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Abstract:

The presented scientific work was conducted in two main directions. The first one is an
investigation of the simple biomolecules (glycine and sarcosine) bonding to cerium oxide
model films by surface science techniques: photoelectron and near-edge X-ray absorption
spectroscopies. Adsorption chemistry and thermal stability of the molecules on the oxides were
studied in relation to the oxidation state of ceria cations, film morphology, and molecular
deposition method. The oxygen vacancies in the oxide were shown to affect the adsorption
geometry of glycine and stimulate molecular decomposition. The polycrystalline oxide
morphology provided stabilizing effect on the glycine adlayer. Sarcosine deposited in vacuum
formed densely packed adlayer with the molecules directed outwards. Interestingly, the results
revealed that molecular film deposited from the aqueous solution, in contrast to deposition in
vacuum, induces continuous reduction of the cerium oxide during thermal annealing. The
second part is a study of polycrystalline cerium oxide thin films as an electrode for
electrochemical and electrochemiluminescent detection of hydrogen peroxide and sarcosine,
respectively. We confirmed the enzymatic properties of the cerium oxide in electrochemical
oxidation of hydrogen peroxide. For sarcosine detection, the polycrystalline CeO: film was
demonstrated to be an efficient cathode material for the model electroluminescent sensing

systems.
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Nazev prace: Studium tenkych vrstev oxidu ceru pro biosenzorické aplikace
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Abstrakt:

Prezentovana védecké prace probihala ve dvou hlavnich smérech. Prvnim z nich je zkoumani
vazby jednoduchych biomolekul (glycin a sarkosin) na modelovych vrstvach oxidu ceru
povrchovymi technikami: fotoelektronovou spektroskopii a absorpcni rentgenovou
spektroskopii v blizkosti hrany. Byla studovana adsorpcni chemie a tepelna stabilita molekul
na oxidech v zavislosti na oxidacnim stavu kationli ceru, morfologii vrstev a na zpisobu
depozice molekul. Ukézalo se, ze kyslikové vakance v oxidu ovliviiuji adsorpcni geometrii
glycinu a stimuluji rozklad molekuly. Morfologie polykrystalického oxidu vykazovala
stabilizacni u¢inek na adsorbované vrstvé glycinu. Sarkosin deponovany ve vakuu vytvoril
hust¢ uspotadanou adsorbovanou vrstvu s molekulami sméfujicimi ven. Zajimavou skute¢nosti
plynouci z naméfenych vysledkt je fakt, Ze molekularni vrstva nanesena z vodného roztoku,
na rozdil od depozice ve vakuu, indukuje kontinualni redukci oxidu ceru béhem tepelného
zihani. Druhym smérem této prace je studium polykrystalickych tenkych vrstev oxidu ceru jako
elekrody pro elektrochemickou a elektrochemiluminiscencni detekci peroxidu vodiku a
sarkosinu. Potvrdili jsme enzymatické vlastnosti oxidu ceru pii elektrochemické oxidaci
peroxidu vodiku. Pro detekci sarkosinu bylo prokazano, Ze polykrystalicka vrstva CeO: je
ucinnym katodovym materidlem pro modelové elektrochemiluminiscenéni senzorické

systémy.

Kli¢ova slova:

Oxid ceru, biosensor, peroxid vodiku, aminokyselina, fotoelektronova spektroskopie.
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1. Introduction

Recently, inorganic nanomaterials have attracted a lot of attention in biological
applications. They are already used in various medical diagnostics, both in vitro and in vivo.
They made possible a single cell analysis, are used in imaging, in biosensors in general, and in
micro fluids testing in particular. In therapy, they are actively applied in targeting drug delivery.
Nanomaterials offer a route for further development of personalized medicine, which might
assist in establishing a suitable treatment for each patient according to his individual profile.

