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Introduction 

 

The scientific community has always been trying to move borders of medicine 

in order to find the best cure for every disease and provide the most suitable treatment 

to every patient. In the last few years, thanks to the expansion and potential merits, 

nanotechnologies became a significant part of modern biomedical research. A number 

of studies on various bioapplications of nanoparticles were recently published. Both 

organic and inorganic nanoparticles have been studied to inspect possibility of their 

utilization in drug delivery systems [1–4], bioimaging [5–7] and production of 

artificial enzymes [8–10].  

Materials used for the fabrication of bioapplicable inorganic nanoparticles have 

to possess suitable properties, such as biocompatibility and nontoxicity. These 

qualities were confirmed also for cerium oxide [11, 12], although some other papers 

obtained different results [13, 14]. Apparently, this question is very complex, and 

therefore more extensive research is needed. In any case, cerium oxide has unique 

redox properties derived from the ability of Ce cations to easily transit between 4+ and 

3+ oxidation states. As a result, there is a wide range of industrial applications of 

cerium oxide. It is used in fuel oxidation catalysis [15], automotive exhaust treatment 

[16], chemical mechanical polishing [17], corrosion protection [18], optical devices 

[19], solar cells [20], oxygen gas sensors [21], etc. As to biomedical applications, 

cerium oxide nanoparticles (Ce NPs) seem to be suitable for the treatment of disorders 

caused by oxidative stress [22–24]. They are also an effective radioprotective agent 

for normal tissues with differential protection in normal cells as compared to tumour 

cells [25, 26]. Moreover, several studies have shown that cytotoxicity of Ce NPs to 

cancer cells was more pronounced in comparison with healthy ones [27, 28]. Due to 

these promising properties, Ce NPs have been widely studied for the fabrication of 

artificial enzymes [29], bioelectrodes [30] and drug delivery systems [31, 32]. 

An important parameter determining the utilization of inorganic material in 

biomedicine is its interaction with the biological environment. For nanoparticles, it is 

mainly the binding of biomolecules to their surface, which is therefore a key aspect to 

be explored. By functionalization of NPs by biomolecules their properties can be 

changed in an advantageous way as described in Refs. [33–35]. The question of 

bonding is not only crucial but also difficult to answer. With the prospect of 
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simplification, researchers usually employ fewer complex molecules for these studies. 

Quite simple in their structure/composition, but yet interesting molecules of glycine 

and histidine fall well into this category. Because of their importance and convenient 

properties, they are suitable subjects of interest with a focus on their bonding to 

nanoparticles. A number of studies have already been carried out on glycine- [36, 37] 

and histidine-functionalized nanoparticles for biomedical applications [38–40]. 

This work is the final stage of the research line of studying the bonding of 

amino acids glycine and histidine to cerium oxide of various structures carried out by 

the researchers from the Nanomaterials group of the Faculty of Mathematics and 

Physics, Charles University, under the supervision of Dr. Tsud. The research 

proceeded from the simplest model substrates to more complex systems. At first well-

ordered cerium oxide thin films [41], then polycrystalline cerium oxide films [42], and 

finally cerium oxide nanoparticles were used as a substrate for biomolecules [43]. Here 

the nanoparticles are the most complex system showing the greatest promise for future 

bioapplications. First measurements of histidine- and glycine-functionalized Ce NPs 

were carried out within the bachelor thesis of the author. During the measurements 

many technical difficulties emerged, mainly connected with charging of the 

nanoparticles in the photoemission experiments. First results were obtained, but 

several issues had not been solved. 

In this thesis we proceed with research on Ce NPs functionalized with glycine 

and histidine molecules. Information from the previous studies was utilized to address 

encountered problems in order to obtain reliable data. Both bare and functionalized 

nanoparticles were prepared and stored in a form of a colloid solution. The electronic 

structure of the systems and bonding of molecules to cerium oxide were examined by 

synchrotron radiation-based techniques (synchrotron radiation photoelectron 

spectroscopy (SRPES), resonant photoelectron spectroscopy (RPES), and near edge 

X-ray absorption fine structure spectroscopy (NEXAFS)) and laboratory X-ray 

photoelectron spectroscopy (XPS). The size distribution of NPs aggregates was 

determined by atomic force microscopy (AFM). The stability and reactivity of NPs 

colloid solutions were investigated by the dynamic light scattering (DLS) technique. 
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1. Studied materials and previous research 

 

1.1. Properties of cerium oxide 

 

 Cerium with atomic number 58 is the second element in the lanthanide series 

and is unstable in the presence of oxygen. With electron configuration 4f15d16s2 [44] 

cerium forms two stable oxides CeO2 and Ce2O3, where it can be found in 4+ (4f0) and 

3+ (4f1) oxidation states, respectively [45]. Due to different Ce 4f configurations, the 

two oxides differ in both core level and valence band structures. 

 Cerium dioxide (CeO2) crystallizes in a fluorite structure (Fm3̅m space group), 

with a face-centred cubic unit cell (Fig. 1.1, left). When CeO2 is reduced, oxygen 

vacancies are formed on its surface and phase transition to Ce2O3 occurs. Bulk Ce2O3 

has a hexagonal crystal structure (P3̅m1 space group; Fig. 1.1, right) where the layers 

of -Ce3+-O2--Ce3+-O2--O2-- are repeated in the [0001] direction [46]. Thanks to the 

ability of Ce4+ to be reversibly transformed to Ce3+, cerium oxide possesses a unique 

oxygen storage capacity. Anaerobic reactions (without the presence of oxygen in the 

gas phase) where cerium oxide is a donor of oxygen can be performed. 

 Cerium oxide is mostly referred to as a semiconductor in literature. However, 

the band gap of cerium oxide depends on a number of parameters such as grain size, 

degree of reduction, presence of vacancies and impurities, etc. Therefore, band gap 

values published in the literature vary quite significantly. The reported width of the 

band gap of bulk CeO2 is in the range of 3 – 3.6 eV [47], with the most stated value of 

3.2 eV [48, 49]. The band gap of Ce2O3 is in general lower in comparison with CeO2 

[50]. Ce NPs of size 11 to 16 nm, where Ce cations of both phases are expected, were 

reported to have a band gap of 2.8 eV [48].  

 It was shown, that the electronic conductivity of cerium oxide single crystal is 

smaller than the conductivity of bulk polycrystalline cerium oxide. Conductivity 

increases with decreasing grain size. The different types of conductivity characteristics 

for cerium oxide with varying grain size were also found. Under conditions at which 

microcrystalline cerium oxide exhibited impurity-controlled ionic conductivity, 

nanocrystalline samples showed electronic conductivity [51]. 

 The lattice parameter of CeO2 single crystal is 𝑎 = 0.541134 𝑛𝑚 [45]. For Ce 

NPs lattice parameter depends on their size. Lattice expansion was observed for the 
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NPs with a diameter of 10 nm or smaller, with the value up to 7 % higher for 1 nm 

Ce NPs [52]. The expansion is due to the substantial amounts of Ce3+ ions together 

with the associated vacancies present on the NPs’ surface. 

 

 

Figure 1.1: Fluorite-type crystal structure of CeO2 (left) and hexagonal crystal 

structure of Ce2O3 (right). Red and grey spheres represent O and Ce atoms, 

respectively [53]. 

 

1.2. Model biomolecules: glycine and histidine 

 

Glycine (Fig. 1.2, right) with a molecular formula C2H5NO2 is the simplest 

amino acid consisting of the carboxyl group (-COOH) and α-amino group (-NH2) only. 

It is a non-essential, non-polar, non-optical and glucogenic amino acid [54]. Glycine 

usually appears as white odourless crystals with a sweet taste. It is water soluble and a 

0.2 M aqueous solution has a pH of 4.0, so it acts as a weak acid. The decomposition 

of glycine starts at 233 °C and its melting point is at 262 °C [55]. Glycine plays an 

important role in the production of DNA, phospholipids, collagen and hormones 

connected with immunity responses [56]. The anti-inflammatory, antioxidant and 

antipsychotic activity of glycine have also been shown. As glycine is also a fast-

inhibitory neurotransmitter, it may have antispastic activity as well. It has also been 

used therapeutically as a nutrient [54]. 

Histidine (Fig. 1.2, left) with a molecular formula C6H9N3O2 is a bit more 

complex amino acid compared to glycine including also an imidazole ring (IM) group. 

Similarly to glycine, histidine can also be found in the form of white crystals with a 

sweet taste and without any odour. It is also water soluble. The melting point of 

histidine is at the temperature of 287 °C [57]. Histidine, as an essential amino acid for 

humans and mammals, is needed for the production of histamine, growth, tissue repair, 
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blood cell production and maintenance of the nervous system [58]. Due to its anti-

inflammatory, anti-oxidant and anti-secretory properties [59], it is used to treat 

allergies, anaemia, ulcers and rheumatoid arthritis [57]. 

 

   

Figure 1.2: Schematic structure of a histidine (left) and glycine (right) molecule. 

 

 Amino acids in general are amphoteric molecules, which means they can act as 

both an acid and a base. More specifically they are amphiprotic molecules, so they can 

either accept or donate a proton (as an H+ ion) [60]. This is an important property 

which determines their behaviour in solutions with different pH. In the neutral aqueous 

solution, an amino acid is naturally ionized as the carboxylic group loses a proton 

forming -COO- group and on the contrary, the amino group accepts a proton 

forming -NH3
+ group. The molecule with zero net electrical charge and ionized 

carboxyl group -COO- is called a zwitterion. The amino acid occurs in this form when 

the pH of the solution is equal to the isoelectric point (IEP; the pH at which the 

molecule carries no net electrical charge) of the acid [61]. With decreasing pH, 

zwitterionic form alters and the net charge of the molecule becomes positive. pH at 

which the capacity of the molecules to accept protons is over, and therefore all 

molecules are in the form of positive ions, is called an acid dissociation constant (pKa). 

In the basic environment, the amino acid molecule donates protons to the solution and 

becomes negative. Analogously to the acid environment, there exists also a base 

dissociation constant pKb. The IEP is calculated as an average from pKa and pKb 

values. When the molecule has more sites which can donate or accept protons, it has 

more pK values at which different forms of the molecule are present in the solution. 

Three possible forms of the glycine molecule and four possible forms of histidine 

molecule in different environments are depicted in Fig. 1.3. From this behaviour 

follows, that amino acids behave as weak bases in an acidic environment and as weak 

acids in a basic environment. 
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Figure 1.3: Possible forms of glycine (up) and histidine (down) with the dissociation 

constants corresponding to the particular transitions. 

 

 The pK values for glycine and histidine taken from Ref. [62] are shown in 

Table 1.1. Glycine pK values were measured at 20 °C and are valid for ionic strength 

of glycine solution in a range of 0.01 – 0.36 M. pK values for histidine were measured 

at 23 °C for the 0.1 M molecular solution. 

 

Amino acid pK1 pK2 pK3 

Glycine 2.36 9.91 - 

Histidine 1.78 5.97 8.97 

Table 1.1: Experimentally determined pK values of glycine and histidine. 

 

1.3. Previous research 

 

Previous research by Dr. Tsud started with well-ordered cerium oxide films 

[41] (0.15 nm thick) on Cu(111) used as a substrate for histidine deposited by 

evaporation in a vacuum. It was found, that in this case deprotonated carboxylate 

group, α-amino nitrogen and imidazole ring are all bound to the cerium oxide surface. 

In a follow-up study, polycrystalline cerium oxide films on monocrystalline Si(100) 

were used as a substrate [42], while the deposition process of histidine remained the 

same. It was found, that histidine binds to the cerium oxide surface via the carboxylate 

group only and imidazole rings formed intermolecular bonds. On the polycrystalline 
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cerium oxide substrate, a change of deposition technique of histidine was also 

examined. In the case of histidine adsorption from a neutral aqueous solution under a 

nitrogen atmosphere [63], the bonding of molecules to cerium oxide occurred via 

carboxylate groups only, as in the previous study. IM ring and amino side group were 

involved in the intermolecular bonding. From these findings follows, that the surface 

structure of the cerium oxide is the key factor determining the way of histidine binding 

and that the results from the systems where histidine was deposited by evaporation in 

ultra-high vacuum (UHV) partially represent a more biocompatible deposition 

technique using aqueous histidine solution. 

Research on the glycine-covered cerium oxide has also been carried out in our 

group [64]. The study started with model substrates - stoichiometric 

CeO2(111)/Cu(111), partially reduced CeO1.7(111)/Cu(111) and fully reduced 

Ce2O3(111)/Cu(111) thin films. Deposition of glycine was performed by evaporation 

from a Knudsen cell in a vacuum. It was shown, that presence of oxygen vacancies in 

cerium oxide plays a key role in the adsorption chemistry of glycine. Glycine was 

adsorbed to all of the studied surfaces via the deprotonated carboxylic group, but the 

orientation of the molecule varied. On the CeO2 substrate, glycine is orientated almost 

parallel to the surface as oxygen anions of the substrate attract the amino group of the 

molecule. In the case of Ce2O3 and CeO1.7 surfaces, bonding of glycine occurs via the 

carboxylate oxygens incorporation into the vacancies of the substrate and the amino 

group protrudes from the surface. From the studies of thermal stability follow that 

molecular bonding strengthens with increasing concentration of oxygen vacancies on 

the surface [64]. In the next stage of the research, a substrate was changed to 

polycrystalline cerium oxide. Glycine molecules were deposited by evaporation in a 

vacuum and also by deposition from an aqueous solution under an inert atmosphere in 

a glove bag. Both ways of deposition led to the bonding of glycine to polycrystalline 

cerium oxide via a deprotonated carboxylate group. The amino group of glycine 

deposited in UHV was in a neutral state, but glycine deposited from an aqueous 

solution had protonated amino group. The deposition in UHV resulted in the formation 

of a more stable molecular adlayer, due to additional bonding of surface oxygen 

cations to α-carbon of the molecules, which was enabled by the flat adsorption 

geometry of glycine and grain structure of the substrate. Orientation of glycine 

deposited from aqueous solution varied between all possible variations, while the C-C 

bond was locally parallel to the oxide surface [64]. 
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1.4. Goal and structure of the thesis 

 

In this thesis, we present the results of the research on the properties of cerium 

oxide nanoparticles (Ce NPs). Three samples were analysed – bare Ce NPs (sample 

CO) and Ce NPs functionalized by glycine (sample CG) and histidine (sample CH). 

Samples of Ce NPs were prepared and stored in the form of colloid solutions, therefore 

stability of these solutions represented by their zeta potential (ZP) was studied using 

dynamic light scattering (DLS). ZP was measured in the neutral, acidic and basic pH. 

Titration experiments were performed to examine the properties and behaviour of Ce 

NPs in environments with different pH and how these vary with different surface 

functionalization. The results of these measurements are shown in Subchapter 3.1. 

