F shows the TG/DTG/DSC measurements of the pre-annealed product. In order to 

avoid the oxidation of Cr3+ to higher oxidation states inert gas conditions were used. The TG 

trace reveals a mass loss of 64.11% in 5 different stages. The first stage corresponds to a mass 

loss of 10.46%. The DSC trace shows an endothermic process at around 100 °C indicating the 

evaporation of water as an explanation of the first stage mass loss. The 2nd stage mass loss of 

13.86% at ~135°C is attributed to kerosene evaporation. Bello et. al(25)reported that the onset 

temperature of pure kerosene starts at 135 °C corresponding with our results. The third stage 

shows a significant mass loss of about 20.41% at a temperature range from 260 – 340 °C. The 

DSC curve shows an exothermic reaction with a minimum at 307 °C compatible with the 

combustion of tween 85.(26) The fourth and fifth stage is very broad indicating the pyrolysis of 

indistinct compounds. The overall mass loss during the fourth stage is 14.47% and 5.91% 

during the fifth stage in a temperature range of 340 – 850 °C. Taking the XRPD pattern of 

Figure 5.2A into account, the formation of NaCrO2 already occurs at 400 °C, indicating the 

reduction of NaNO3 (thermal decomposition occurs between 570 and 760°C).(27) Therefore 

stages 4 and 5 are attributed to a decomposition of the pyrolysis products formed by the 

decomposition of tween 85 in stage 3, but also to the decomposition of NaNO3. The decom- 

position temperature for NaNO3 may vary depending on the heating rate, composition of the 

sample and many other factors.(27) In summary, Figure 5.4 shows the formation of the micelles, 

and their decomposition together with NaNO3 leading to the formation of NaCrO2 as final 

product. 

The setup for the synthesis of NaCrO2 was used for the synthesis of the layered oxides NaxMO2 

(x ≤ 1) to show that a wider range of materials can be prepared using the setup. Except for the 

metal precursor, neither the composition of the single solutions, nor the flow rate or the setup 

was changed. Fe(NO3)3, Co(ac)2 and Al(NO3)3 were used as metal precursors for the synthesis 

of NaFeO2, NaCoO2 and NaAlO2. Figure 5.5 shows the obtained XPRD patterns for each 

compound with the corresponding reference. The XRPD pattern of NaFeO2 shows two different 

polymorphs which could be assigned to α-NaFeO2 (hexagonal, red ticks) and β-NaFeO2 

(orthorhombic, black ticks). The former one consists of edge-sharing NaO6 and FeO6 octahedral 

units alternating along the ab plane. The latter one consists of corner-sharing tetrahedral NaO4 

and FeO4 units in the ac plane.(28-30)  
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Figure 5.5. XRPD patterns of the layered oxides NaFeO2, NaCoO2 and NaAlO2. XRPD patterns of 

NaFeO2 with α-NaFeO2 (red ticks) and β-NaFeO2 (black ticks) as reference and of NaCoO2 and NaAlO2 

with the corresponding reference. 

 

Several factors appear to be important for the polymorph selection. The transition of α-NaFeO2 

to β-NaFeO2 was reported to occur at 760 °C.(31-33) 

As the precursor was annealed at 800 °C for only 4 hours, the rate of the solid state phase 

transition (or the dwell time) seems to be responsible for the formation of both polymorphs 

(Figure 5.5). Annealing for 4 hours at 900 °C led to the formation of the high-temperature phase 
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β-NaFeO2 (with minor impurities of magnetite, Fe3O4), indicating the phase transition of α-

NaFeO2 to β-NaFeO2 to be complete (Figure 5.12 (SI)). Pure NaCoO2 was formed when Co(ac)2 

was used as metal precursor, as shown by the XRPD pattern with the corresponding reference 

in Figure 5.5. Likewise, pure NaAlO2 could be prepared using Al(NO3)3 as Al precursor (Figure 

5.5). The XRPD patterns in Figure 5.5 show that layered oxides NaMO2 (M = main group and 

3d transition metals) can be prepared by a generalized segmented flow approach using an 

identical setup, flow rates and reaction/annealing temperatures in very high yields and in 

relatively short reaction times. 

 

5.4. Conclusion  

We have demonstrated an efficient segmented flow synthesis of NaCrO2 particles, which allows 

the synthesis of large amounts of NaMO2 (M = main group and 3d transition metals) within 

short reaction times. The yields may be enhanced significantly by parallelization of the setup. 