One of the promising materials for applications in nanomedical field is cerium oxide.
Cerium oxide is well-known mainly for its catalytic properties, oxygen storage capacity, and
ability to quickly change its oxidation state from Ce** to Ce** and vice versa in response to
environmental conditions. It is actively used in numerous industrial applications such as solid
electrolyte fuel cells,'? gas sensors,®> UV screens,* solar cells,’ catalysis,>’ etc. A few decades
ago, cerium oxide has also attracted attention in biomedical field. It was discovered that ceria
nanoparticles (NPs) could mimic properties of several natural enzymes that appear in
mammals’ bodies and have a vast potential to be used as an antioxidative agent in treatment of
various severe diseases such as some types of cancer, Alzheimer’s, and Parkinson’s diseases,
diabetes, etc.>” It was shown that CeO> NPs provided good compatibility with biological
systems, but other studies revealed that such materials could be hazardous and toxic for the
living cells.'®'? Nature of different behavior of CeO, NPs in different bio-related systems is
not completely clear yet. Thus, understanding the interaction between cerium oxide and
biological materials is necessary for further knowledge-driven development of nanomaterials
that are safe for biomedical applications. Since the real systems are complicated and, thus,
difficult to analyze, the simplified model systems, e.g., single biomolecules bound under
controlled conditions to inorganic surfaces at a different level of complexity, are often
considered. It formed the basis of the research approach applied in the current work. Another
area of cerium oxide application is sensor systems in biomedicine. It has been shown that
cerium oxide can be used as a sensing material for detection of glucose,'* > hydrogen

16-18 cholesterol,!® tributyrin,?° for diagnosis of colorectal cancer.?! Since the CeO»

peroxide,
electrode is placed in biological environment that can influence the oxide properties,

understanding the ceria-organic interface is essential.



1.1. Biosensing setups with the use of cerium oxide

In recent years, development of biological sensors has received a lot of attention in the
fields of nanotechnology and materials science. The main effort was directed to the fabrication
and characterization of inorganic materials for novel bioelectrodes with well-defined
morphology and physicochemical properties in reactions with biomolecules and other
derivatives of bio recognition events. Electrochemical techniques are well-developed analytical
methods widely used for biosensor operation due to their high sensitivity, fast time response,
simplicity, and accurate determination of specific analytes (cholesterol, glucose, urea,

hydrogen peroxide, etc.).??

Cerium oxide is among the most promising materials for biological
sensing devices. It possesses many bio-related properties like catalytic activity, good
biocompatibility, oxygen storage capacity, high isoelectric point, electron transfer capability,
etc.”?

Enzymes are often applied as the transduction elements, which promote the
electrochemical detection of biochemical compounds. The advantages of sensing with enzymes
are high efficiency, resolution, and specificity, but enzymes' catalytic activity is unstable as a
function of time and sensitive to environmental conditions. Recently, cerium oxide has been
actively used for glucose sensor development and improvement. Moumene et al. have reported
an enzymatic glucose electrochemical sensor based on pulsed laser deposited nanoceria with
glucose oxidase (GOx) physisorbed on an electrode surface.!* Ansari et al. have fabricated
bioelectrodes for glucose detection by deposition of sol-gel derived nanosized CeO; films on a
gold electrode followed by immobilization of GOx."* It demonstrated linearity in the range 50
— 400 mg/dl of glucose. The same group has reported a cholesterol biosensor constructed by
cholesterol oxidase (ChOx) immobilization on sol-gel derived nanostructured cerium oxide
film prepared on an indium-tin-oxide coated glass substrate.!” The electrode’s activity has been
evaluated as a function of pH, and the data revealed the highest activity at pH 7.0, which
corresponded to the natural structure of ChOx. Patil et al. have developed a mediator-less
enzymatic glucose biosensor based on a cerium oxide nanorods film electrophoretically
deposited onto an indium-tin-oxide coated glass substrate.>* The electrode demonstrated fast
response time and linearity in the range 2 — 26 mM of glucose. Saha et al. have investigated
nanoporous ceria thin films deposited onto Pt coated glass plates with immobilized GOx for

glucose detection.'® Results showed a linear range for glucose detection from 25 to 300 mg/dl

and good stability of the bioelectrode.