Depending on the ZP of the Ce NPs, their functionalization and sample 

treatment, clusters of various sizes are formed. Size distribution of the smallest Ce NPs 

clusters in a dried drop was measured by atomic force microscopy (AFM) at acidic, 

neutral and basic pH. Results from AFM confirmed the hypothesis derived from the 

titration measurements that a more uniform layer of Ce NPs can be prepared in a basic 

and acidic environment compared to a pH-neutral one. The findings of the AFM study 

are presented in Subchapter 3.2. 

The electronic structure of the samples was studied by a series of photoelectron 

spectroscopies (X-ray photoelectron spectroscopy (XPS), synchrotron radiation 

photoelectron spectroscopy (SRPES) and resonant photoelectron spectroscopy 

(RPES)) and near-edge X-ray absorption fine structure spectroscopy (NEXAFS). 

Combining these techniques, we obtained a comprehensive view of studied systems, 

as photoelectron spectroscopies (PES) provide information about occupied electronic 

levels and complementary information about unoccupied levels follows from 

NEXAFS data. The key issue about the bonding of amino acids to Ce NPs was also 

solved by analysis of the obtained spectra. Using RPES, the degree of reduction of 

cerium oxide was examined. Findings related to these techniques are shown in 

Subchapter 3.3 for photoelectron spectroscopies and Subchapter 3.4 for NEXAFS. 

Results of the AFM study were applied during the samples’ preparation for PES and 

NEXAFS in order to eliminate the charging effect and acquire reliable data. 
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2. Experimental methods, instrumentation and sample 

preparation 

 

2.1. Dynamic light scattering 

 

2.1.1. Theory and principle of DLS 

 

Dynamic light scattering (DLS) is a method used to determine the size 

distribution of nanoparticles (NPs) in colloid solutions. When the laser beam is shined 

on the colloid solution, the NPs scatter the laser beam and the light speckle pattern is 

observed. As NPs diffuse due to Brownian motion, which depends on their size, the 

intensity at any particular point of the speckle pattern fluctuates. By measuring the rate 

of these fluctuations at particular points of the speckle pattern, the correlation function 

can be determined. Then, using the Stokes-Einstein equation, the size distribution of 

the NPs can be calculated. 

 Properties and behaviour of NPs colloid solution are greatly influenced by 

charges present in it. The surface of NP in a liquid medium is usually charged, and 

therefore an electrical double layer (Fig. 2.1) is created around it [65]. Ions in the inner 

part of the double layer, called the Stern layer, are strongly bound to the NP. The outer 

region of the double layer is called the diffuse layer, in which a notional boundary 

called the slipping plane exists. Ions within this region stay attached to the NP and 

travel with it when NP moves. The electric potential between NPs and the slipping 

plane is called zeta potential (ZP) and determines the stability of the colloid solution. 

A higher absolute value of ZP means higher stability due to increased Coulombic 

repulsion of individual NPs [66]. ZP typically ranges between -100 and +100 mV, 

while solutions with ZP above +30 and below -30 mV are considered colloidally 

stable. 

The most important parameter of the solution concerning ZP is pH since the 

NP is balancing out the ions beyond the slipping plane in reaction to different pH. To 

examine the dependence of ZP of a particular colloid system on pH, titration 

experiments are performed. In these experiments, the pH of the solution is changed 

step by step in a selected range and ZP is measured at every point. Titration is usually 

performed in several cycles to observe changes in titration curves. In the acid  
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Figure 2.1: Illustration of the electrical double layer around nanoparticle in solution 

and meaning of zeta potential. 

 

environment, our NPs tend to acquire the positive charge, which leads to the positive 

value of ZP, while in the basic environment NPs usually have negative ZP. The 

titration curve in the direction from acidic to basic pH can be different from the titration 

curve in opposite direction. Such behaviour is called hysteresis of the titration curve. 

Hysteresis usually occurs when the system does not have enough time to “forget” its 

past. Therefore, ZP values in direction to base are more positive due to the starting 

point at lower pH than ZP values in direction to acid with the starting point at the 

higher pH. Hysteresis is connected to different numbers of positive ions adsorbed 

during titration to acid from the number of adsorbed negative ions during titration to 

base. An important point of the titration curve is an isoelectric point (IEP) – the value 

of pH when the ZP of NPs equals zero. At this point, the colloid solution is the least 

stable, which is important information for practical applications. Due to the lack of 

Coulombic repulsion, the NPs tend to agglomerate, which might be permanent even if 

we move away from the IEP point. When hysteresis is present in the titration curves, 

IEP points following from titration to acid and to base are not identical. The actual IEP 

lies somewhere in between them, but not necessarily in the middle. 

 In the devices, ZP is usually determined indirectly, for example by calculation 

from electrophoretic mobility using the Henry equation [65]. Electrophoresis is a 

process when the external electric field is applied to the solution containing charged 
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NPs and due to Coulombic attraction NPs start to move to the electrode with opposite 

charge. The velocity of the moving NPs divided by the intensity of the applied electric 

field is called electrophoretic mobility. This velocity is measured by the Laser Doppler 

velocimetry (LDV) technique based on DLS. A laser beam is sent through the capillary 

cell and the frequency shift of the light scattered from a nanoparticle in motion due to 

the Doppler effect with respect to the reference beam is measured [67]. Zetasizer 

instruments [68], which we used to perform our measurements, are using a more 

sophisticated M3-PALS technique based on LDV. By M3, the undesirable 

electroosmosis effect arising from the surface charge of the capillary wall can be 

avoided. Phase analysis light scattering (PALS) technique measures not the frequency 

shift, but the phase shift of the scattered light, which leads to higher sensitivity and 

accuracy of the measurements.  

 

2.1.2. Instrumentation, measurement and data processing 

 

Data were measured by Zetasizer Nano ZS [69] from Malvern equipped with 

NBIS optics and M3-PALS technology. The device uses a laser with a power of 4 mW 

and a wavelength of 633 nm. It is possible to measure the ZP in the range of ±500 mV 

and the size of particles from 0.3 nm to 10 μm in diameter [70]. The sample solution 

was measured in a disposable folded zeta potential capillary cell DTS1070. Most of 

the titration experiments were performed automatically using MPT-2 autotitrator 

equipped with three syringe dispensing units. Some of the titrations needed to be 

performed half-manually, as the software was jamming due to the behaviour of some 

of our samples. This behaviour is described in detail in Subchapter 3.1. In a half-

manual titration, titrants were added to the sample by a person in order to add just the 

right amount of titrants. 0.2 M and 0.02 M HCl, and 0.25 M NaOH were used as 

titrants. The pH of the samples was measured using the laboratory pH meter HC 133-

FES. In the settings for our measurements, the refractive index of cerium oxide NPs 

was set to 2.2 [71] and the absorption to 0.06. The value of absorption was determined 

in previous measurements of the system with Ce NPs performed by our group [72]. 

Smoluchowski model was used for the analysis of the correlation function. For titration 

measurements, the temperature of the sample was set to 20 °C. 

ZP of Ce NPs (CO, CH and CG) were measured in neutral, acidic (around 4.8) 

and basic (around 8.5) pH. Preparation of the samples is described in Subchapter 2.4.1. 
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Each sample was measured 3 to 5 times to obtain better statistical information. 

Measurement was repeated more than 3 times when the acquired ZP distribution varied 

more notably. The ZP was calculated for each sample as an average of the mean ZP 

values obtained. The final deviation was calculated as half of the highest standard 

deviation of individual measurements, which were determined from the ZP 

distribution by the Zetasizer. 

Titration experiments were carried out for three original NPs solutions CO, CH 

and CG. In these experiments pH of the sample was changed step by step from the 

initial value to the minimum (or maximum) preset value. If the sample is titrated from 

neutral pH to acid pH, it is named titration to acid according to the direction in the 0th 

round. If it is titrated from neutral to basic pH, it is named titration in direction to base. 

When the threshold pH was reached, titration continued in opposite direction. For each 

type of NPs, both types of titration (to acid and to base) were carried out. This enables 

us to observe if the titration curve is direction-dependent and if there is any hysteresis 

in the samples or permanent change in the surface bonds at extreme pH values or in 

various ionic concentrations or due to transition through the IEP. From these results 

we can predict the behaviour of samples in the biological environment and the stability 

of samples. We performed from two up to four titration cycles in each titration 

experiment. The pH titration range was selected between pH 4 and pH 9.5. We did not 

go below pH 4, as CeO2 starts to decompose in this environment. Titration pH steps 

varied among the samples, from around 0.3 pH unit as the smallest pH step to the 1 pH 

unit as the biggest pH step. After each change of pH, the ZP of the sample and NPs’ 

size were measured. For every measured ZP point, the conductivity of the sample was 

measured as well. The behaviour of the conductivity can support some results 

following from the titration curves. Also, the results of the titrations cannot be 

considered reliable if the conductivity increases above 2 mS/cm. As we analysed 

mainly the relative conductivity change, in the graphs it is displayed only as mean 

values without deviations. 

 At each measurement point, ZP and size of particles (their hydrodynamic 

diameter) were measured twice in at least 2 min intervals in order to allow stabilization 

of the sample and to obtain reliable results. The whole titration is usually automatically 

carried out by the device. However, the samples CH and CG have rather unique 

buffering properties due to which the Zetasizer machine got jammed. Therefore, 

measurements of these samples had to be performed half manually. 
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Data were obtained and processed by Zetasizer software 7.13 [73], by which 

ZP and particles’ size distributions, mean values and standard deviations in each pH 

point were determined. For further processing software LibreOffice Calc 6.0.2.1 [74] 

and OriginPro 2020b 9.7.5.184 [75] were used. Aggregation and disaggregation of the 

NPs with changing pH were observed in the measured data. However, due to the 

presence of dust in the samples, which adds a significant contribution to the light 

scattering, we can obtain just the general trends in the clusters’ size changes. 

Therefore, the exact size of the NPs clusters cannot be determined by the DLS method. 

 

2.2. Atomic force microscopy 

 

2.2.1 Theory and principle of AFM 

 

 Atomic force microscopy (AFM) is a scanning probe microscopy technique 

which uses interatomic forces for imaging the sample. The main advantage of AFM is 

the possibility to use it not only in a vacuum but also in a gaseous and liquid 

environment. A key part of the AFM is a cantilever, a plate spring with a sharp tip at 

its end. The tip is scanned over the sample surface using piezoelectric elements, which 

position is determined by the laser deflection from the cantilever. This reflection is 

recorded and then converted into the height profile of the sample. The movement of 

the tip is usually tracked by a laser beam reflected by the cantilever and detected by a 

four-quadrant photodetector (Fig. 2.2).  

 

 

Figure 2.2: Schematic illustration of AFM with optical lever detection. Taken from 

[76], modified. 
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 The force between the tip and the sample can be described by Lennard-Jones 

potential U (Fig. 2.3) given as: 

𝑈 = 4𝜀 [(
𝜎

𝑟
)

12

− (
𝜎

𝑟
)

6

].    (2-1) 

Here ε is the depth of the potential well (at distance 𝑟𝑚 = √2
6

𝜎), σ is the distance 

at which the potential energy is zero and r is the tip-sample distance. The first term 

in the Equation (2-1) describes long-distance attractive potential caused by dipole-

dipole interaction, while the second term involves Pauli repulsion resulting from 

overlapping of electron orbitals [76]. Then the force F can be calculated as a minus 

gradient of the potential. Due to force interaction cantilever will be bent according 

to the Hook’s law: 

𝐹 =  −𝑘∆𝑧,     (2-2) 

where k is a spring constant of the cantilever and Δz is its deviation from equilibrium 

in the z-direction. Basic AFM modes can be divided into static and dynamic modes 

and they can also be characterized by a measure of contact between the tip and the 

sample (Fig. 2.4) [77]. 

In a static or contact mode cantilever is scanning the sample surface without 

moving in a vertical direction (usually marked as z-direction). There are two types of 

contact modes: constant height and constant force. In constant height imaging mode, 

the z coordinate of the cantilever is held constant while scanning. Parts of the sample 

with different heights experience different forces, which is used for obtaining the 

contrast. Measuring using this mode is fast, however, there is a high risk of destroying 

both the sample and the tip due to possible collisions. Therefore, the constant force  

 

 

Figure 2.3: Lennard-Jones potential as a sum of repulsive and attractive potentials. 

Taken from [78], modified. 
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Figure 2.4: Basic AFM modes depicted according to the potential region in which 

they operate [77]. 

 

imaging mode is more widely used, as in this case the cantilever height is adjusted by 

the feedback loop so that the force between the tip and the sample is constant during 

the imaging. The static mode provides high-resolution images, but soft samples can be 

damaged due to direct mechanical interaction with the tip. 

In dynamic modes, the cantilever is vibrating close to its resonance conditions 

and frequency or oscillation amplitude modulations caused by interaction with the 

sample are measured as a signal. Several dynamic AFM modes can be classified. If 

the tip stays in a region of repulsive forces, we talk about a force modulation mode. 

In the intermittent contact mode, the tip oscillates between the repulsive and 

attractive force regions. Usually, the amplitude of oscillations is held constant by the 

feedback loop and the voltage needed to recover the setpoint amplitude after its 

deviation by the sample is used as a signal. A phase shift of the resonant frequency can 

provide information about the stiffness or adhesion of the sample. As the repulsive 

force is applied to the sample only for a short part of the cantilever cycle, damage to 

the sample is significantly reduced compared to contact mode.  

 

2.2.2. Instrumentation, measurements and data processing 

 

Data were measured using JPK NanoWizard 3 Bioscience AFM module 

equipped with Life Science Stage and inverted optical microscope Olympus IX73. 

CCD camera JUnicam serves for the observation of the sample surface, cantilever 

movement during adjustments and measurement. The whole system is located in a 
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sealable acoustic enclosure. The table holding the microscope is standing on pneumatic 

legs damping external vibrations. 

As a probe, cantilever AppNano ACTA-20 was used. This cantilever operates 

in a frequency range of 200 to 400 kHz and its spring constant lies between 13 and 

77 N/m. The tip has a pyramidal shape and its radius of curvature is smaller than 

10 nm.  

 AFM images 1010 µm with resolution 512512 px were acquired using 

intermittent contact AC mode. For every sample which showed suitable concentration 

and distribution of NPs, several images were taken to have a reasonable amount of 

data (at least 100 data points equalling to NPs heights) for statistical analysis.  

First of all, samples with neutral pH were studied. Measurements started with 

bare Ce NPs in the order: COw, CO and COs (information about these samples can be 

found in Subchapter 2.4.2). In the next step samples with functionalized Ce NPs were 

measured, i.e. CG and CH. Afterwards, images of the samples (CO, CG and CH) with 

basic pH were acquired and the measurements were finished by samples with acidic 

pH. 

JPK NanoWizard Control was used for the data acquisition. Basic processing 

of the raw images was performed in JPK Data Processing software, where the linear 

or polynomial background was subtracted from the images and selected horizontals 

scars were replaced by interpolation of neighbouring lines. The images suitable for 

statistical analysis of cluster sizes were further processed using an internal script based 

on Mathematica software. Using this script, particles or clusters were bordered and 

their height and area were determined. Afterwards, cluster size distribution was 

established according to the measured heights of the clusters. Software OriginPro 

2020b 9.7.5.184 [75] was used for creating histograms of obtained size distributions. 