Efforts were also made to understand particle growth and the NaCrO2 surface chemistry. The 

successful and reproducible (automated) synthesis of NaCrO2 NPs in large amounts allowed us, 

to systematically analyze the formation mechanism.  

The micelles formed by the surfactant in water-in-oil emulsion-drying approach serve as 

nanoreactors that confine reaction volumes to nanometer size. This aids in overcoming the 

limitations of solid-state reactions due to solid state diffusion. Traditional solid-state synthesis 

require elevated temperatures or long reaction times to increase reaction rates. Alternatively, 

lower activation energies for diffusion can be achieved by going to a fluid phase (fluxes, vapor 

phase transport, solvothermal reactions).(34) The emulsion-drying approach shortens the 

diffusion paths down to molecular scale by using ionic precursors to prepare intimately mixed 

reactants which transform upon short-time annealing at low temperatures into the crystalline 

solids. A key issue in the annealing step is the need to remove surfactant molecules trapped in 

the micelle “nanoreactors”. The setup could also be used for other metal layered oxides, 

potentially allowing a range of potential cathode materials to be produced using the setup. The 

much shorter reaction time also allows high yields to be realized in short time frames, which 

can be further increased by parallelizing the setup. As a result, the synthesis strategy offers an 

alternative to the already established methods for the large-scale industrial production of 

cathode materials 
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5.5. Experimental Section 

Materials and Methods 

Materials. NaNO3 (> 99% Sigma Aldrich), Cr(NO3)3 ∙ 9 H2O (99% Acros Organics), Tween 

#85 (Sigma Aldrich), kerosene (reagent grade Sigma Aldrich), deionized water, fluorinated 

ethylene propylene tube with 1/16’’ OD and 1 mm ID (Fisher Scientific), peristaltic pump reglo 

ICC (Ismatec), ultrasonic bath (Elma S 30 H). 

Flask Synthesis. Before the synthesis 50 µL of Tween #85 was diluted in 50 mL of kerosene 

and stirred in a 100 mL beaker for 24 hours at room temperature to form the micelles. 2.5 mmol 

of Cr(NO3)3 x 9 H2O and 2.5 mmol of NaNO3 were diluted in 50 mL of deionized water and 

stirred in a second beaker at room temperature. The oil mixture was transferred into a 250 mL 

flask, and the aqueous solution was introduced to the oil mixture through a dropping funnel 

with a rate of 3-5 droplets per second. The precursor was obtained by dropping the emulsion 

into hot kerosene (170-180 °C). Remaining water and kerosene were removed through a spiral-

type condenser. The powder was heated in an argon oven at 800 °C for 4 hours to form the 

product. 

Segmented Flow Synthesis. Before the synthesis 500 µL of Tween #85 was diluted in 500 mL 

of kerosene and stirred in a 500 mL beaker for 24 hours at room temperature to form the 

micelles. 25 mmol of Cr(NO3)3 x 9 H2O and 25 mmol of NaNO3 were diluted in 500 mL of 

deionized water and stirred in a second beaker at room temperature. Kerosene was added in a 

third beaker. The overall tube length was 6 m. The first segment (3 m) was put in an ultrasonic 

bath at room temperature, the second segment (3 m) was heated in an oil bath to 170-180 °C. 

The three solutions were pumped separately, the flow rate for the aqueous and the 

kerosene/Tween #85 solution were 1 mL/min, the flow rate for the kerosene was 4.0 mL/min. 

The two solutions were connected through a T-fitting. The resulting emulsion and kerosene 

were connected through another T-fitting. Water and kerosene were removed after the reaction 

through a spiral type condenser. The powder was heated in an argon oven at 800 °C for 4 hours 

to form the final product. 

For the other layered oxides, the precursors Fe(NO3)3, Co(ac)2 and Al(NO3)3 were used, while 

the other parameters kept the same. 

X-ray Powder 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 
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AXS EVA 10.0 software. Full pattern profile fits (Pawley / Rietveld) were performed with 

TOPAS Academic 6.0 applying the fundamental parameter approach.34 

Transmission Electron Microscopy (TEM). TEM mages for determining the size and 

morphology were acquired on a FEI Tecnai G2 Spirit microscope operating at 120 kV (LaB6 

filament), equipped with a Gatan US1000 CCD-camera (16-bit, 2048 × 2048 pixels), using the 

Gatan Digital Micrograph software. Samples for TEM were prepared by placing one drop 

(10 µL) of a diluted solution in deionized water (0.1 mg mL−1) on a carbon-coated copper grid 

and by letting it dry at room temperature. Size evaluation of individual particles on the TEM 

images was performed with ImageJ. 