An alternative approach to enzyme chemistry, based on different inorganic materials
possessing enzyme-mimetic properties, is being actively developed and investigated. Such
materials are robust to stringent conditions, cheap, and have high operational stability, but
reveal lower sensitivity and selectivity in comparison with enzymatic electrodes.?’ In the last
decades, it has been found found that nanostructured metal oxides exhibit biocatalytic
properties and could be used as artificial enzymes or nanozymes.?%?’ The Pd-CeO; platform
has been investigated as a biosensing electrode, and electrocatalytic activity toward ascorbic
and uric acids, glucose, and dopamine was detected.?® Cerium oxide-based bioelectrodes
sensitive to sulfamethoxazole (SMX) in food,?’ triglyceride,*® butyrin,?® ochratoxin-A>*' have
been investigated. An electrochemical sulfamethoxazole biosensor based on a nano-
CeOy/chitosan composite demonstrated very good selectivity, sensitivity, and stability during
determination of SMX in egg, milk, and honey samples.*’

This work will show that polycrystalline cerium oxide thin film prepared by magnetron
sputtering on a glassy carbon substrate can be used as an electrode for electrochemical
detection of hydrogen peroxide. That is a distinct preparation method of the cerium oxide-
based working electrode, since in the majority of the mentioned above researches the electrode
was prepared on a base of CeO; nanoparticles or nanorods that were further immobilized on
the conductive surface. It will also be shown that the cerium oxide electrode prepared in the
same way can be used for detection of sarcosine by electrochemiluminescence (ECL)

technique.

1.2. Electrochemical detection of hydrogen peroxide and sarcosine

Hydrogen peroxide

One of the analytes chosen for electrochemical detection by cerium oxide electrode in the
current work is hydrogen peroxide. The annual production of hydrogen peroxide in the world
is estimated to be 4.5 million metric tons in 2020 year, and is predicted to reach 5.7 million
metric tons by 2027.3% Detection of hydrogen peroxide is vital since it is involved in numbers
of applications in chemical industry, electronics, waste treatment, metal processing, food
industry, medicine, etc. It is also a product of many biochemical processes in living organisms,
and in higher concentrations it creates free radicals and induces oxidation of molecules, leading
to oxidative stress and inflammations.** Hydrogen peroxide is a source of hydroxyl radicals —
the second strongest oxidant after fluorine. Thus, it is of great importance to develop and

construct simple, cheap, fast, sensitive, and precise devices for H,O, detection.** The most
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reliable and easy way for HoO» detection is electrochemical, and several such sensors have
been reported.

Frontera and co-workers fabricated an electrode for H>O> detection by modifying a planar
screen-printed carbon electrode by TiO2/CNTs/Pt nanocomposite dispersed in Nafion
solution.® It works at a low potential of 0.3 V and can minimize interference with other
oxidizable species. The sensor revealed good sensitivity (120 pA mM™! ¢cm™), linearity from
70 uM to 6 mM, and detection limit lower than 5 uM. Mehta et al. developed a 3-terminal
amperometric enzyme-free hydrogen peroxide sensor with Au working electrode covered by
cerium oxide nanoparticles (NPs) synthesized by a water-in-oil microemulsion technique.
The sensor showed linearity in the range from 1 uM to 30 mM H0». Ansari et al. reported a
bioelectrode for hydrogen peroxide detection based on horseradish peroxidase (HRP) enzyme
immobilized on nanosized cerium oxide deposited onto an indium-tin-oxide substrate.'® The
electrode revealed linearity in the range 1 — 170 uM.

It has been reported that cerium oxide could also be used as a sensing material for H.O>
detection. Neal et al. have studied an enzyme-free cerium oxide NPs-based electrochemical
sensor for H,Ox detection.!” The catalytic response to picomolar concentrations of H2O2 of NPs
with different Ce**/Ce** ratio has been investigated. The electrode demonstrated an ultra-low
detection limit (around 0.1 pM) and linear range from 0.1 pM to 0.1 uM. Nanosized structures
with a lower Ce**/Ce*" ratio have been shown to reveal higher electrochemical activity, which
is in line with results of a catalase assay standard test for evaluation of H>O» neutralization by
the same ceria NPs.!”

The cerium oxide electrodes modified by enzymes have been reported to reveal a good
sensitivity and selectivity toward H,0,.!3373 However, due to previously mentioned reasons,
such as expensive production of enzymes, complex procedure of their immobilization on the
electrode, and short lifetime of the enzymes, there is a need in development of enzyme-free
electrodes.