Using Origin, the histograms were fitted with Gaussian distribution, from which the 

mean value of the cluster size and FWHM (full width at half maximum) of the peak 

were determined. However, images of some samples were not suitable for the 

statistical analysis as the majority of Ce NPs aggregated into super big clusters. In this 

case, the height profiles of the clusters were measured using JPK data processing 

software. 
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2.3. Photoelectron spectroscopies and near edge X-ray absorption 

fine structure spectroscopy 

 

2.3.1. Theory and principle of PESs 

 

 Photoelectron spectroscopies (PESs) are surface-sensitive techniques based on 

the photoelectric effect (Fig. 2.5). When light with sufficient energy irradiates a 

sample, an incident photon is absorbed by an atom of the sample and its energy is 

transferred to an electron, which is subsequently ejected. The kinetic energy Ek of the 

emitted electron, called photoelectron, depends on the energy of the incident photon 

hν according to the equation: 

𝐸𝑘 = ℎ𝜈 −  𝐸𝑏 −  𝜑,              (2-3) 

where h is Planck’s constant, ν is the frequency of the incident photon, Eb is the binding 

energy of the ejected photoelectron and φ is the work function of the spectrometer. 

The intensity of the photoelectrons as a function of their kinetic energy is measured by 

a spectrometer. However, the electronic structure of the samples is usually determined 

by analysing the intensity, shape and binding energy of the photoelectron peaks. 

Therefore, Ek is converted to Eb using Eq. (2-3). 

 

 

Figure 2.5: Diagram of the photoelectric effect. 

 

 The intensity of the photoemission peak I𝐴 of the specific level A of chosen 

material M can be described by the equation: 

𝐼𝐴 = 𝐾𝜎𝐴(ℎ𝜈)𝜆(𝐸𝐴)𝑛𝑀        (2-4) 

where σ𝐴(ℎ𝜈) is a photoionization cross-section of electronic level A dependent on 

photon energy ℎ𝜈; 𝜆M(𝐸𝐴) is the inelastic mean free path (IMFP) of photoelectrons in 

material M with kinetic energy 𝐸𝐴; nM is the concentration of the studied material M; 

𝐾 is the coefficient, which includes different parameters (detector efficiency, 
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transmission function of the analyser, photon intensity, etc.) and assumed to be a 

constant during the measurement. 

 Sampling depth, i.e. depth in the sample from which the information arises, is 

defined by IMPF of photoelectrons in a given material. The IMPF value is determined 

by the photoelectron kinetic energy. This dependence is represented by the so-called 

universal curve, which is shown in Fig. 2.6. 

 

 

Figure 2.6: Universal curve of an inelastic mean free path as a function of electron 

kinetic energy for chemical elements [79]. 

 

Among other parameters, distinct spectral features observed in the 

photoemission from a specific level of the element depend on the type of the occupied 

electronic orbital. As a result of spin-orbit coupling, intensity arising from p, d or f 

orbitals are observed as doublets, while electrons from s orbital create a single 

photoelectron peak called a singlet. The chemical environment of the emitting atom 

directly affects the peak position in the spectrum. Therefore, the information extracted 

from PES spectra regards not only the chemical composition of a sample but also the 

chemical states of the atoms. In PES, the final state of the emitting atom plays also an 

important role. Sometimes more than one final state of photoemission can exist. In this 

case, every final state is represented as the peak (singlet or doublet) in the spectrum. 

These peaks are usually located at slightly different positions. The intensity ratio 

between the peaks representing different final states is defined by the ratio of 

probabilities of occurrence of these states. An example of multiple final states is Ce 3d 

and Ce 4d core-level spectra shown in Fig. 2.7 with the indication of Ce4+ and Ce3+ 

contributions according to Refs. [80, 81]. 
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Figure 2.7: XPS Ce 3d (left) and 4d (right) core level spectra acquired at photon 

energy 1486.6 eV and 490 eV, respectively. Ce4+ contributions are indicated by blue 

arrows and Ce3+ by purple arrows. 

 

 Besides photoelectron peaks, inseparable components of the PES spectrum are 

Auger peaks. When the atom is ionized by emission of the core level electron, another 

electron from a higher energy level may fill this hole. Excessive energy can be released 

in the form of radiation (i.e. fluorescence) or it can be spent for excitation and emission 

of the third electron called Auger electron (Fig. 2.8) Therefore, the Auger process is a 

three-step-process and the kinetic energy of the Auger electron is independent of the 

incident photon energy and depends only on the energy difference between electronic 

orbitals involved. Thanks to this particularity, the origin of the peak can be 

distinguished by changing the energy of initial radiation: in the binding energy scale 

the position of photoelectrons’ signals does not change, but Auger peaks are shifted. 

Photoelectron peaks are marked with the chemical symbol of the element 

followed by the number of the electronic level (defined by principal quantum number), 

orbital type (defined by angular momentum quantum number) and total momentum 

number which accounts for a spin quantum number of the emitted electron. Auger 

peaks are marked with the chemical symbol of the element followed by three letters 

describing three electronic levels involved in the process. 

 Stepwise background in the PES spectrum is created by secondary electrons, 

which are inelastically scattered multiple times on their route to the vacuum. The 

background is subtracted during the data processing. The typical wide scan 

photoelectron spectrum is shown in Fig. 2.9. 
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Figure 2.8: Illustration of the Auger process: photoionization of a neutral atom (left) 

and subsequent Auger emission (right). 

 

 

Figure 2.9. The wide scan photoelectron spectrum taken from Ce NPs functionalized 

by histidine with the assignment of the main features. The excitation energy is 

1486.6 eV. 

 

A typical problem during the characterization of the poorly conducting sample 

by PES is a charging effect, which arises due to the lack of the proper compensation 

of the electric field created by holes after the photoelectron emission. The charging 

effect causes the shifting of the peaks to the higher binding energy. If it cannot be 
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eliminated by an electron flux gun or better conductive holder, spectra need to be 

calibrated according to the binding energy of the known photoemission feature, for 

instance, the C 1s position of the carbon contaminations. However, calibration is 

possible just for the spectra acquired with a laboratory X-ray source. When differential 

charging is present, in the case of synchrotron radiation, various parts of the sample 

are charged differently, and this calibration method cannot be utilized. 

 For X-ray photoelectron spectroscopy (XPS), a laboratory X-ray source Specs 

is used. Al Kα line with a photon energy of 1486.6 eV is employed due to its narrow 

energy width [82]. The measured kinetic energy of the photoelectrons is then in a range 

of 100 – 1400 eV, which corresponds to the inelastic mean free path between 

0.6 to 2 nm. The information depth is therefore quite small and few surface atomic 

layers can be analysed in course of the XPS study. 

 As indicated by the name, synchrotron radiation (SR) is applied as the photon 

source for synchrotron radiation photoelectron spectroscopy (SRPES). Advantages are 

the tunability of the photon energy, narrow energy width of the beam and smaller spot 

size in comparison with a standard laboratory X-ray source. By changing the photon 

energy, photoionization cross-section and information depth can be tuned. Therefore, 

by careful adjustment of the photon energy, the highest possible surface sensitivity can 

be achieved. SRPES also allows performing depth profiling measurements. 

 

2.3.2. Theory and principle of RPES 

 

For resonant photoelectron spectroscopy (RPES) photon energy close to the 

X-ray absorption threshold of the chosen core level is used. Therefore, a tunable light 

source is essential. In off-resonance conditions, a photon with energy higher or lower 

than the resonance energy causes a direct transition of the electron from the substrate 

to the vacuum. However, when the energy of the incident photon causes the resonance, 

the excited core-level electron is scattered via Coulombic interaction with a valence 

electron. As a result, one electron fills the core hole and the second one is emitted from 

the sample as a photoelectron [83]. An illustration of the resonant effect at the 4d → 4f 

photoabsorption threshold for cerium oxide is depicted in Fig. 2.10. 

Due to the resonance effect intensity of the photoelectron peak significantly 

increases. Therefore, this technique also enables examining oxidation states with high 

sensitivity. It is especially convenient to use RPES when resonant states of the two  
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Figure 2.10: Diagram of the resonant effect at the 4d → 4f photoabsorption threshold 

for cerium oxide. 

 

oxidation states of the element are distinguishable, as for the Ce 4d → 4f 

photoabsorption threshold (Fig. 2.10). When the spectra at the two resonance energies 

and also at the off-resonance energy are measured, the contribution of the individual 

states can be analysed (see Fig. 2.11). Moreover, the oxidation state of the surface can 

be expressed through the resonance enhancement ratio (RER) given as 

𝑅𝐸𝑅 = 𝐷1 𝐷2⁄                 (2-5) 

Here D1 and D2 are the intensity differences between on- and off-resonance features 

in the valence band of the first (Ce3+) and second (Ce4+) oxidation state of cerium 

cations, respectively [46]. 

 

 
Figure 2.11: Illustration of resonance intensity enhancement determination for VB 

spectra of cerium oxide. 
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2.3.3. Theory and principle of NEXAFS spectroscopy 

 

Near edge X-ray absorption fine structure (NEXAFS) spectroscopy is a quite 

young technique used to study the electronic structure and orientation of molecular 

adlayers and thin films. Information in NEXAFS is obtained as a dependence of an 

X-ray absorption intensity on incident photon energy, which ranges from below the 

X-ray absorption edge to tens of electronvolts after it. Since NEXAFS needs a tunable 

energy source, the measurements are performed at synchrotrons. 

The principle of the technique lies in the excitation of the core level electron to 

an unoccupied orbital above the Fermi edge using the radiation of sufficient energy. 

Auger electron or fluorescent radiation is emitted, when the core hole is refilled, and 

then can be detected. Partial Auger yield NEXAFS is commonly used for studies of 

atoms with low atomic numbers. For these atoms, the relaxation of the system through 

the Auger process is far more substantial than through fluorescence. Furthermore, 

indirect information about absorption can also be obtained by the measurement of 

inelastically scattered electrons (secondary electrons) [84].  

There are several characteristic features in a NEXAFS spectrum as shown in 

Fig. 2.12. A step-like intensity increase in the spectrum corresponds to the moment 

when the incident photon energy exceeds the ionization threshold. Excitation of a core-

level electron to a bound state occurs when the photon energy equals the energy 

difference between the initial (occupied) and final (unoccupied) orbital. A core level 

electron can transit into antibonding orbitals of π* or σ* character, or into the Rydberg 

states [85]. The π*-states are the lowest unoccupied molecular orbitals for diatomic 

structure with π bonds and are usually located below the ionization threshold. When 

the transition from the 1s level to π* orbital occurs, it is called π*-resonance transition. 

As π orbitals correspond to double or triple bonds, this type of resonance cannot arise 

from single-bound systems. Between π*-states and the ionization edge, the Rydberg 

states can be found [85]. The π* and Rydberg resonance transitions are represented as 

sharp peaks in the NEXAFS spectrum due to the short lifetime of excited electrons. 

However, the Rydberg resonances are usually quite weak, particularly when the 

chemisorbed molecules or condensed phase are measured. The σ*-states are located 

above the ionization edge and transitions to these states are shown as wide features in 

the NEXAFS spectrum. 
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Figure 2.12: Illustration of the potential of a diatomic molecule (left) and 

corresponding NEXAFS K-edge spectrum (right) [64]. 

 

 NEXAFS can also provide information about the orientation of molecules 

adsorbed on a surface because intensities of π* and σ* resonances are dependent on the 

angular orientation of incident radiation’s electric field vector with respect to 

corresponding molecular bonds [86]. The highest intensity of resonance is measured 

when the electric field vector is parallel to the orbital of the final state and on the 

contrary, the resonance peak disappears when they are perpendicular. The σ orbital is 

oriented along the bond axis and the π orbital is perpendicular to it. Therefore, when 

the NEXAFS spectrum is measured at both grazing and normal incidence, the spatial 

orientation of the molecule can be determined according to the relative intensity 

changes of π* and σ* resonances. 

 

2.3.4. Instrumentation, measurement and data processing 

 

 A typical experimental setup for PES (Fig. 2.13) consists of a source of 

radiation, a vacuum chamber with a grounded sample, an electron energy analyser and 

a detector. According to the used radiation source, several types of PES can be 

classified. Nowadays the most widely used electron energy analyser for PES is a 

hemispherical analyser (HMA). It consists of two concentric conductive hemispheres 

on which voltages of opposite signs are applied. The hemispheres serve as electrodes 

creating an electric field which bends the trajectory of electrons passing through the 

space between the hemispheres.  
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Figure 2.13: Illustration of the typical experimental setup for photoelectron 

spectroscopy. Taken from [87], modified. 

 

At specific applied voltage, only electrons with suitable kinetic energy called pass 

energy have a trajectory with the right radius to pass through the HMA to the detector. 

Usually, the hemispheres’ voltages are held fixed and incoming electrons are 

decelerated to pass energy by electrostatic lenses located between the sample and the 

entrance slit of the analyser. HMA can operate in two basic modes: constant retarding 

ratio (CRR) and constant analyser transmission (CAT). The latter mode is more widely 

used for PES measurements, as it provides constant energy resolution across the whole 

spectrum. In this mode, all electrons are retarded to the same fixed pass energy by 

suitable retarding potential chosen automatically according to the expected kinetic 

energy of the measured photoelectrons. 

 PES (XPS, SRPES, RPES) and NEXAFS data were measured at the Materials 

Science Beamline (MSB), Elettra Synchrotron, Trieste, Italy. Elettra is a third-

generation synchrotron providing ultra-bright radiation with high intensity ranging 

from infrared to X-rays [88]. Radiation is produced by electrons circulating in the 

storage ring at the moments when they are passing through bending magnets, wiggles 

or undulators. They deflect the trajectory of the electrons substantially and the 

deceleration of charged particles makes them radiate. Electrons are generated in the 

linear accelerator and accelerated into the booster, from where they are injected into 

the storage ring when needed [89]. Elettra operates 28 beamlines, which utilize 
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produced radiation delivered to specific experimental end-stations through vacuum 

optical systems. 

 The photon beam of the MSB is produced by the bending magnet and is mostly 

linearly polarized in the horizontal direction. The optical system delivering radiation 

from the magnet consists of a prefocusing mirror, an entrance slit, a monochromator 

used to set the photon energy, an exit slit, a refocusing mirror and a gold mesh used to 

measure the photon flux before entering the end station. The end-station consists of 

several vacuum chambers separated by gate valves – a load lock, top and bottom 

preparation chambers and an analysis chamber. A sample is inserted into the load lock, 

sample modification can be done in the preparation chambers and measurements are 

carried out in the analysis chamber in an ultra-high vacuum (10-10 mbar). The available 

photon energy range is from 22 to 1000 eV, which is classified as a soft X-ray [90]. 