High Resolution Transmission electron microscopy. The Samples were prepared adding a 

drop of diluted precursor in deionized water on a carbon coated copper grid. The samples were 

measured with the FEI Tecnai F30 ST TEM at 300 kV acceleration voltage equipped with a 

Gatan US4000 4k CCD camera. 

Scanning Electron Microscopy (SEM). SEM images for demonstrating the presence of 

chromium and sodium on the surface were acquired on a FEI Nova NanoSEM with a EDX-

detector (EDAX-Pegasus X4M). The samples were coated with gold before investigation and 

observed at 5 kV. 

IR Spectroscopy. ATR-IR spectra were measured on a Nicolet iS10 Spectrometer 

manufactured by Thermo Scientific. The spectra were recorded in a frequency range from 650 

cm-1 to 4000 cm-1 with a resolution of 1.4 cm-1 per data point. 

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

measurements were performed on a Kratos AXIS Ultra DLD instrument using a monochromatic 

Al Ka x-ray source. 

Laser scanning microscopy. The measurements were performed on a Keyence Model VK-

8710 color 3-D laser scanning microscope equipped with CF Plan Lenses - 10x / 20x / 50x / 

100x. 

TGA/DSC. The measurements were performed on a Netzsch STA 409 PC/PG. The analysis 

was recorded in a temperature range from 35 °C to 1000 °C with a heating rate of 5 °C/min 

under argon atmosphere.  

Solid-State NMR Spectroscopy. All solid-state NMR spectra were recorded on a Bruker 

Advance 400 DSX NMR spectrometer (Bruker BioSpin GmbH, Rheinstteten, Germany) at 1H 

frequency of 399.87 MHz and 23Na frequency of 105.74 MHz. A commercial three-channel 4 

mm Bruker probe head was used for all experiments. The 1H and 23Na NMR spectra were 
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recorded at 10 kHz magic angle spinning (MAS) in both cases averaging 32 transients with 8 s 

and 5 s recycle delay respectively.  
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5.7. Supporting Information 

Table 5.1. General information concerning the Pawley refinement. 

General information Description 

Diffractometer 

 

Detector 

Stoe Stadi P 

 

Dectris Mythen 1k 

 

Wavelength (Å) 

 

0.7093 (MoKα1) 

  

Temperature (K) 

 

Program 

298 

 

TOPAS Academic 6.0 

  

Space group of parameters 

 

Rwp 

R3̅m  

 

4.8 
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Figure 5.6. Preliminary test to form an emulsion by using an ultrasonic bath. 
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Figure 5.7. (A) SEM-image of the annealed sample with the corresponding elemental EDX mapping of 

(B) Cr and (C) Na and an (D) overview spectra.  
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Figure 5.8. Laser scanning microscopy images with (A) low and (B) high magnification. 
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Figure 5.9. 23Na-NMR spectra of (A) the pre-annealed sample measured at a frequency of 20 (black) 

and 25 khz (red) and (B) the annealed sample measured at a frequency of 20 (black), 25 (red) and 28 

kHz (blue), to determine the satellite signals. 
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Figure 5.10. 1H-NMR before (black) and after annealing (red). The signal with low intensity in the red 

spectrum arises from background 
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Figure 5.11. IR spectra NaCrO2 after annealing at different temperatures. 
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Figure 5.12. XRPD pattern with Pawley refinement for NaFeO2 obtained after annealing at 900 °C for 

4 h. Experimental data (black line), Pawley refinement (red line; Rwp = 4.1, space group Pna21), 

difference curve (blue line). Ticks indicate theoretical positions of Bragg intensities for NaFeO2 (black) 

and Fe3O4 (red).
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6. Conclusion and Outlook 
 

This work addresses the preparation of various NPs using different synthesis methods, as well 

as the characterization and potential applications of the particles. Two wet chemical methods 

for the targeted preparation of nanocrystals were used preferentially: (i) discontinuous batch 

and (ii) microfluidic synthesis. It was found that the use of microfluidic synthesis methods can 

circumvent major drawbacks of classical flask synthesis. The synthesis of NPs is generally 

influenced by factors such as reaction time, ligand concentration, and ligand ratios. The 

influence of these factors on the morphology, dispersity, size and catalytic activity of the 

particles was demonstrated in the examples studied. 