There are several works reporting creation of the exclusively inorganic-based cerium oxide
electrodes for H20O» detection. One of them is single-walled carbon nanohorns modified cerium
oxide (CeO2-SWCNHs).* This electrode has been shown to reach sensitivity of 160 pA cm™
mM! and remained 82% of its activity after two weeks.>* Another research has reported the
cerium oxide-based electrode that was prepared by using CeO2 nanoparticles synthesized from
two different capping agents, fructose and hexamethylene-tetra-amine (HMTA), and sprayed

onto ITO substrate.*’ Both types of electrodes revealed good stability (in time and temperature)



and reproducibility of the results. The amperometric selectivity test was done with several
interfering materials (acetic acid, lactic acid, glucose, sucrose), and the electrodes didn’t show
any detectable response. Sensitivity of the CeO»-fructose and CeO2-HMTA was reported to be
9.6 and 21.13 pA cm mM!, respectively.

Sarcosine

Another part of this thesis is dedicated to the electrochemiluminescent detection of
sarcosine using cerium oxide as a working electrode. Sarcosine is known to be a potential
marker for prostate cancer detection.

According to World Health Organization, prostate cancer (PCa) is the fourth most
commonly occurred cancer overall and the second in men part of the Earth human population.
During the lifetime, it develops in 1 man of 9, the more likely in older (over 65 years) African-
American men. Nowadays, the PCa screening is done through the prostate specific antigen
(PSA) testing. The PSA appears in minor concentrations when prostate is in a normal state and
notably increases when PCa develops. The amount of PSA in serum depends on the size of the
tumor and stage of cancer. However, the PSA test may often lead to false-positive results since
the PSA concentration can be increased in serum of men with benign prostatic hyperplasia or
prostatitis. These results decrease the test reliability.*! Thus, there is a need to find alternative
biomarkers for more accurate PCa diagnosis. In the last decades, non-invasive urine tests for
cancer metabolites became a promising direction for PCa screening. It has been found that
sarcosine can be used as a biomarker molecule for PCa detection since its concentration in

urine increases during cancer progression.*>*

Its role in the PCa progression is actively
studied. It leads to a need for sarcosine sensor development.

A high-performance chromatography is generally used for sarcosine detection.** There are
many reports of enzyme-linked assays for sarcosine detection in urine, blood, and serum
samples. Sarcosine oxidase is the most actively used enzyme in sarcosine detection assay kit.*’
One study reported indirect colorimetric determination of sarcosine by detection of H2O> that
was catalyzed by 3,3',5,5'-tetramethylbenzidine with palladium nanoparticles as a catalyst
instead of horseradish peroxidase.*® However, determination of sarcosine in urine samples is
challenging since it requires discrimination of sarcosine molecules from the rest of the organic
matrix. Previous work proposed a direct binding tetraphosphonate cavitand system on Si
substrate for fluorescence detection of sarcosine.*’” The supramolecular complex is able to
recognize sarcosine and glycine in water and urine and is a good alternative to immunoassays.

1.48

A similar supramolecular approach was used by Valenti et al.*® for electrochemiluminescent

detection of sarcosine with good selectivity in a concentration range used for medical diagnosis
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of PCa. They used sarcosine as a co-reactant in ECL systems with (Ru(bpy)s;)*" as a

luminophore.*®

1.3. Model studies of glycine and sarcosine films on inorganic surfaces

In the current work, we studied adsorption chemistry and thermal stability of the two
similar molecules on the cerium oxide substrates: glycine and sarcosine. Glycine (NH2-CHz-
COOH) is the simplest proteinogenic amino acid and is an example of biomolecule consisting
of a-carbon, carboxylic and amino functional groups only (see Fig. 1.3.1 a). In addition to the
important function of glycine as a building block of proteins in living organisms, its adsorption

on metal or oxide films has applications in surface functionalization for solar cell,**-°