The beam spot is approximately a few hundred µm. Hemispherical electron energy 

analyser Specs Phoibos 150 is employed [91]. 

 In the beginning, after the glassy carbon (GC) substrate cleaning procedure, the 

core levels of Ce 3d, O 1s, C 1s, N 1s, Na 1s and Cl 2p were acquired for each 

substrate to check its cleanliness. The exact photon energy was defined by measuring 

the Fermi edge of a Ta holder. 

 All the samples of Ce NPs were measured as soon as possible after their 

preparation. The measurement procedure of each sample consisted of several steps. 

After alignment for the best signal, SRPES including RPES data were acquired. Then 

it was followed by NEXAFS, after which RPES and SRPES N 1s measurements were 

repeated. The last step was to measure XPS and then another RPES was performed.  

 By SRPES, C 1s, Cl 2p (in case of acidic samples), N 1s, Ce 4d and O 1s core-

level spectra were acquired. Photon energies of 410, 490 and 630 eV were used, with 

total resolution 0.36, 0.44 and 0.63 eV, respectively. For each sample, RPES 

measurements were performed several times at different stages of the measurement 

process, so that influence of individual factors on sample reduction can be determined. 

RPES measurements included acquiring of series of valance band spectra with photon 

energies 121.4 eV (resonance of Ce3+), 124.8 eV (resonance of Ce4+) and 115 eV (off-

resonance). Na 1s (only in case of basic samples) and Ce 3d core level spectra were 

measured by XPS. By NEXAFS, the N K-edge spectrum was measured in partial 

Auger yield and Ce M4,5-edge and O K-edge spectra were obtained from partial 

secondary electrons signal.  
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PES and NEXAFS data were processed using the software KolXPD 1.8.0 [92]. 

Spectra measured using synchrotron radiation needed to be corrected to the real value 

of the used photon energy. Therefore, exact photon energy was determined from the 

measured Ta valance bands. Then according to these values, energies in corresponding 

SRPES and NEXAFS spectra were corrected. In the next step, all SRPES spectra were 

normalized by mesh current. The next treatment was a subtraction of background, 

which applies to both SRPES and XPS data. In C 1s, O 1s, Ce 4d and Ce 3d spectra, 

the Shirley background was used. The linear background was subtracted only in N 1s 

spectra because they were very noisy. XPS Ce 3d spectra were fitted as shown in 

Fig. 2.7, left, in order to determine the stoichiometry of the cerium oxide NPs. Triplets 

of corresponding RPES spectra (Fig. 2.11) were compared to calculate RER values. 

NEXAFS spectra after the photon energy correction were divided by mesh current. To 

compare O K-edge and Ce M4,5-edge spectra among all three samples CO, CH and 

CG, the data were processed as follows. A constant was subtracted from each 

spectrum, so there is zero intensity at the lowest photon energy. Then each spectrum 

was divided by a constant, so the intensity at the highest photon energy is equal to one. 

Finally, the spectra were normalized according to intensity of the peak at 533 (O K-

edge spectra) and 884 eV (Ce M4,5-edge spectra). N K-edge spectra of sample CH were 

obtained as follows (and the same applies to sample CG). The corresponding 

background signal of the sample CO with the same pH recorded under identical 

conditions was subtracted from the NEXAFS N K-edge spectra recorded on sample 

CH. The resulting spectra of sample CH at various pH were normalized to the intensity 

of the highest peak for better comparison. 

 

2.4. Sample preparation 

 

 Original Ce NPs solutions studied in this thesis were prepared by the group of 

Dr. A. Shcherbakov, Zabolotny Institute of Microbiology and Virology, National 

Academy of Sciences of Ukraine. The solutions were prepared as follows. 

3.73 g of CeCl3·7H2O was dissolved in 100 ml of water. Under intensive 

stirring drops of the prepared solution were slowly added to the 3 M KOH solution 

(1000 ml). After 30 minutes of stirring the solution was heated to the boiling point and 

kept under stirring in these conditions for 3 hours. Then the solution was left at room 
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temperature without stirring for particles to condense. After 24 hours the condensed 

phase was separated by decantation and dispersed in 500 ml of distilled water. The 

condensed phase was rinsed in water several times using decantation until the neutral 

pH of the solution was achieved. Finally, 200 ml of the solution was prepared and 

ultrasonicated for 20 min. The resulting colloid solution was divided into 4 parts, 50 ml 

each. Two parts were combined and in this way sample CO (0.05 M colloid solution 

of Ce NPs) was prepared. 

Another two parts were used for the preparation of samples CH and CG as 

follows. An equimolar amount of amino acids was added into each of the solutions 

(50 ml) - histidine monohydrochloride monohydrate (523 mg) and glycine (188 mg). 

The resulting solutions were ultrasonicated for 5 min and then stirred for 2 hours. Then 

the solutions were left at room temperature without stirring allowing ceria 

nanoparticles to reach the equilibrium in interaction with biomolecules. After 

24 hours, the NPs were separated by centrifugation, then dissolved in 50 ml of distilled 

water and centrifuged again. The rinsing procedure was repeated 5 times for each 

sample (CH and CG). In the end, the colloid solution of NPs was mixed with 50 ml of 

distilled water and ultrasonicated for 20 min. In this way, samples CH (0.05 М colloid 

solution of Сe NPs functionalised by histidine) and CG (0.05 М colloid solution of Се 

NPs functionalised by glycine) were prepared. 

 

2.4.1. Sample preparation for DLS 

 

 For the dynamic light scattering measurements, NPs solutions were diluted in 

order to prepare a slightly opalescent sample with maximum optical density of 0.1. 

Pure deionized water (prepared by Aqual 29) with a maximum conductivity of 

0.05 μS/m was used for the preparation of all DLS samples. 

 Samples for measurement of ZP at various pH were prepared by dilution of 

10 μl of original NPs solution in 1 ml of water. To change the pH of the samples 

required amount (several μl) of 0.2 M HCl or 0.25 M NaOH was added to the solution, 

thus the resulting pH of the samples was around pH 4.5 and pH 8.5, respectively. The 

diluted solution was ultrasonicated for 15 minutes before the measurement. 

 For titration experiments original NPs solutions CO, CG and CH were diluted 

with water in a ratio of 30 – 50 μl to 8 ml. The dilution ratio was determined according 
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to the optical density of the original solution. The diluted solution was ultrasonicated 

for 15 minutes before the measurement. 

 

2.4.2. Sample preparation for AFM 

 

 AFM measurements of neutral NPs solutions were performed on three types of 

samples differing in the preparation procedure. When the liquid above the settled solid 

part was mixed with water in a ratio of 10 μl to 1 ml, the resulting sample was denoted 

with w. Pure deionized water (prepared by Aqual 29) with maximum conductivity of 

0.05 μS/m was used for the preparation of all AFM samples. In this way, samples COw 

and CGw were prepared. As the original CH NPs solution was more or less 

homogenous and stable in time, the settled part did not exist and therefore sample CHw 

was not prepared. To prepare the second type of neutral AFM samples, every bottle 

with the original NPs solution was agitated by hand and 2 - 8 μl of NPs solution 

(depending on the optical density of the original solution) was mixed with 1 ml of 

water. In this way samples labelled CO, CG and CH were prepared. The process of 

preparation of the third type of samples is the same as for the second type, but it 

includes also 10 min of ultrasonication after the dilution of agitated solution with water 

in a ratio of 2 μl to 1 ml for CO NPs and 20 μl to 1 ml for CH and CG NPs. The 

resulting samples are denoted with s: COs, CHs and CGs. 

 Samples of NPs solutions with acidic or basic pH were prepared as follows. 

Original NPs solutions were agitated. Then 10 μl (for basic sample) or 20 μl (for acidic 

sample) of NPs solution were mixed with 1 ml of water. Subsequently, a few μl of 

0.25 M NaOH or 0.2 M HCl were added to the solution to adjust pH to the required 

value of around 8.5 or 4.8, respectively. The resulting solutions were sonicated for 

10 min and then left to stabilize for approximately 60 min. 

 In the last step of preparation of all AFM samples, 2 μl of final solution were 

dropped on freshly cleaved atomically flat mica support, which area is around 1 cm2, 

and left to dry. The drying procedure was performed in a way that the dried drop was 

more or less uniform. 
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2.4.3. Sample preparation for PESs and NEXAFS spectroscopy 

 

 Samples for PESs were prepared by deposition of NPs colloid solutions onto a 

substrate. As a substrate unpolished glassy carbon (GC) was used. The substrate was 

cleaned before Ce NPs deposition as follows. At first, GC was heated to 200 °C for 

15 min. Then Ar+ sputtering was performed for 30 min. Then another heating to 

200 °C for 15 min followed by 15 min of Ar+ sputtering was applied. Finally, the 

substrate was heated to 200 °C for 5 min. 

 Every type of NPs (CO, CG and CH) was measured at neutral, acidic (around 

4.5) and basic (around 8.5) pH. Overall nine samples were prepared. Neutral samples 

were prepared as follows. 200 μl of original NPs solution was added to 800 μl of 

Milli-Q water. The pH of the resulting solution was measured by pH indicator papers 

and then the solution was ultrasonicated for 10 min. After that 1 drop (5 μl) of the 

solution was deposited on the previously cleaned substrate and left to dry in a 

desiccator. 

 Samples with acidic and basic pH were prepared as follows. 200 μl of original 

NPs solution were added to 800 μl of Milli-Q water and the pH of the resulting solution 

was measured by pH indicator papers. Then several μl of 0.2 M HCl or 0.25 M NaOH 

were added to create acidic or basic pH, respectively. The pH of the solution was 

measured again and the process was repeated until pH around 4.5 or 8.5, respectively, 

was reached. The amount of added acid or base differed for every sample. The final 

solution was ultrasonicated for 10 min. Afterwards, 1 drop of the solution was 

deposited on the previously cleaned substrate and left to dry in a desiccator. Samples 

were prepared just before they were inserted into a vacuum for the measurements. 

 Besides the samples mentioned above, in SRPES N 1s and NEXAFS N K-edge 

spectra, we display also the spectra of the sample named CH pH 6.7 2020. These 

spectra are shown because they are the best spectra of sample CH which we got during 

all performed measurements. The sample CH pH 6.7 2020 was prepared as follows. 

Original CH NPs solution was diluted with Milli-Q water in a ratio of 1 to 4. The 

resulting solution was left in an ultrasonic bath for 10 min. Then 1 drop of the solution 

was applied to the prepared GC substrate and left to dry in a desiccator for 

approximately 10 min. 
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3. Results 

 

3.1. Dynamic light scattering 

 

3.1.1. Measurement of zeta potential at different pH 

 

If we inspect samples from the visual perspective, samples CO and CG 

sediment with passing time, but sample CH remains visually uniform over at least 

several months. 

 In order to determine the colloid stability of samples in various environments, 

the ZP of samples CO, CG and CH were measured at acidic, neutral and basic pH. As 

samples CO and CG were measured in deionised water, their pH was in the range of 

pH 6 to 7, due to the equal amount of positive and negative ions (originating utterly 

from water molecules). In the case of sample CH, the solution had a pH of 7.0 and it 

was measured after one round of titration with very low conductivity. The increased 

number of ions in the sample CH allowed us to determine pH more precisely. Detailed 

preparation of the samples for these measurements is described in Subchapter 2.4.1. 

Measurement procedure and data processing are described in Subchapter 2.1.2. The 

resulting average values of ZP and their deviations are written down in Table 3.1. 

 

 Acidic Neutral Basic 

Sample pH 
ZP 

[mV] 

ΔZP 

[mV] 
pH 

ZP 

[mV] 

ΔZP 

[mV] 
pH 

ZP 

[mV] 

ΔZP 

[mV] 

CO 4.8 34.7 3.1 6 - 7 12.3 4.2 8.8 -55.4 2.9 

CH 4.8 42.7 6.0 7.0 -53.8 4.7 8.3 -56.6 5.4 

CG 4.8 39.1 4.3 6 - 7 -17.7 6.9 8.9 -56.2 5.8 

Table 3.1: Zeta potential of samples CO, CH and CG in acidic, neutral and basic pH. 

ΔZP is a deviation of the mean ZP value. 

 

 From Table 3.1 follows, that all samples have positive ZP at pH 4.8 and 

negative ZP at higher pH than 8.3. At neutral pH, ZP values differ significantly among 

the samples. This is connected to different surface modifications. At neutral pH, 

samples CO and CG are unstable as their absolute value of ZP is lower than 20 mV, 
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which means they tend to agglomerate easily. On the contrary, sample CH has a quite 

high absolute value of ZP at neutral pH. As the pH of this sample was changed by 

NaOH, –OH- groups adsorbed on the NPs decreased their ZP. However, the ZP value 

of -53.8 mV is even lower than the values from the titration curves of sample CH 

shown further in this Subchapter, which are around -40 mV. It is probably a result of 

a longer time for stabilization after the pH change (several days in this case compared 

to several minutes in titration measurements). 

 We can also analyse ZP distributions from which the mean ZP values and their 

deviations in the Table 3.1 were determined. ZP peaks of sample CO were symmetrical 

single peaks at all measured pH values. Thus, only one type of NPs is present in this 

sample, which are in an equilibrium with surrounding ions of colloid solution, resulting 

in similar ZP characteristics. For sample CH some of the measured ZP peaks were not 

particularly uniform and symmetric, mainly in an acidic environment. This reflects 

nonuniformities in the sample, which arise from the fact, that the number of histidine 

molecules per particle surface can vary. In any case, ZP peaks of repeated 

measurements in a certain environment overlapped in at least 90% of their area. 

Therefore, the resulting mean ZP of the sample was calculated as an average of the 

individual mean ZP values. ZP peaks of sample CG were uniform and symmetric 

single peaks in acidic pH. However, we saw significant asymmetry of the ZP peak in 

both neutral and basic pH and in some cases even several peaks were identified in the 

ZP distribution. Similarly to sample CH, peaks overlapped quite well, in at least 90% 

of their area. However, in neutral pH, all ZP distributions had minor contribution on 

the right side of the main peak, in the positive ZP region, as can be seen in Fig. 3.1. 

Free glycine molecules should not be present in the sample and we do not expect any 

other significant impurities either. It indicates, that there are NPs with different ZP 

characteristics present in the sample CG at neutral pH. Probably, the difference is in 

the measure of the glycine surface coverage or orientation. The majority of NPs had a 

mean ZP value of around -19 mV, but there was a part of the NPs which had positive 

ZP with a mean value of around 14 mV.  

From the determined ZP values in Table 3.1 we see, that all samples have quite 

a good colloid stability at pH 4.8 and relatively high colloid stability above pH 8.3. 

Higher colloid stability means better distribution of individual NPs in the solution, 

which can be utilized for the preparation of more uniform layers of dried NPs from 

solutions. 
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Figure 3.1: Measured ZP distributions of sample CG in neutral pH. 