The first research project focuses on the synthesis of perfectly shaped CoO nanooctahedra. To 

achieve this morphology for electrocatalytic applications, different series of reactions were 

performed by (i) varying the ligand concentrations of OAC/OAM at constant ratio, (ii) varying 

the reaction time at different ligand ratios, (iii) keeping the total amount of ligands constant 

(24 mmol) but changing their ratio, and (iv) the concentration effect of each ligand. In general, 

when an excess amount of OAC was used, no conversion occurred, a viscous violet product 

was obtained, indicating the formation of cobalt oleate, while an excess amount of OAM led to 

the formation of elemental Co as a by-product. The octahedral CoO NPs were obtained at an 

equal concentration of OAC and OAM and a reaction time of 60 min. XRPD measurements 

could demonstrate the phase purity of CoO, while IR measurements showed only OAC as 

surfactant. SQUID measurements could determine the corresponding Néel temperature of CoO. 

XPS measurements showed no evidence of the frequent oxidation of the CoO surface to Co3O4. 

In agreement with the experimental results, simulations were also performed with respect to the 

binding energies of the ligands on the surface. Again, a ratio of 1:1 was determined to be the 

optimum ratio at which the binding energy for the binding of OAC to the surface of the NPs is 

the lowest. Finally, two different samples were tested for their electrochemical performance 

with respect to OER. This showed that the perfectly shaped CoO nanooctahedra exhibited the 

highest activity in alkaline medium, highlighting the influence of morphology on the activity, 

with a small initial OER potential (1.61 V vs. RHE), a large anodic current, and a long shelf 

life. Based on their morphology, they were superior to spherical or multioctahedral CoO NPs. 

Thus, we were able to demonstrate the influence of morphology on catalytic activity and thus 

the need for optimization. 

In the second project of the thesis, CeO2 NPs were prepared in a flask synthesis. This synthesis 

was then transferred to a microfluidic setup with segmented flow in large volume. The 



6. Conclusion and Outlook 

 

134 

 

segmented flow consisted of the reaction solution and water as immiscible phase. The yield was 

increased by a factor of 20 with the microfluidic approach. HRTEM, XRPD, FTIR and TGA 

measurements revealed no significant differences between products from both synthesis 

methods in terms of morphology, particle size and surface occupancy. The surface of the NPs 

was mainly occupied by OAM and carbonate. Since the surface occupancy also blocks the 

catalytic centers of the NPs, the samples from the segmented flow were annealed at different 

temperatures to remove the surfactants. No organic residues could be detected as early as 185 °C, 

but the surface was still covered with carbonate ligands, which decomposed at higher 

temperatures. Based on BET and HRTEM measurements, the diameter of the particles was 

found to increase with increasing heating temperature, resulting in a smaller surface area to 

volume ratio. The zeta potential measurements also showed a continuous decrease in potential 

with increasing heating temperature. Therefore, the total catalytic activity should decrease with 

increasing heating temperature. However, from the kinetic studies, the bromination rate 

increased sharply at 500 °C for the catalytic oxidative halogenation compared to the sample 

annealed at 185 °C, while it decreased again significantly for the particles at 800 °C heating 

temperature. This clearly shows the significant influence of the carbonate on the activity of the 

particles, regardless of the surface-to-volume ratio. However, for embedding in polycarbonate, 

high dispersibility was required to ensure uniform distribution of the NPs on the surface of the 

polycarbonate and to obtain a smooth and transparent surface. Therefore, both the particles 

annealed at 185 °C and those directly derived from synthesis were used for the biofilm tests. 

Based on EDX measurements, CeO2 was detected on the surface of the polycarbonate. In 

addition, the composites showed the bromination of phenol red in the phenol red test. The 

composites were then evaluated for their inhibition of biofilm growth of P. aeruginosa (PA14).  

Inhibition of biofilm formation was demonstrated by crystal violet staining and epifluorescence 

surface microscopy. As expected, the composites with the particles annealed at 185 °C showed 

higher activity than those with the unannealed NPs. The biofilm inhibition was about 85% of 

the reference. In addition, a significant decrease in the formation of the virulence factor 

pyocyanin, which is involved in the quorum sensing system of bacteria, was observed (55%). 

This suggests that CeO2 NPs affect quorum sensing and therefore inhibit biofilm formation in 

a non-biocidal manner.  