sensing
systems for Cu?* ions detection,’! and as a corrosion inhibitor.’*> The second selected molecule
is sarcosine (CH3-NH2-CH2-COOH), also known as N-methylglycine (Fig. 1.3.1 b). This
molecule was chosen as a derivative of glycine. Apart from the model study of molecule/oxide
substrates prepared in well-defined conditions by surface science techniques, this molecule was
considered as an analyte for an ECL sensing system with the use of polycrystalline cerium
oxide electrode. Sarcosine is a byproduct of synthesis and degradation of glycine. Structure of
the molecule is similar to glycine, but with the additional methyl group connected to the amino
nitrogen. As it was previously mentioned, sarcosine is a promising marker for prostate cancer
diagnosis at early stages.>>>* Sarcosine is also used in treatment of schizophrenia and

depression and as an ingredient in cosmetics. To our knowledge, there are no PES studies done

on characterization of sarcosine molecules adsorbed on inorganic substrates.

a) b)

Q

Fig. 1.3.1. a) Glycine and b) sarcosine molecules in a neutral state. Black, red, blue, and light

gray spheres correspond to carbon, oxygen, nitrogen, and hydrogen atoms, respectively.



At the same time, glycine is a classical model molecule for the basic research in surface
science due to the simple structure, stability, and similarity to the small organic molecules (e.g.,
acetic acid, CH3-COOH, etc.). The primary objective of a model study in ultra-high vacuum
(UHV), in which molecules are deposited from the vapor phase on a substrate, is the
characterization of the bonding of the molecule to a surface, with the aim to define the
geometry, stability, and adsorption energy. Numerous studies of the glycine adsorption on the
well-defined  substrates have been published, among them surfaces of metals>>>’
and oxides.®*%2 On Cu(111), Cu(110), and Cu(100), independent of the surface orientation,
glycine undergoes deprotonation at 25 °C adsorbing upward in unidentate coordination at
saturation coverage via one carboxylic oxygen accompanied by the formation of intermolecular
hydrogen bonds. Annealing to 125 °C changes considerably the glycine adsorption geometry
in which bonding occurs via two oxygen and nitrogen atoms with a molecular plane parallel to
the surface.’ >’ For the Pt(111) and Pd(111) surfaces, saturation monolayer of glycine is
formed by molecules in zwitterionic phase bound via carboxylic and amino groups.’®>

The glycine adlayer on (110) and (011) surfaces of TiO2 at 25 °C consists of zwitterionic
("NH3-CH2-COO") and deprotonated (NH»-CH»-COO") molecules. The protonated molecules
are less stable and converted to the dissociated phase after annealing at higher temperatures.®*!
The glycinate adlayer on TiO: is formed through two oxygen atoms of the carboxylate group
bridging two Ti atoms, while the dissociated proton binds to oxygen atom on the surface
resulting in an additional OH group; the amino group is directed upward from the surface and
is not involved in the interface.®*%> The DFT calculations®* have confirmed that glycine
bonding to the TiO(110) surface is more stable in dissociated anionic form than in zwitterionic.
Lausmaa et al.®*> have also argued that the appearance of the oxygen molecules on the TiO
surface does not play any significant role in the glycine adsorption chemistry and dissociation
in course of the thermal treatment by TDS study. Glycine adsorption geometry on
ALO3/NiAl(110)% has been shown to be similar to the case of TiO2(110). The DFT calculations
of glycine adsorption on the Cr203(0001) surface® have reported the formation of the glycinate
adlayer up to 1 ML coverage through carboxyl and amino groups binding to surface Cr atoms.
The molecules lie parallel to the surface at low coverage and bend upward at high coverage. In
case of Cr03(0001) functionalized with OH groups,®® the glycine molecules are adsorbed
mainly in zwitterion form at low and saturation coverages.

In this work, we present results of the study of thermal stability and adsorption chemistry

and geometry of glycine and sarcosine adlayers on cerium oxide thin films of different

stoichiometry and surface morphology.