 

3.1.2. Titration measurements 

 

3.1.2.1. Sample CO 

 

3.1.2.1.1. Titration to acid 

 

 In Fig. 3.2 we can see titration curves of the CO sample in to acid direction. At 

the beginning of the 1st round, a quite large amount of NaOH was added to the sample 

but the pH was not changing. This situation means, that the sample behaves as a buffer 

and adsorbs or compensates for the ions added to the solution. Most probably the added 

–OH- groups were neutralized by hydrogen ions present in the sample. When added 

base exceeded a certain amount, the number of –OH- groups was sufficient to 

compensate for protons present in the sample and pH rose rapidly from pH 3.7 to 

pH 6.4. During this change, ZP passed through an IEP around pH 5.5, where the 

surface polarity of the NPs switched from positive to negative by the change of 

adsorbed ions. Simultaneously, the conductivity of the sample slightly decreased 

(Fig. 3.3), which confirms the depletion of H+ from the solution. A data point was 

measured after the described change, at pH 6.4. However, software was set to measure 

data points with the pH step of 0.3 pH unit. Therefore, when the pH got over the target 

value, skipped data points were still measured afterwards, but without any addition of 

the titrant. During these measurements, pH was gradually decreasing, as –OH- groups 
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were slowly neutralized by remaining protons. When software got to the point where 

pH needed to be increased from pH 4.8 to pH 5.2, buffering occurred again, until pH 

abruptly jumped to 10.8. 

 

 

Figure 3.2: Titration to acid of sample CO. Titration curves of the 0th and 1st round 

(upper left), 2nd round (upper right), 3rd round (bottom left) and 4th round (bottom 

right). 

 

 Then the titration in the direction to acid of the 1st round started. Interestingly, 

the pH of the sample was decreasing naturally down to pH 7 without adding any acid. 

That means that –OH- groups were gradually neutralized by the sample, but it took 

longer than was the time interval left for achieving the equilibrium after the pH change. 

A pH drop from pH 10.3 to pH 7.6 took around 30 minutes. Then pH decreased by 

0.4 pH units in around 20 min. After another 20 min, pH decreased only by 0.1 pH 

units. During the next addition of an acid, the sample buffered again until another 

sudden pH change from pH 7.0 to pH 3.0 occurred. Therefore, the sample reached pH 
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3.0, which was out of the desired range and could damage Ce NPs, according to Ref. 

[93], as Ce NPs are not stable at pH below 4. During this change sample passed through 

an IEP, which was lower than in the direction to base – IEP point had a value of 4.3 

compared to the previous value of 5.5. Simultaneously, the conductivity of the sample 

rapidly increased (Fig. 3.3). 

 2nd and 3rd rounds of the titration had a very similar course as the first one. 

Titration curves in directions to acid and to base did not overlap within the error bars, 

which means sample CO shows hysteresis. We can see that titration curves were flatten 

with increasing the number of rounds. While the ZP range within the 1st round was 

from 40 mV to -45 mV, in the 3rd round the ZP was ranging only from 10 mV 

to -40 mV. Simultaneously, the position of IEP decreased as well in both directions of 

the titration. We can see, that in the region of basic pH, the value of ZP did not change 

that much within the titration. The 4th round of the titration had a similar pattern as the 

previous rounds, with the difference in the sudden increase of ZP at the end of titration 

in the direction to base. This indicates that the sample was affected by the titration.  

 

 

Figure 3.3: Conductivity of sample CO during titration to acid. 

 

As the titration curves flattened, IEP moved to lower pH values and the 

achieved ZP range decreased during the titration, sample CO was changed during the 

measurement. A gradual decrease of ZP around pH 3.5 during titration means that 

NPs’ sorption capacity for positive ions was reduced. However, as the ZP around pH 8 

did not change, the sorption capacity for negative ions remained more or less stable. 
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Therefore we assume, that part of the negative –OH- groups which adsorbed on the 

NPs in the basic pH was adsorbed irreversibly and blocked some adsorption sites for 

hydrogen cations even in acid pH. A decrease in IEP also agrees with this assumption, 

as according to Ref. [94] adsorption of negative ions on the Ce NPs moves IEP to 

lower pH values. Hysteresis of the titration curves shows, that sample was titrated too 

fast for the equilibrium to be reached after the pH change. Therefore, the titration 

curves are direction-dependent. 

A significant increase in conductivity at the end of the 1st round (Fig. 3.3) was 

caused probably partly by the addition of a large amount of acid, but also by the 

desorption of ions from the NPs’ surface due to passing the IEP. This increase was 

followed by a substantial decrease during the first half of the titration to base of the 2nd 

round, so the ions from the solution were adsorbed back on the NPs’ surface. Such a 

major peak in conductivity was not expected during the titration and was a sign of 

some important process. When pH changed from pH 7.0 to pH 3.0, the size of the NPs 

clusters increased from 500 nm to 1200 nm, which could have decreased the number 

of adsorption sites. After a few minutes, the clusters’ size decreased back to 

approximately 550 nm while ZP increased from 20 to 35 mV and conductivity 

increased from 0.6 to 0.9 mS/cm. It seems, that at pH 3 big NPs clusters partially 

decomposed, by which new adsorption positions were revealed and subsequently 

occupied by hydrogen cations increasing ZP. 

 

3.1.2.1.2. Titration to base 

 

 In Fig. 3.4 results of titration to base of sample CO are displayed. Titration 

curves of sample CO in the 0th and 1st round show no hysteresis, while ZP changed 

almost negligibly in the measured pH range, just between -60 to -40 mV. In the 2nd 

round, ZP at pH 4 was slightly higher, reaching a value of -30 mV. ZP at pH 9 

remained around -60 mV. The titration curve of the 2nd round in the direction to acid 

was shifted even a bit higher, approximately about 15 mV, compared to the previous 

one in the direction to base, creating small hysteresis. This shift was probably caused 

by the stay of NPs in an acidic environment for more than 15 hours due to the night 

break during the experiment. When we look at the measured average size of the 

clusters, at the beginning of the titration we started with 1000 nm, but during the 

measurement the size gradually decreased down to 330 nm at the end of the direction 
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to acid of the 2nd round. During the night break, bigger clusters with around 660 nm in 

diameter were created. However, during the titration in the direction to base in the 2nd 

round size decreased back to 380 nm. 

 

 

Figure 3.4: Titration to base of sample CO. Titration curves of the 0th and 1st round 

(left), and 2nd round (right). 

 

 

Figure 3.5: Conductivity of sample CO during titration to base. 

 

The conductivity of the sample CO during titration to base shown in Fig. 3.5 

was increasing almost linearly. A major increase at the end of titration in the direction 

to acid of the 2nd round corresponds to the interruption of the measurement during the 

night, as this titration needed to be performed half-manually. In the graph of 

conductivity, we can also see very subtle “waves” – a decrease of conductivity at the 
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point of reversal of direction of titration, after which the conductivity increase 

continued. This effect is due to the partial neutralisation of ions of one type in the 

solution by ions with the opposite charge desorbed from the NPs at this point. 

Since in the 1st round the titration curves overlapped very well (Fig. 3.4, left), 

titration did not cause any change in the behaviour of sample CO. However, in the 2nd 

round, the ZP range increased compared to the 1st round and a hysteresis emerged. 

From this follows, that more H+ were adsorbed on the NPs’ surface, so the sorption 

capacity for positive ions had increased. This increase was probably connected to the 

higher accessible surface area of NPs, which was revealed by breaking the big NPs 

clusters into the smaller ones during the titration, as follows from the size 

measurements. When the sample was left at pH 4.3 overnight, the NPs had more time 

to reach equilibrium. It seems, that part of the hydrogen cations from the solution 

adsorbed on the NPs, resulting in the increase of ZP and decrease of pH. A significant 

increase in the conductivity during the night was probably caused by the desorption of 

negative ions from NPs to the solution. At the same time, the size of the clusters 

increased, therefore probably more ions were released due to lowering the number of 

adsorption positions on the NPs clusters’ surface. 

 

3.1.2.1.3. Comparison of CO titrations to acid and to base 

 

 When we compare titration curves of sample CO from titrations to acid and to 

base, we can see they differ in the range of ZP and behaviour during the titration. While 

in the 1st round in the titration to acid ZP ranged from 40 to -40 mV (Fig. 3.2, top left), 

which agrees with the ZP range in the Ce NPs’ titration curve in Ref. [94], in the 

titration to base the range of ZP was between -40 to -60 mV (Fig. 3.4, left). Hysteresis 

was present in all rounds of the titration to acid and the curves were flattening during 

the measurement. However, there was no hysteresis in the 1st round of titration to base 

and the curves were quite flat but in the 2nd round, hysteresis emerged together with 

an increase of ZP range to -25 to -60 mV. As was discussed above, adsorption capacity 

for positive ions decreased during the titration to acid, but increased during titration to 

base. This opposing behaviour can have several reasons.  

One possible cause of dissimilarities can be different starting directions. 

However, what has the bigger influence on the changes in surface chemistry is going 

over the IEP point. We saw, that in titration to acid sample crossed IEP in every 
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titration round, unlike in titration to base, when the IEP was never reached. When the 

sample did not go over the IEP, no major change in surface polarity happened. 

Therefore, the sample in titration to base was modified more slowly than in the titration 

to acid. Also, these two titrations were performed with a year time gap between them 

and during this time original CO solution could have undergone some change. This 

seems to be the case, as already the starting point of the 0th round had different ZP in 

each measurement (31 mV and -43 mV in to acid and to base titration, respectively), 

although the starting pH was around 4.1 in both cases. 

 Another difference between the two titrations is, that in the titration curves of 

titration to base we do not see abrupt jumps in pH as in the case of titration to acid. 

However, this is only due to performing the titration to base half-manually, so that pH 

was adjusted more carefully. A common feature of both titrations is quite similar 

negative ZP value at pH 9, around -50 mV, which means the sample CO has quite 

good colloid stability at this pH. Additionally, this characteristic seems to also be 

stable in time, at least within the 21 hours of titration. 

 

3.1.2.2. Sample CH 

 

3.1.2.2.1. Titration to acid I 

 

 Results of the 1st titration to acid of sample CH are shown in Fig. 3.6. Several 

data points around pH 4.4 at the beginning of the 1st round show extensive buffering 

of the sample when we tried to increase pH 4.2 by about 1 pH unit. Titration was 

stopped and restarted twice due to buffering, and at each start, one data point was 

measured. Then, finally, a sufficient amount of base solution was added to the sample 

to overcome buffering. Required excessive addition of titrant is reflected also in the 

conductivity function in Fig. 3.7 as a steep increase. However, when pH finally moved, 

it suddenly jumped from pH 4.5 to pH 9.5, by which the upper threshold value was 

already reached. Another buffering occurred at pH 6.3 in the direction to acid of the 

1st round. At this pH buffering is expected, as histidine has the strongest buffering 

properties in the pH range of 5.5 to 7.4 [95]. During transition via IEP, negative ions 

adsorbed on the NPs’ surface were released into the solution, which, together with the 

addition of acid, led to a significant increase in conductivity (Fig. 3.7).  
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Due to hysteresis in the 1st round, the position of the IEP in the direction to 

base (pH 6.9) and to acid (pH 5.2) differed considerably. In the 2nd round buffering 

occurred around pH 6, where histidine had the strongest buffering effect, and also 

where the IEP was crossed. As follows from Fig. 3.6, ZP reached values from 50 mV 

at pH 4 to -55 mV at pH 9. This range was more or less the same in both the 1st and 

the 2nd round. 

 The measured size of the clusters started at around 70 nm, but during the 

experiment, it gradually increased reaching 1400 nm at the end of the measurement. 

Local significant increase occurred mainly around the IEP, while in the 2nd round the 

average size reached 3000 nm. 

 

 

Figure 3.6: First titration to acid of sample CH. Titration curves of the 0th and 1st 

round (left), and the titration in the direction to base of the 2nd round (right). 

 

 

Figure 3.7: Conductivity of sample CH during the first titration to acid. 
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3.1.2.2.2. Titration to acid II 

 

 Results of the second titration to acid of sample CH are shown in Fig. 3.8. 

During this titration, buffering of the sample was not observed but it was probably due 

to careful manual adjustment of pH, where we added a sufficient amount of titration 

solutions to avoid big pH jumps. ZP ranged from 60 to -50 mV in the 1st round, but 

only from 40 to -50 mV in the 3rd round, so the insignificant flattening of the titration 

curves occurred. Minor hysteresis is present in the graphs, so the IEP values in the 

direction to base and to acid are different. However, IEP remained more or less at the 

same pH during the whole titration in both directions, with the value around 6.3 in the 

direction to base and 5.3 in the direction to acid. 

 

 

Figure 3.8: Second titration to acid of sample CH. Titration curves of the 0th and 1st 

round (upper left), 2nd round (upper right) and 3rd round (bottom). 
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 A linear increase in conductivity of the sample CH during the second titration 

to acid is displayed in Fig. 3.9. In the course of the conductivity function, we can 

observe “waves” (as in the case of titration to base of sample CO described above), 

each corresponding to the one titration part, as indicated in the caption of the x-axis. 

These are connected with releasing and capturing ions to and from the solution by NPs 

when the direction of titration changes. 

 The size of the clusters at the beginning of the titration was around 60 nm, but 

it was gradually increasing during the titration. Around every IEP size locally 

significantly increased up to 4000 nm. These big clusters partially separated when ZP 

in absolute value rose, but not back to the size before the aggregation. As this process 

was repeated several times, at the end of the measurement average size of the clusters 

was approximately 2000 nm. 

 

 

Figure 3.9: Conductivity of sample CH during the second titration to acid. 

 

3.1.2.2.3. Comparison of CH titrations to acid I and II 

 

Results of the two titrations to acid of the sample CH are in good agreement. 

The range of reached ZP values is virtually identical, between 60 and -50 mV in the 

1st round. As the border ZP values are higher than 30 mV in absolute value during both 

titrations, colloid stability of sample CH is quite high at both pH 9 and pH 4. In both 

titrations, there was a small hysteresis of the titration curves, which flattened a bit 

during the measurement. This flattening is probably connected to the increase of the 
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average clusters’ size described in detail above, caused by repeated transition via IEP. 

As the clusters merged, the number of adsorption sites on their surface decreased, 

therefore the range of achievable ZP became smaller. Despite these changes, the 

position of the IEPs did not change much during the measurements and remained 

around pH 6.2 in direction to base and around pH 5.2 in direction to acid for both to 

acid titrations. 

 

3.1.2.2.4. Titration to base 

 

 In Fig. 3.10 titration curves of sample CH during titration to base are displayed. 

Buffering of the sample was not observed during the measurement, probably because 

it was performed half-manually. The range of ZP was from 40 to -52 mV in the 1st 

round, but it was slightly lower in the 2nd round, ranging from 30 to -50 mV. There 

was a small hysteresis in the titration curves, which practically did not change between 

the 1st and 2nd round. The position of the IEP following from the titration to base (pH 

6.5 in the 0th round) was higher than from the titration to acid (pH 5.3 in the 1st round). 