In the third project, a new rapid and automated microfluidic synthesis for NaCrO2 and related 

compounds was elaborated based on the emulsion drying technique. The reaction time 

decreased by almost an order of magnitude compared to the standard batch process.  The 

product obtained from the microfluidic system contained the precursor, which had to be 
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annealed at 800 °C to obtain the final product. XRPD measurements showed no differences 

between the product from the batch and microfluidic synthesis. HRTEM and SEM images 

showed a crystalline, plate-like morphology with well-defined structures corresponding to 

NaCrO2. XPS and EDX spectra showed the presence of Na, Cr, and O species, with no presence 

of Cr4+ observed, suggesting a phase-pure composition of the particles. To gain insight into the 

formation of the particles, the precursor and final product were examined. Raman, 1H and 23Na 

NMR, TG/DTG/DSC and FTIR measurements were performed. The Raman spectra showed 

the presence of NaNO3 before annealing and Cr-O vibrations after annealing matching NaCrO2. 

It can be concluded that NaNO3 remains unchanged during the microfluidic synthesis of the 

precursor but decomposes during the annealing of the precursor. The 23Na NMR spectra showed 

a single resonance that perfectly matches NaNO3 for the pre-annealed product and disappears 

after annealing. After annealing, three broad 23Na resonances appear, indicating three new 

sodium environments. To determine the central band and the side band, measurements were 

made at different spinning frequencies. The small field shift at -270 ppm is due to hyperfine 

interaction with Cr3+. The other two 23Na resonances are in the spectral range for sodium species 

in a diamagnetic compound, which is due to the interaction of sodium with diamagnetic Cr6+ in 

Na2Cr2O7 Even though no other phases were detected in the XPRD measurements, the 

Na2Cr2O7 phase could be highly disordered and present in very small amounts. 1H-NMR 

revealed proton resonances for the annealed product originating from the Tween surfactants 

that formed the micelles. The signals disappear after annealing at 800 °C. The TG/DTG/DSC 

measurements for the pre-annealed product showed a mass loss corresponding to the 

evaporation of water and kerosene in the first two stages. The third stages showed another 

significant mass loss and an exothermic reaction at 307 °C, which can be attributed to the 

oxidation of the surfactant. The very broad fourth and fifth stages indicated pyrolysis of several 

compounds and NaNO3. Therefore, we assume that the surfactants act as nanoreactors 

encapsulating the reactants during emulsion drying. Upon removal of the water and kerosene 

in the spiral condenser, the micelles precipitate while the reactants are still encapsulated and 

mixed at the atomic level and in an appropriate ratio. The micelles collapse during the drying 

process and decompose when heated. NaNO3 melts and decomposes inside to form charred 

"nanoreactors" that form nanoscale NaCrO2. The same synthesis could then be performed with 

other metallic reactants, which are also potential SIBs. XRPD measurements showed that rapid 

synthesis of NaFeO2, NaCoO2, and NaAlO2 was also successful. 

In this work, an insight into the interaction of nanoparticles and auxiliary surfactants in the 

synthesis of nanoparticles has been provided. Numerous syntheses are based on the interaction 
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of the multiple ligands. A better understanding of their interaction will, in principle, allow a 

more targeted use of surfactants to prepare particles of other compositions.  Studies of NPs with 

other compositions using auxiliary surfactants could support our hypothesis. Batch syntheses 

can be transferred to microfluidics. This eliminates some of the drawbacks of classical synthesis. 

This allows the synthesis of NPs where the yield and quality of the products are very low or 

single-homogeneous. For CeO2-NPs, dopants could be used in microfluidic synthesis to 

increase the inhibition of biofilm formation. Suitable dopants would include bismuth or lithium. 

The use of water as a transport medium in the segmented flow could prevent clogging of the 

pipelines. Since water is particularly favorable as a transport medium and does not form an 

emulsion without external influence, as well as changing into the gas phase at higher 

temperatures and thus having no significant influence, this type of synthesis is particularly 

suitable for the synthesis of NPs in nonpolar media. Thus, a suitable method is offered that 

eliminates both the disadvantages of classical synthesis and the disadvantages of microfluidic 

synthesis. The developed method can be used for a range of NPs with different compositions. 

The synthesis of layered oxides such as NaCrO2, NaFeO2, and NaCoO2 by microfluidic 

synthesis enables automated and easy fabrication of electrode materials. It also opens up the 

possibility of producing a wide range of metal layered oxides, including, for example, the 

lithium electrode materials already in use, providing an alternative to conventional methods. 

Potentially, more compounds could be prepared using this method, and the materials already 

prepared could be doped and generally tested for electrochemical performance. Summa 

summarum, this work is intended to provide an improvement in certain syntheses in terms of 

their reaction time and yield, but also to provide insight into the formation of particles using 

specific ligands. 
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