One of the closely related to glycine molecules is histidine. The model study on histidine,
one of the principal amino acids, adlayers on the cerium oxide films of different oxidation
state’’ and morphology®® was previously done by our group. On the well-ordered
CeO2(111)/Cu(111) oxide, histidine, deposited in UHV, has been shown to adsorb via the
deprotonated carboxylic group, the imino nitrogen atom of the imidazole (IM) ring and the o-
amino group at 25 °C. The deprotonation of the IM amino nitrogen occurred to be thermally
induced and dependent on the surface concentration of the Ce*" cations. On a stoichiometric
CeO: film, clear orientation of the molecule with the imidazole ring lying almost parallel to the
surface was observed, while on the partially reduced cerium oxide, histidine was bonded to the
surface in anionic form without the clear orientation to the surface. A charge exchange between
the histidine molecule and the oxide has been connected with the increased amount of the Ce**
centers on the surface®’. Later, it has been demonstrated that on the polycrystalline CeO>
film, %% histidine deposited both from solution and in UHV binds via the carboxylic acid group
only with the imidazole ring involved in the intermolecular hydrogen network.

Acetic acid adsorption and reactions on CeO2(111) and CeOx (1.5<x<2) oxide films’’ are
other closely related systems. The formation of acetate adsorbed species together with surface
hydroxyl groups has been observed at 25 °C with further decomposition to mainly CO, CO.,
ketene, and water at elevated temperatures. Acetates on the CeO2(111) and CeOx oxides are
stable up to 150 and 175 °C, respectively. Annealing at 425 °C stimulates complete desorption
of adsorbates from CeO>(111) and leaves some residual carbon on the CeOx oxide. The C-O
bond scission has been proposed as an explanation of the CeOx film reoxidation and formation
of strongly adsorbed C>Hx species, observed as a residual C 1s signal.

To the best of our knowledge, there are no other studies on glycine and sarcosine

adsorption chemistry on cerium oxide surfaces.

1.4. Goal and structure of the thesis

In the current work, two different approaches were applied to the investigation of cerium
oxide thin films for biosensing applications: the study of planar molecule/cerium oxide systems
in vacuum with the use of surface science technique (Chapter 3.1) and electrochemical
characterization of the model cerium oxide working electrodes in reaction with hydrogen
peroxide and sarcosine (Chapter 3.2). The first one was aimed to provide and extend to already
existing knowledge about simple biological molecules' interaction with cerium oxide. Two

amino acids were chosen as model molecules: glycine, the simplest proteinogenic amino acid,
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and sarcosine, a byproduct of glycine synthesis with a high potential in medical applications as
a marker in diagnostics of prostate cancer. The study was done on cerium oxide films of
different structure, chemical state, composition, and morphology. Influence of the molecular
deposition technique on the adlayer bonding and stability on the oxide film was investigated
as well. It is a fundamental research that aims to provide basic information within a bottom-up
strategy for further better understanding of more complex systems where the biomolecules’
bonding to the inorganic materials is expected. The second approach is dedicated to the
potential application of cerium oxide thin films prepared by radiofrequency magnetron
sputtering in sensing systems. It will be shown that polycrystalline cerium oxide films could
be used as an electrode for electrochemical detection of hydrogen peroxide (Chapter 3.2.1) and
for ECL detection of sarcosine (Chapter 3.2.2).

The experimental results of the work are presented in four chapters. The Chapter 3.1.1 is
devoted to glycine adsorption on cerium oxide films of different stoichiometry and composition
studied by means of synchrotron radiation photoelectron spectroscopy (SRPES), and near-edge
X-ray absorption fine structure spectroscopy (NEXAFS). The effect of the glycine adlayers on
the oxidation state of cerium oxide cations was monitored by resonant photoelectron
spectroscopy (RPES) and X-ray photoelectron spectroscopy (XPS) using an ordinary X-ray
source. The ordered stoichiometric CeO2(111)/Cu(111), partially CeO;.7(111)/Cu(111) and
fully reduced Ce>O3(111)/Cu(111) surfaces, and mixed oxide CesWO12(100)/W(110) prepared
in situ were chosen as the model substrates. Glycine was deposited onto the oxide films at 25
°C by evaporation from a Knudsen cell in UHV. The glycine atoms’ involvement in the
interface formation on different oxides together with thermal stability of the molecular adlayers
were analyzed. The presence of oxygen vacancies in the oxide film was shown to play a crucial
role in the adsorption chemistry of glycine. In the Chapter 3.1.2, the results on glycine and
sarcosine bonding to polycrystalline cerium oxide films prepared ex sifu by nonreactive
magnetron sputtering are presented. The deposition of the molecules was done both by
evaporation in vacuum and by deposition from the aqueous solution under inert atmosphere in
a glove bag. Adsorption chemistry and thermal stability of the molecules and their effect on
the oxidation state of the surface cations were investigated by SRPES, RPES, XPS, and
NEXAFS. The last two chapters (Chapters 3.2.1 and 3.2.2) of the results section are dedicated
to application of the cerium oxide films as electrodes for detection of hydrogen peroxide and
sarcosine using electrochemical-based techniques. The surface chemistry of the electrodes was
characterized by SRPES and XPS, the structure and morphology by SEM and AFM. The