However, these values gradually decreased during the measurement, as can be seen in 

Fig. 3.10. In the 2nd round, IEP in direction to base was at pH 5.6 and in direction to 

acid at pH 4.9. Conductivity was increasing quite linearly during the whole 

measurement, as shown in Fig. 3.11. We can see “waves” corresponding to the release 

of adsorbed ions from NPs’ surface to solution and subsequent adsorption of another 

type of ions at every change point of titration direction. 

   

  

Figure 3.10: Titration to base of sample CH. Titration curves of the 0th and 1st round 

(left), and the 2nd and part of the 3rd round (right). 
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Figure 3.11: Conductivity of sample CH during titration to base. 

 

 At the beginning of the titration, NPs clusters had a hydrodynamic diameter of 

only around 60 nm. However, when pH around IEP was achieved during the titration, 

clusters agglomerated to structures with a diameter up to 5000 nm. Their size 

decreased again when an absolute value of ZP increased, but the minimum size was 

gradually increasing during the measurement. The size of the clusters at the end of the 

titration was around 840 nm. 

ZP at pH 4 slightly decreased from 40 mV in the 1st round to 30 mV in the 2nd 

round (Fig. 3.10), indicating a subtle decrease in adsorption sites for positive ions 

during the titration. However, colloid stability of the sample remained high at both 

minimum and maximum measured pH, as the absolute value of ZP in both cases was 

higher than 30 mV (Fig. 3.10). The position of the IEP probably shifted to a slightly 

lower pH too, but we cannot determine this from our data, as the real IEP lies 

somewhere between the two measured IEPs in the direction to acid and to base, which 

did not change significantly enough to confirm this assumption. 

 

3.1.2.2.5. Comparison of CH titrations to acid and to base 

 

 Now we can compare titrations to acid and titration to base of sample CH. The 

range of the reached ZP values in the 1st round differs, as in titrations to acid ZP ranges 

between 60 and -50 mV in the 1st round (Fig. 3.6, left, and 3.8, top left), but in titration 

to base only between 40 to -50 mV (Fig. 3.10, top left). This range is similar to the 
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range in the 2nd and 3rd rounds of titration to acid (Fig. 3.8). Observing the graphs 

mentioned above we can notice, that the common event before the decrease of ZP to 

40 mV at pH 4 is the transition via IEP, which did not happen before the measurement 

of ZP in the 0th round of titration to acid. Therefore we assume, that the transition via 

IEP causes the decrease of the adsorption capacity of the sample CH for hydrogen 

cations, and so the direction of the titration influences the maximum ZP which can be 

reached at pH 4. This decrease in the adsorption capacity is probably a result of the 

not fully reversible agglomeration of small NPs clusters around IEP, as discussed 

above. The adsorption capacity for negative ions was not influenced, as ZP remained 

around -50 mV in all rounds of every titration. Despite the modification of NPs clusters 

by measurement, the absolute value of ZP at both pH 4 and pH 9 was sufficiently high 

to consider sample CH colloidally stable at these pH values.  

Minor hysteresis was present in every measurement and the position of IEPs 

resulting from the measured titration curves was more or less identical for titrations to 

acid and titration to base. The conductivity during this titration to base (Fig. 3.11) 

behaved practically identical to the conductivity of the second titration to acid (Fig. 

3.9). They differed from the course of conductivity in the first titration to acid 

(Fig. 3.7), because it was influenced by sample buffering as this measurement was 

performed automatically. During the titration experiments of sample CH small NPs 

clusters (about 70 nm), which were present in the sample at the beginning, 

agglomerated to bigger clusters with a minimum size bigger than 850 nm. 

 

3.1.2.3. Sample CG 

 

3.1.2.3.1. Titration to acid 

 

 Titration curves of sample CG in to acid titration are depicted in Fig. 3.12. 

There is a number of data points around pH 6 in the 1st round in the direction to base 

because when pH was changed from pH 4.4 to pH 5.8, several points were skipped, as 

the set pH step was 0.3 pH unit. Thus, they were measured afterwards without further 

addition of base to the sample. When the programme got to pH 6 where pH should 

have been increased again to pH 6.2, the pH rose significantly to pH 8.2, although not 

much base was added. Then, while skipped points were being measured, pH of the 

sample was gradually decreasing, slowly reaching equilibrium around pH 6.6. Then 
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this process was repeated several times, creating a lot of data points around pH 8.5. 

The sample was buffering, but it took several minutes to compensate for ions from 

NaOH added to the solution. The final pH of 9.5 was difficult to reach, even with the 

addition of a large amount of base, as the sample was able to compensate for it. This 

is the expected behaviour of glycine-covered NPs, as glycine is commonly used as a 

buffer solution and it is the most effective in a range from pH 8.2 to pH 10.6. Glycine 

exhibits buffering properties also at the pH ranging from 2.2 to 3.6 [95], as in the case 

of amino acids these ranges lie around its pK values. The extensive addition of base at 

the end of the direction to base of the 1st round was also reflected in the corresponding 

part of sample conductivity in Fig. 3.13 as a significant increase. 

 

 

Figure 3.12: Titration to acid of sample CG. Titration curves of the 0th and 1st round 

(left), and partly of the 2nd round (right). 

 

 The first two data points in the direction to acid of the 1st round were measured 

without the addition of acid, as the pH of the sample was slowly decreasing naturally. 

Then sample CG buffered again when we wanted to adjust the pH of the sample from 

9.1 to 7.9. Several skipped points around pH 7.6 were then measured without adding 

titrant. An excessive amount of acid was then added to decrease pH from 7 to 6.5, 

however, the sample was buffering and therefore titration was stopped. After restarting 

the titration, several data points were measured, but then the sample continued 

buffering, so the titration was stopped again. Then the situation was repeated one more 

time. After another restart, the value of pH was suddenly 3.9 (beginning of the 2nd 

round), which got out of the selected pH range (down to pH 4). Simultaneously, the 

conductivity of the solution rose rapidly (Fig. 3.13), as negative ions desorbed from 
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the NPs’ surface into the solution due to transition via IEP. Therefore, the base was 

added to get pH back into the desired pH range and then titration in the direction to 

base continued. During the 2nd round sudden jumps of pH and subsequent 

measurement of skipped points due to buffering happened several times, similarly to 

the 1st round. Also, an extensive amount of base was needed to increase pH at the end 

of the direction to base from pH 8.6 to pH 8.8. Again, the addition of that much base 

caused a substantial increase in conductivity, as shown in Fig. 3.13. 

 

 

Figure 3.13: Conductivity of sample CG during titration to acid. 

 

 As the titration curves did not reach zero ZP in the direction to acid, we can 

determine the IEP only from direction to base. In the 1st round, IEP was at pH 5.6, 

while in the 2nd round at pH 4.7, which is significantly lower. At the beginning of the 

titration, NPs clusters had around 2500 nm in size. During the titration this size was 

changing – around the IEP increased up to 2800 nm, but in more extreme ZP size of 

the clusters generally decreased. At the end of the titration average cluster size was 

around 500 nm.  

 From the titration curves follows, the ZP was ranging from 30 to -50 mV in the 

1st round (Fig. 3.12, left), but only from 6 to -50 mV in the 2nd round. Therefore, the 

adsorption capacity of glycine-covered Ce NPs for protons decreased during the 

titration. We assume that negative ions could have adsorbed on NPs partially 

irreversibly, resulting in the decrease of the free adsorption sites for cations. The 
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presence of negative ions on NPs can also cause a lowering of IEP according to Ref. 

[94], as we observed in this titration. However, ZP at pH 9.5 remained the same, so 

the sorption capacity for negative ions was not changed by the titration. Moreover, ZP 

around -50 mV means the sample has good colloid stability around pH 9 and this 

characteristic does not change with time. 

 

3.1.2.3.2. Titration to base 

 

 In Fig. 3.14 titration curves of sample CG in titration to base are shown. In the 

direction to acid of the 1st round, the sample started to buffer when a change from 

pH 8.1 to pH 7.4 should have been performed. Another buffering occurred at the 

beginning of direction to base in the 1st round. Small amounts of the base were 

ineffective, therefore larger amount was added causing a sudden increase to pH 9.0. 

After several minutes, pH decreased as added ions were gradually compensated. For 

further increase of pH, a relatively large amount of the base was needed, from which 

follows, that the adsorption capacity of sample CG for negative ions is quite high. In 

the 2nd round in to acid direction buffering occurred again at pH 6.4. Conductivity was 

increasing more or less linearly during the whole titration experiment, as shown in 

Fig. 3.15. 

 

 

Figure 3.14: Titration to base of sample CG. Titration curves of the 0th and 1st round 

(left), and 2nd round (right). 

 

 Between the titration curve of the 0th round and the curve of the 1st round to 

acid is a hysteresis for the pH below 7.5. We can see similar hysteresis also in the 2nd 
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round. IEP in direction to acid is at pH 4.7 in the 1st round, but below pH 4.4 in the 2nd 

round. The size of the clusters was around 2900 nm at the beginning of the titration 

but varied during the measurement. Around the IEP cluster size reached up to 

5000 nm, but when ZP was about -50 mV, size decreased down to 600 nm. At the end 

of the titration, clusters were about 1400 nm in diameter. 

 

 

Figure 3.15: Conductivity of sample CG during titration to base. 

 

 In the 1st titration round, ZP ranged between 20 to -50 mV, but in the 2nd round 

only between 3 to -50 mV. Adsorption capacity for positive ions thus decreased during 

titration but remained the same for negative ions. ZP at pH 9.5 was in both rounds at 

approximately -50 mV, meaning good colloid stability. 

 

3.1.2.3.3. Comparison of CG titration to acid and to base 

 

 When we compare the ZP range in the 1st round, in titration to acid ZP ranged 

from 30 to -50 mV, but in titration to base it was a bit smaller, ranging only from 20 

to -50 mV. In the 2nd round, the difference disappeared, as the ZP range in both 

titrations was between 5 to -50 mV. It seems, that the decrease in the adsorption 

capacity for positive ions is connected to transition via IEP or to reaching such a 

negative ZP in basic pH. One explanation is, that at basic pH negative ions adsorbed 

on the NPs’ surface irreversibly and blocked part of the adsorption sites for positive 

ions. This is supported also by the lowering of IEP during the titration. Another reason 
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could be the spatial deformation of glycine molecules during the measurement. It is 

also possible, that when big clusters were created in the vicinity of IEP, NPs were 

somehow reorganized, resulting in the change described above. 

 

3.1.2.4. Comparison of samples CO, CH and CG 

 

Now we can compare the results of titrations within the samples CO, CH and 

CG. ZP range in to acid titration in the 0th and 1st round was 40 to -50 mV for sample 

CO (Fig. 3.2), 60 to -50 mV for sample CH (Fig. 3.6) and 30 to -50 mV for sample 

CG (Fig. 3.12). In the 0th and 1st round of titration to base, ZP ranged from -40 

to -60 mV for sample CO (Fig. 3.4), from 40 to -50 mV for sample CH (Fig. 3.10) and 

from 20 to -50 mV for sample CG (Fig. 3.14). As the absolute value of ZP reflects the 

number of ions adsorbed on the NPs’ surface, samples differ in adsorption capacity for 

positive ions, but the adsorption capacity for negative ions is more or less the same. 

This finding confirms, that molecular surface modification of Ce NPs influences the 

adsorption capacity of the sample. As all the samples have a high absolute value of ZP 

in basic pH (-50 mV around pH 9), they are colloidally stable in this environment and 

this stability lasts at least during the whole titration. For most of the samples ZP range 

during titration decreases at acid pH. As discussed above, a decrease in adsorption 

capacity for positive ions depends on the titration direction, mainly on the event of 

crossing the IEP and reaching minimum ZP in basic pH. We assume, that when basic 

pH is reached, negative ions adsorb on the NPs’ surface, but part of them do not desorb 

when ZP becomes positive and remains there blocking adsorption sites for positive 

ions, resulting in the decrease of maximum reached ZP. The only exceptional 

behaviour was observed in titration to base of sample CO, which probably had been 

changed before the measurement itself as it already has different starting properties 

from the other samples, as discussed in the corresponding Subchapter. Therefore, we 

will not further compare the results of this titration with the others. 

Our assumption about blocking adsorption sites is supported also by shifting 

of the IEP of the samples to lower pH during the titrations of most of the samples. As 

hysteresis is present in every titration (except CO titration to base in the 1st round), 

there are always two IEPs – one from the direction to base and one from the direction 

to acid. In every case, in the majority of the titrations both IEPs decrease, which 

according to Ref. [94] can be caused by strongly adsorbed negative ions on the NPs. 
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During the titrations, size of the NPs clusters in the terms of their 

hydrodynamic diameter was changing due to significant changes in ZP values. In 

general, cluster size always increased when titration approached IEP. When the 

extreme ZP values were reached, clusters’ size decreased. In sample CH we observed 

that small NPs clusters (up to 70 nm), which were present in the sample at the 

beginning, agglomerated due to titrations to bigger clusters at least 850 nm in size. Big 

clusters present in the sample CG at the beginning (above 2500 nm) became smaller 

after the titration (above 500 nm in extreme pH). The minimum cluster size around 

pH 9 in sample CO was approximately 300 nm. Therefore we can conclude that 

titration increases the minimum size of the clusters of sample CH and decreases it in 

sample CG. From the starting values of clusters’ sizes of each sample we suppose, that 

presence of histidine molecules on the Ce NPs surface decreases cluster size, while on 

the other hand presence of glycine molecules increases it. Different cluster sizes can 

be connected to the different adsorption capacities of each sample, as bigger clusters 

have smaller surface-to-volume ratio. 

Due to the substantial buffering of samples CH and CG, some of their titrations 

had to be performed half-manually. This behaviour was not surprising, because 

buffering properties of glycine and histidine in certain pH ranges are widely known. 

However, sample CO in the titration to acid buffered too, even without the presence 

of any amino acid on the Ce NPs surface. Therefore it seems, that also the pure Ce NPs 

have some buffering properties. 

 

3.2. Atomic force microscopy 

 

 From the AFM images of samples with neutral pH follows, that at this pH both 

bare and functionalized NPs tend to agglomerate. The size of the clusters depends on 

the preparation procedure of a particular sample. As we can see in the left part of 

Fig. 3.16, in the liquid part of the sedimented NPs solution there are only the smallest 

NPs clusters. When the solution is agitated, the bigger clusters get into the upper part 

of the solution, from which the sample was taken. When sonication is applied, even 

larger clusters appear in the image (Fig. 3.17). This happens because sonication breaks 

up clusters into smaller parts. These observed clusters are fragments of even larger  
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Figure 3.16: In the left part example of AFM 1010 μm images of samples COw 

(top), CO (middle) and COs (bottom) at neutral pH prepared by different procedures 

and in the right part size distributions corresponding to each sample. 
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Figure 3.17: Representative example of AFM images of the sample COs (top left), 

CHs (top right) and CGs (bottom) in a neutral environment. 