sensing properties of cerium oxide films for hydrogen peroxide detection were investigated by
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cyclic voltammetry (CV) and chronoamperometry (CA). The ability of polycrystalline cerium

oxide to detect sarcosine was studied by means of the ECL technique.
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2. Description of the techniques and experimental details

In this chapter, we give a brief description of the experimental techniques used in the work.
The principles of the synchrotron radiation photoelectron and near edge X-ray absorption fine
structure spectroscopies, low energy electron diffraction, as well as secondary electron and
atomic force microscopies, are addressed. The classical surface science approach was
combined with ex situ electrochemistry for the comprehensive characterization of the model
systems for biosensing applications of cerium oxide. The cyclic voltammetry,
chronoamperometry, and electrochemiluminescence, three basic electrochemical methods are

described here. The details on sample preparation and data analysis are also presented.

2.1. Photoelectron spectroscopy

Photoelectron spectroscopy (PES) is the principal technique used in the current work for
characterization of model systems. Its principle is based on the photoelectric effect that was
discovered by Hertz in 1887 and described by Einstein in 1905. Electrons, called the
photoelectrons, are excited by the electromagnetic radiation, then emitted from the matter to
vacuum, and detected. The photoemission process (see Fig. 2.1.1 a) can be described by a three-
step model, which includes: 1) absorption of the photon and excitation of the electron with
binding energy E}, at the specific electronic level, 2) traveling of the excited electron in the
matter to its surface, 3) escape of the electron through the surface barrier to vacuum overcoming
the work function of the material W with resulting kinetic energy Ey;, and its detection by the
analyzer. The change of the kinetic energy and momentum of the photoelectrons provides
information about the chemical composition and electronic structure of the investigated
material. Relation between the binding energy and detected kinetic energy of the emitted

photoelectron is given by the equation:

Ekin = hv — Eb - WS' Eq. 1

where hv is the energy of the incident photons and Ws is a work function of the spectrometer
used in the measurements. A typical PES spectrum (see Fig. 2.1.2) represents an intensity
distribution of photoelectrons with respect to their binding energy calculated according to the

Eq. 1. In other words, intensity of the detected electrons with kinetic energy Ey;, provides
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information about their density of states (DOS) at the specific electronic level corresponding

to binding energy E},.
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Fig. 2.1.2. Survey PES spectrum of cerium oxide thin film prepared on Cu(111) substrate by
e-beam vapor deposition. Photon energy 1486.6 eV.

A survey PES spectrum from the clean cerium oxide thin film deposited on Cu(111) is
presented in the Figure 2.1.2. Each photoelectron peak, e.g. O 1s, Cu 2p, Ce 3d, etc.,

corresponds to a specific energy level labeled Is, 2p, 3d, etc. accordingly to quantum numbers
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nl; of the original electron shell. Here, n is the principal quantum number, 1 is the angular
momentum quantum number associated with the s, p, d, and f orbitals, and j is the total
momentum quantum number. The total momentum number j equals the absolute value of the
sum of the angular momentum number / and the spin momentum number s. The spin
momentum of +1/2 or —1/2 leads to the spin-orbit splitting and appearance of doublets in
the spectra (e.g. Cu 2p, Ce 3d, Ce 4d, etc.), i.e. cases when the angular momentum number | is
different from zero. Otherwise, there are singlets (e.g. O 1s, C 1s, etc.). Besides the core level
peaks, there are other essential components in the PES spectrum - Auger peaks (O KLL, Ce
MNN, and Cu LMM in Fig. 2.1.2). The Auger electrons are created in the process that includes
filling a hole, created in the core level after photoelectron emission, by an electron from the
higher level. The released energy can be used for excitation and emission of the third electron
called Auger electron. Thus, the kinetic energy of the Auger electrons is independent of the
incident photon energy and is determined by an energy difference between involved electronic
levels. The stepwise background of the PES spectrum is created by the secondary electrons,
which undergo multiple inelastic collisions on their route to the vacuum. The background has
to be subtracted during the data analysis.”!