 

clusters, which accumulate on the dried drop border and therefore are not present in 

the measured region. 

These findings are confirmed by size distributions of measured NPs clusters 

smaller than 100 nm (Fig. 3.16, right). For the comparison of the influence of different 

preparation procedures, only bare Ce NPs could be used. From the functionalized Ce 

NPs, images of samples CGw and CH only could have been successfully acquired as 

the remaining samples CG, CGs and CHs contained mainly large clusters accumulated 

at the dried drop border on mica. Therefore, for these samples, we were not able to 

acquire images and perform a statistical analysis of the clusters’ size. In order to 

estimate the mean height of large clusters, their height profiles were measured in the 

AFM image of the sample CHs. By fitting the measured height distribution using 
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Gaussian fit, it was found that the mean height of the measured clusters is 30 ± 26 nm, 

where FWHM is taken as a deviation. Having a closer look at the size distribution of 

the smallest particles in the sample CGw (Fig. 3.18), we can distinguish two peaks at 

1.3 and 2.2 nm, which indicate the presence of two phases in the sample, i.e. two types 

of NPs of different size. 

 

 

Figure 3.18: Detailed size distribution of the NPs clusters of the sample CGw smaller 

than 10 nm. 

 

In the next step of the study, we utilized findings from DLS and adjusted the 

pH of the NPs’ colloid solutions to the values where the solutions have higher colloid 

stability. One sample with acidic (pH around 4.8) and one with basic pH (around 8.8) 

were measured for each type of NPs (CO, CG, CH). Their AFM images are shown in 

Fig. 3.19. As we can see, by changing the pH we were able to break up NPs clusters 

into smaller fragments. We obtained clusters of sizes suitable for AFM measurements 

even from solutions CG and CH, which were impossible to measure in neutral pH. 

Images of the sample CO with pH 8.8 and CG with pH 8.9 were further processed to 

obtain size distributions of the clusters below 100 nm. These distributions are very 

similar with a centre height of 9.8 nm for CO NPs and 11.9 nm for CG NPs. Compared 

to the size distribution of sample COs with neutral pH, bare NPs clusters in basic pH 

have narrower distribution with the majority of the clusters smaller than 20 nm 

(Fig. 3.20). 
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Figure 3.19: AFM images of sample CO with pH 4.8 (top left) and 8.8 (top right), 

sample CH with pH 4.8 (bottom left) and 8.5 (bottom right), and sample CG with pH 

4.8 (middle left) and 8.9 (middle right). 
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Figure 3.20: Size distributions of sample COs measured at neutral pH (left) and 

pH 8.8 (right). 

 

Sample CH with pH 8.5 was prepared with a higher concentration of NPs, 

therefore we observed the creation of a layer as it is shown in Fig. 3.19 bottom right. 

NPs in this layer seem to be dispersed more or less uniformly creating an incomplete 

monolayer (Fig. 3.21). It is a confirmation of our hypothesis, that by adjusting the pH 

of the NPs colloid solution formation of a uniform layer can be achieved. This 

knowledge can be utilized in the preparation of samples for synchrotron measurements 

of semiconducting NPs. After a few days under room conditions, the same region of 

the same sample was measured again in order to assess changes. It was found that the 

layer becomes less uniform as NPs slowly assemble. Therefore, it is essential to 

measure the drop-casted NPs layer shortly after preparation to utilize its uniformity. 

 In the images of samples CO and CG in basic pH, we can see straight oblique 

lines, which are more or less parallel. Most of these lines have a cluster on their end. 

As the AFM tip is scanning from the bottom right corner horizontally, these lines 

correspond to the NPs’ clusters which are shifted by the tip every time they get into 

contact. This phenomenon is observed when clusters are weakly bonded to the 

substrate and therefore force from the tip is strong enough to overcome this bonding. 
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Figure 3.21: AFM image 2020 µm of sample CH with pH 8.5 in the view from 

above (left) and side view (right). 

 

3.3. Photoelectron spectroscopies 

 

 We measured nine differently prepared samples: bare (CO), histidine-

functionalized (CH) and glycine-functionalized (CG) Ce NPs, each at acid, neutral and 

basic pH. Details about their preparation procedure are described in Subchapter 2.4.3. 

By XPS we checked the wide scan spectrum (example in Fig. 2.9) of each 

sample measured using the laboratory X-ray source. Contributions from carbon, 

oxygen and cerium were present in every spectrum. When the pH of the sample was 

adjusted by HCl or NaOH, we could also observe the traces from chlorine or sodium 

(not shown in the thesis), respectively. There was no other significant contamination 

noticeable in the XPS spectra. 

We analysed the chosen core level spectra as described in Subchapter 2.3.4. 

SRPES C 1s core level spectra measured with photon energy 410 eV are shown in 

Fig. 3.22, left. In general, the carbon intensity in the spectra is attenuated compared to 

the signal from the clean GC substrate, that reflects the presence of the NPs film on 

the substrate. A dominant peak around 284.5 eV arises mainly from the GC substrate. 

Histidine or glycine carbon atoms except the one in the carboxyl group contribute to 

the high BE part of this peak at about 286 eV [63, 64]. The lower C 1s component at 

binding energy 289.0 eV arises from the carboxylate carbon atom in the molecules (in 

case of functionalized Ce NPs) and from the contamination by organic acids in ambient 

conditions. This peak is the most pronounced in the samples CO and CG at pH 6.7. As 

the molecular signal expected at 286 eV is not well defined, the BE difference between 

the two components of the C 1s peak from histidine and glycine functionalized NPs 
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cannot be analysed. There is also the Ce 4s peak around the BE of 289.7 eV. However, 

the photoionization cross section for Ce 4s peak measured with photon energy 410 eV 

is 0.13, while this value for C 1s core level under the same conditions is 0.44 [96]. 

Moreover, Ce 4s signal is attenuated by the adlayers of biomolecules or organic 

impurities. Thus, we do not expect to observe major Ce 4s contribution in the measured 

C 1s spectrum.  

 

Figure 3.22: SRPES C 1s and O 1s core level spectra of the samples CO (top), CH 

(middle) and CG (bottom). 
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SRPES O 1s core level spectra measured with photon energy 630 eV are shown 

in Fig. 3.22, right. Peak at the BE of 529.7 eV arises from the lattice oxygen, i.e. 

oxygen atoms of the cerium oxide crystal lattice. The signal at higher BE, the band 

between 530.5 and 533.5 eV, indicates presence of adsorbed –OH- groups and H2O on 

the surface. The carboxylate oxygen atoms of histidine or glycine contribute to this 

feature as well. The highest intensity of the signal from –OH- (H2O) groups is observed 

for the samples with basic pH, as expected in the basic environments with high 

concentration of the –OH- groups. These findings are in line with the irreversible 

adsorption of –OH- ions on Ce NPs at basic pH observed during titration experiments 

(Subchapter 3.1.2.4). 

High intensity in the –OH- (H2O) region of O 1s was observed also for the 

sample CH at pH 4.8 but with slightly different shape. Under assumption that the 

typical BE of the –OH- and H2O species is about 531 and 532.5 eV, respectively, the 

H2O component is higher compared to –OH- signal for sample CH. Moreover, their 

ratio, i.e. H2O to –OH- signals, is highest with respect to samples (CO, CH and CG) at 

basic pH. It can be elaborated in the following way. The positive charge of CH NPs at 

pH 4.8, with all tree nitrogen atoms protonated (see Fig. 3.24 and text below), strongly 

attracts the –OH- groups in the solution forming adsorbed water molecules, which 

remained on the surface after drying of the CH drop on the GC surface. Interestingly, 

the effect is more pronounce for sample CH in comparison to CO and CG systems at 

acidic pH. We tentatively link this discrepancy to the higher number of protonated 

nitrogen atoms in histidine (3 N atom) respect to glycine (1 N atom) or clean NPs at 

acidic pH, which efficiently attract the –OH- groups to the NPs surface.  

In order to determine stoichiometry of the cerium oxide of measured NPs, XPS 

Ce 3d and SRPES Ce 4d core level spectra were acquired (Fig. 3.23). The Ce 3d core 

level was measured using Al K-α line with photon energy 1486.6 eV and for the 

measurement of the Ce 4d spectrum, synchrotron radiation with the photon energy 

410 eV was used. Ce 3d spectrum was measured using Al K-α line with photon energy 

1486.6 eV and for the measurement of Ce 4d spectrum, synchrotron radiation with 

photon energy 410 eV was used. Due to the significant difference in the energy of the 

photon beam, kinetic energies and therefore also the IMFPs of the ejected 

photoelectrons differ too. According to the software QUASES-IMFP-TPP2M [97], 

IMFP of the photoelectrons contributing to the Ce 3d core level is approximately 

11.7 Å, while in case of the Ce 4d spectrum it is just around 7.4 Å. Therefore, the  
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Figure 3.23: XPS Ce 3d and SRPES Ce 4d core level spectra of the samples CO 

(top), CH (middle) and CG (bottom). 

 

Ce 4d signal gives us more surface-sensitive information, while the information depth 

of the Ce 3d spectrum is significantly higher. 

 Base on the shape of Ce 3d core level spectra (Fig. 3.23, left), the cerium oxide 

is mainly in the form of CeO2, as expected. The most distinct contribution of Ce3+ 

states in the valley at 886 eV (indicated in Fig. 2.7, left) is minor for all spectra. Shape 

of Ce 4d spectra (Fig. 3.23, right) confirms this finding also for the surface region of 
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the NPs, as there is no significant contribution of Ce3+ features either (according to 

Fig. 2.7, right). Only the shape of the Ce 4d spectrum of the sample CO at pH 8.7 

slightly differs from the others, which can be caused by the remaining minor charging 

effect, which smears the sharp photoemission features. Although we were not able to 

determine stoichiometry from the Ce 4d spectra, we could utilize Ce 3d spectra for this 

purpose. We applied fits (shown in Fig 2.7, left) on each spectrum and from the areas 

corresponding to Ce4+ and Ce3+ contributions calculated the ratio of CeO2 and Ce2O3 

in the NPs. The averaged stoichiometry of the cerium oxide film was found to be 

CeO1.95 for all the samples. 

 Another way to determine the ratio of Ce3+ and Ce4+ states on the surface of 

the NPs is to use RER calculated from the Ce VB spectra, as described in Subchapter 

2.3.2. This technique is even more surface-sensitive than SRPES itself, providing 

information from just the few top-surface layers. The Ce NPs valence band spectra 

were measured several times during the PES and NEXAFS experiments. However, in 

this thesis we show only three RER values for each sample: RER0 at the beginning of 

the PES acquisition, RER1 measured after the all SRPES spectra and RER2 after the 

NEXAFS spectra were obtained. These values are shown in Table 3.2. together with 

corresponding approximate time of irradiation of the sample. We also normalized these 

values to the RER0 value of each sample for easier comparison within the samples 

(Table 3.3).  

 

Sample pH RER0 RER1 t1 [h] RER2 t2 [h] 

CO 

4.9 0.56 0.81 1 0.98 3 

6.7 1.01 1.21 1 1.33 3 

8.7 0.95 0.94 1 0.99 3 

CH 

4.8 0.93 0.97 1 1.33 3 

6.7 0.66 0.74 1 0.86 3 

8.7 0.69 0.86 1 0.95 3 

CG 

4.3 0.66 1.00 2 1.19 4 

6.7 0.85 1.03 1 1.17 7 

8.9 0.88 1.01 2 1.06 3 

Table 3.2: Determined RER values for all samples. RER0 is the value measured at 

the beginning of the PES acquisition, RER1 is measured at the end of the first SRPES 

series and RER2 is determined from the spectra measured after the NEXAFS. 
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Sample pH nRER0 nRER1 t1 [h] nRER2 t2 [h] 

CO 

4.9 1.00 1.45 1 1.75 3 

6.7 1.00 1.20 1 1.32 3 

8.7 1.00 1.00 1 1.04 3 

CH 

4.8 1.00 1.04 1 1.43 3 

6.7 1.00 1.12 1 1.30 3 

8.7 1.00 1.25 1 1.38 3 

CG 

4.3 1.00 1.51 2 1.80 4 

6.7 1.00 1.21 1 1.38 7 

8.9 1.00 1.15 2 1.20 3 

Table 3.3: Determined RER values for all samples normalized to RER value 

measured at the beginning of the PES measurements (RER0 in Table 3.2). 

 

From the Tables 3.2 and 3.3 follows, that the samples are reduced by the X-ray 

beam in a vacuum, as the RER increases with the time of exposure to radiation. As 

explained in Subchapter 2.3.2, higher RER value means higher Ce3+ to Ce4+ states 

ratio. This agrees with the findings following from Ce 3d spectra, which were also 

showing reduction of CeO2 with the irradiation time but with much lower extent (not 

shown in the thesis). From the obtained RPES data, we cannot deduce any clear 

dependence of the surface reduction as a function of pH value or surface 

functionalization. Further research is needed to be able to draw any conclusions. For 

now, it seems that the degree of reduction depends strongly on the chosen spot. 

 Then we analysed the SRPES N 1s spectra, which provide the most valuable 

information about bonding of histidine and glycine molecules to the NPs surface. 

However, these spectra were very difficult to measure. We did not observe any 

nitrogen contribution even when we were quite sure there is N present in the sample. 

We found out, that our samples were differentially charged, so that the charges on Ce 

NPs and on the molecules bound to them were not the same. Therefore, even when we 

found a spot when the charging was not present on Ce NPs (according to the shape of 

Ce valance band spectra), there could still be charge on the molecules causing the 

dissipation of the nitrogen peak. It was very difficult and sometimes impossible to find 

a suitable spot on the sample, where both Ce NPs and molecules were not charged. 

This indicates, that even though the bond between the molecules and Ce NPs surface 
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is quite strong, it is not sufficient for conducting the charge away from molecules. The 

best SRPES N 1s core level spectra of samples CH and CG at different pH are shown 

in Fig. 3.24.  

Apart from the nine samples, whose SRPES spectra were presented above, 

there is also a spectrum of sample CH with pH 6.7 marked with year 2020. This is the 

only measured spectrum of CH sample at neutral pH yet in which N 1s peak is 

distinguishable. In this case we were lucky to find the right spot without the differential 

charging. Unfortunately, we were not able to measure the N 1s peak at neutral pH of 

samples CH and CG (see Fig. 3.24). As we had problems with the measurement of 

neutral samples, we utilized results of the DLS and AFM measurements and changed 

pH of the samples to basic (around pH 8.5) and acid values (around pH 4.5). At these 

pH values we expected the higher absolute value of ZP and therefore better dispersion 

of the NPs in solution. As shown in Subchapter 3.2, this leads to the creation of more 

uniform NPs layers, which would conduct the charge better and thus eliminate the 

differential charging. This method proved to be helpful for sample CH (at pH 8.7 and 

4.8) and also for sample CG at pH 8.9 (see Fig. 3.24). In these cases, we found the spot 

without charging on Ce NPs quite easily (this applies also for sample CO at basic and 

acidic pH), in which even the charging on molecules was insignificant. However, 

change of the pH of sample CG to pH 4.3 did not help to measure the N 1s peak, but 

at least helped to better conduction of charge away from the cerium oxide surface. It 

can be noticed, that the spectra in which the N 1s peak is clearly visible correspond to 

O 1s spectra with the higher signal from –OH- groups (Fig. 3.22, right). We can 

conclude that adsorbed –OH- groups in the Ce NPs system improve the local 

conductivity of the films used for photoemission experiments.  

We analysed and fitted the measured N 1s peaks, as shown in Fig. 3.24. In the 

N 1s spectrum for the sample CH at pH 6.7 2020, the feature A at 400.4 eV 

corresponds to amino nitrogen of the IM ring (marked N2 in Fig. 1.2) and the feature 

B at 399.1 eV to imino nitrogen of the IM ring (marked N3) and α-amino nitrogen 

(marked N1) engaged in hydrogen bonding with the surface or other molecule [42]. 

The intensity ratio of components A to B is about 3 to 4, in good accordance with the 

published data on the histidine adlayer on polycrystalline CeO2 films, where the strong 

bonding of the molecular adlayer to the oxide surface was observed exclusively via 

the carboxylate group. The feature A is shifted to slightly lower BE for the sample CH 

at pH 8.7, which indicates alternation in chemical environment of the amino N atoms  
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Figure 3.24: SRPES N 1s core level spectra of the samples CH (top) and CG 

(bottom). 

 

of the molecule. Also, the relative intensity of the component A is higher compared to 

the peak B with corresponding A to B ratio as 7 to 4. Thus, environment enriched by 

−OH- alternates the intermolecular hydrogen bonding and in this case amino nitrogen 

atoms (marked N1 and N2) contributes more to the component A. This observation 

indirectly confirms the fact that amino nitrogen atoms are not involved in bonding to 

the Ce NP at pH 8.7, which is the same scenario as for pH 6.7. Moreover, the 

component B in N 1s confirms the presence of the imino nitrogen in the imidazole 

ring, in agreement with the expected ionic forms of histidine shown in Fig. 1.3 and 

Table 1.1. In the spectrum of the sample CH at pH 4.8, feature B is missing. It 
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indicates, that all nitrogen atoms of histidine are protonated, which leads to the shift 

of the corresponding peak to the same energy as of the amino nitrogens’ component 

A. It is worth to note that in the proton-rich environment the formation of hydrogen 

intermolecular network is suppressed due to the low relative concentration of the –OH- 

groups in the solution, which in line with the absence of the component B in N 1s for 

pH 4.8. This explanation agrees also with the expected protonated form of the histidine 

molecule at pH 4.8, as shown in Fig. 1.3 and Table 1.1. We can conclude that the 

nitrogen atoms of the histidine molecule directly reflect the change of the relative 

concentration of H+ and −OH- ions in the solution, which is a sign of missing or very 

weak interaction with the surface of Ce NPs.  

The only N 1s spectrum for the Ce NPs functionalized by glycine is visible at 

pH 8.9. Thus, we were able to acquire the N 1s core level by changing pH to 8.9, which 

confirms first of all the presence of the molecule on the surface of NPs. The single 

component peak C in N 1s corresponds to the amino nitrogen atom of glycine. The 

comparison with the data on closely related system (glycine adlayers on 

polycrystalline CeO2) [64] allow us to suppose that the nitrogen of glycine is 

protonated and this group is not in strong bonding with the surface. 

 

3.4. Near edge X-ray absorption fine structure spectroscopy 

 

The NEXAFS Ce M4,5-edge spectra of the measured samples are shown in 

Fig. 3.25, left. Features marked with F and G correspond to signal from Ce3+ and Ce4+ 

states, respectively. Subindices 1 and 2 denote characteristic features for Ce M5-edge 

(3d3/2 → 4f5/2 transition) and Ce M4-edge (3d5/2 → 4f7/2 transition), respectively [98]. 

Position of the features is more or less identical in all the spectra. Shape of the spectra 

corresponds well with the previous studies and confirms that Ce NPs are mainly in the 

form of CeO2 with a minor presence of Ce2O3 phase, which is in good agreement with 

the CeO1.95 film stoichiometry estimated by analysis of the Ce 3d core level.  

The NEXAFS O K-edge spectra are shown in the right part of Fig. 3.25. 

Features marked K, L and M around photon energies 530, 533 and 537 eV correspond 

to π* resonances typical for CeO2. The feature K arises from excitation of the O 1s 

electron to hybridized Ce 4f0−O 2p lowest unoccupied states. Features L and M are 

assigned to excitation of the O 1s electron to hybridized Ce 5d−O 2p levels, which are  
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Figure 3.25: NEXAFS Ce M4,5-edge and O K-edge spectra of the samples CO (top), 

CH (middle) and CG (bottom). 

 

split into two distinctive features due to the crystal field effect [81]. A broad peak 

around photon energy 544 eV marked as N correspond to 1s → σ* resonances. We can 

see, that the shape and intensity of the oxygen absorption spectra are almost identical 

among all samples, confirming 1) the bulk origin of the signal, i.e. from Ce NPs, and 
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2) expected unresolved features from the molecular adlayers on Ce NPs mainly due to 

the low coverage.  

The NEXAFS C K-edge spectra were acquired but they are very complex due 

to 1) the use of glassy carbon as a substrate and 2) the presence of possible 

advantageous carbon in result of sample preparation under ambient conditions. 

Therefore, we did not analyse them as the information they provide for characterisation 

of molecular bonding to the Ce NPs surface is not reliable. 

 The NEXAFS N K-edge spectra are shown only for samples CH and CG, where 

the presence of the nitrogen signal from amino acids is expected (Fig. 3.26). Spectrum 

of the sample CH at pH 6.7, 2020 is also shown (corresponding to the N 1s spectra 

from CH pH 6.7, 2020) as an example of the successful data acquisition. The shape of 

the N K-edge absorption spectra directly points to the systems where the partial 

charging occurred: CH at pH 6.7 and CG at pH 6.7 and 4.3, the systems for which N 1s 

data was impossible to acquire. Other spectra were considered of good quality as the 

typical regions of π* and σ* resonances were easily distinguishable. Features marked 

P and R at 400 and 402 eV for the CH sample correspond to the π* resonances of the 

imino nitrogen and amino nitrogen atoms of the IM ring, respectively [63]. Broad 

peaks around 407 and 413 eV marked S and T are assigned to 1s → σ* resonances of 

all nitrogen atoms of histidine. The presence of two features attributed to π* resonances 

confirms the existence of two inequivalent nitrogen atoms in the IM ring. In the 

spectrum of the sample CH at pH 6.7, 2020, the intensity of the features P and R is 

practically the same. The last spectrum together with the corresponding N 1s core level 

closely resemble the spectral features obtained for the histidine adlayer on the 

polycrystalline cerium oxide film [63], where the molecular bonding through solely 

the carboxylic group was demonstrated. Thus, we can conclude that the histidine 

molecule is bound to the Ce NPs at neutral pH in the same way as to CeO2 

polycrystalline film. At pH 8.7, the feature P is very weak (in line with low intensity 

of the component B of the N 1s core level), which might indicate protonation of the 

imino nitrogen of the IM ring or some charge redistribution in the ring due to the acidic 

environment. Again, as for the N 1s results, we can indirectly confirm that the IM ring 

is not involved in the bonding to the oxide surface. At pH 4.8, the feature P is 

completely vanishing, which is due to the protonation of imino nitrogen of the IM ring 

as expected below pH 6 (explained in Subchapter 1.2) and in agreement with the N 1s 

results. As the π* resonances structure of the N K-edge reflects the change of pH for 
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each sample and for the case of neutral solution we have direct relation to the published 

reference system, we are able to conclude that the IM ring is not engaged in the boding 

of histidine to Ce NPs surface independent of pH and the interface with the oxide is 

formed exclusively via the carboxylate group.  

 Spectra of the sample CG at pH 6.7 and pH 4.3 do not correspond to the 

expected spectral shape according to model systems [64], as was mentioned above. In 

particularly, we do not observe σ* resonances, which are expected around the marks Y 

and Z, due to the presence of charge on the molecular adlayer. At pH 8.9, σ* resonances 

are visible in the spectrum, but there is no peak around 400 eV (feature X) 

corresponding to π* resonances of amino nitrogen. It is in good agreement with the 

previous research on the model systems where the π* resonance feature was very low 

or missing at 25 C [64], which is an expected result because the amino group of 

glycine does not have a double or triple bond. Thus, the molecular structure of glycine 

is likely to have a free amino group (or weakly bound by hydrogen bonds) and carboxyl 

oxygen bound to cerium cations on the surface of NPs. 

 

 

Figure 3.26: NEXAFS N K-edge spectra of the samples CH (left) and CG (right). 
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Conclusions 

 

  Within this thesis we studied cerium oxide nanoparticles, both bare 

(CO) and functionalized with simple amino acid (histidine (CH) or glycine (CG)). We 

examined pH dependence of the colloid stability of the samples and its influence on 

the structure of the dried NPs drop. We determined the best preparation procedure for 

the measurement of the NPs at synchrotron and using PES and NEXAFS inspected the 

bonding of histidine and glycine to the surface of Ce NPs. 

 Colloid solutions of samples CO and CG sediment with passing time, but the 

sample CH stayed visually homogeneous over several months at least. We have shown 

that agglomeration and further sedimentation of the NPs is because their zeta potential 

(ZP) is close to zero at neutral pH. However, ZP changes significantly with the pH. At 

pH 4.8, the value of ZP lies between 35 to 43 mV for all the samples. Around pH 8.5, 

ZP of each sample is approximately -55 mV. These ZP values indicate good colloid 

stability, which leads to the smaller cluster size of NPs. 

 At the beginning of the titrations, ZP of the samples at acidic pH is positive and 

at basic pH is negative. ZP range in the 1st titration round differs for each sample. The 

biggest range has the sample CH: 60 to -50 mV in titration to acid and 40 to -50 mV 

in titration to base. The sample CO has a smaller ZP range: 40 to -50 mV in titration 

to acid and -40 to -60 mV in titration to base. The smallest ZP range belongs to the 

sample CG: 30 to -50 mV in titration to acid and 20 to -50 mV in titration to base. 

From the ZP ranges listed above follows, that the adsorption capacity for the positive 

ions increased by functionalization of bare Ce NPs by histidine, but decreased when 

covered by glycine, which might be connected with the different number of nitrogen 

atoms per molecule as they are good proton acceptors. We observed, that the maximum 

ZP reached in acidic pH decreased with increasing titration round, indicating decrease 

in the adsorption capacity for positive ions. The decrease depends on the titration 

direction and is connected to events of crossing of IEP and reaching the minimum ZP 

value in basic pH. ZP around pH 9 remained the same in all samples (around -50 mV), 

which means the adsorption capacity for negative ions did not change due to titration. 

We suppose, that some of the negative ions are adsorbed irreversibly in basic pH and 

then block activity in acidic pH. 
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 As the NPs agglomerate and due to possible dust particles in the NPs solutions, 

we were able to measure only the upper limit of the hydrodynamic diameter of the 

clusters’ size and observe its behaviour during the titration. As expected, the size of 

the clusters decreased when the absolute value of ZP increased and vice versa. Initial 

cluster size was the smallest for the sample CH, just around 70 nm, but the biggest for 

the sample CG, at least 3500 nm. Comparison with the sample CO with NPs clusters 

of several hundreds of nm, allow us to conclude, that functionalization of Ce NPs by 

histidine decreases the size of the clusters and glycine increases it. The titration process 

caused small clusters of the sample CH to agglomerate and big clusters of the sample 

CG to break into the smaller ones. 

 The buffering of all samples was observed, which complicated titration 

measurements. It was not surprising in samples CG and CH, as both glycine and 

histidine are used as buffers. However, bare Ce NPs seem to also have some buffering 

properties itself. Although the buffering was a problem for the measurements, it can 

be an advantageous quality in the applications as these systems can stabilize biological 

environment. 

 By the AFM measurements we directly showed, that the NPs in solutions 

agglomerate and sediment. We verified, that by applying an ultrasonic bath for 15 min 

on the samples, the clusters are broken to smaller pieces to some extent. However, in 

case of samples CG and CH it was not sufficient to prepare clusters small enough to 

safely image and analyse them using AFM. When we adjusted pH of the samples to 

the values in which we expected the high absolute value of ZP according to the DLS 

measurements (around pH 4.5 or pH 8.8), the clusters’ size distribution changed 

significantly. The clusters became smaller and more uniformly distributed over the 

substrate, creating a slightly imperfect monolayer when deposited in higher 

concentration. 

 The main challenge connected to photoemission studies was to eliminate the 

differential charging on NPs. At neutral pH we were not able to adjust the preparation 

procedure to surely find a spot without charging of the adsorbed molecules. Thus we 

successfully measured CH system at pH 6.7 in 2020 and were not able to repeat it in 

2021. We utilized the result of DLS and AFM measurements and changed the pH of 

the sample to the values where the colloid stability is high and therefore a uniform 

dried drop is created. The pH adjustment helped to measure the NPs samples in both 

acidic and basic pH in case of samples CO and CH, but only in basic pH in the sample 
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CG. SRPES spectra of the Ce 4d core level, XPS spectra of Ce 3d and NEXAFS Ce 

M4,5-edge and O K-edge spectra show that the Ce NPs are mainly in the form of cerium 

dioxide. More precisely, the average stoichiometry of Ce NPs is CeO1.95 for all the 

samples at the beginning of the measurements. This is confirmed also by the RER 

values obtained from RPES measurements, from which also follows that the cerium 

oxide is being reduced by the irradiation. From N 1s core level and NEXAFS N K-

edge spectra follow, that neither the IM ring of histidine is engaged in bonding to the 

NPs surface nor the amino group of glycine is strongly bound to the oxide at pH 8.9. 

We have indirectly confirmed that bonding of glycine and histidine to the Ce NPs 

surface most likely occurs via the deprotonated carboxylic group in both cases.  

In general, this work demonstrated the applicability of the photoelectron based 

experimental techniques to the Ce NPs systems, bare or functionalised with 

biomolecules. For the first time the double charging effect, i.e. for the substrate and 

for the molecular adlayer, was clearly observed and analysed. It was concluded that 

the absence of the N 1s signal is not a reason to suppose that the molecules are absent 

on the surface but a sign of the possible charging effect. The thesis also suggests an 

approach in preparation of more homogenously distributed films of Ce NPs on a 

substrate by changing the pH of the colloid solution, for which the above-mentioned 

difficulties in application of the experimental techniques can be overcome. 
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MATOLÍNOVÁ, Iva, MATOLÍN, Vladimír, JANATA, Martin, BĚLINOVÁ, 
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