The basic PES experimental setup (Fig. 2.1.1 b) consists of the electromagnetic radiation
source, grounded sample, and the electron energy analyzer with a detector. Depending on the
photon source, the commonly applied PES techniques are X-ray photoelectron spectroscopy
(XPS), ultraviolet photoelectron spectroscopy (UPS), and synchrotron radiation photoelectron
spectroscopy (SRPES). The photon sources for laboratory PES experiments employ X-rays
provided by electron bombardment of such materials as Al, Mg, Cr, Zr, Ag, etc. The AI/Mg X-
ray tube for XPS, which generates photons of energies 1486.6 eV (Al Kai) and 1253.6 eV
(Mg Kai2), became the most commonly used. A gas discharge lamp of the UPS spectrometer
is used for generation of the photons in the ultraviolet range. More sophisticated synchrotron
facilities provide a possibility to use the SRPES technique with a wide range of monochromatic
highly intense polarized X-rays: from soft (10-1000 eV) to hard (up to tens of keV) radiation.
The possibility to choose the photon energy allows to analyze the DOS and/or molecular
orbitals in the valence region of the surface layers as well as core atomic levels in the bulk
material.

The photoelectrons emitted from the surface are collected depending on their kinetic
energy. Nowadays, a hemispherical analyzer is the most widely used for this purpose (Fig.

2.1.1 b). Before entering the hemispheres, electrons are decelerated by retarding electric field
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to the energy E, called pass energy. The two hemispheres are charged in a way that only

electrons with energy E, can reach detector. Potential difference between them equals to:

E, (T T
U1—U2=?0<—2——1) Eq.2

where e is the elementary charge, r; and r, are radii, and U; and U, are applied potentials to
the inner and outer hemispheres, respectively. There are two modes of measurement: the fixed
retard ratio (FRR) and the fixed analyzer transmission (FAT). The FRR operation provides data
with constant E;,/E, ratio and reduced background at low kinetic energies, it is generally
applied for the Auger spectroscopy. In the FAT mode, the photoelectrons are retarded to the
same pass energy E, which remains constant during acquisition. The constant resolution for
the whole spectrum is the most prominent characteristic feature of this mode which turned out
to be a huge advantage for the qualitative and quantitative chemical analysis of surfaces with

the use of PES techniques.”
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Fig. 2.1.3. The universal curve of the IMFP of chemical elements as a function of photoelectron

kinetic energy taken from Ref.”’

Surface sensitivity of the PES technique, i.e. the sampling depth, is defined by the inelastic
mean free path (IMFP) of the electrons in a given material. Only photoelectrons that do not
undergo any inelastic collisions on the way to the vacuum provide specific information on the
surface electronic structure and contribute to the intensity of the corresponding core levels or

valence states. The IMFP value of electrons in different materials, determined mainly by their
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kinetic energy, is represented by the “universal curve” shown in the Figure 2.1.3. The kinetic
energy range of 10 — 1000 eV corresponds to IMFP within 5-20 A, ensuring the highest surface
sensitivity. Another parameter to consider is the photoionization cross-section that is the
probability of the electron excitation at the original electronic level. The photoionization cross-

section, in turn, depends on the photon energy.
2.1.1. Synchrotron radiation photoelectron spectroscopy

The synchrotron radiation photoelectron spectroscopy (SRPES) technique is based on the
use of a synchrotron facility as a source of tunable excitation light. The synchrotron radiation
sources of third-generation consist of an electron gun, a linear accelerator, a booster, and a
storage ring with magnetic components. The electrons, generated by an electron gun, are
accelerated to several MeV and introduced to a booster where their energy is increased up to
GeV. From the booster ring, high-energy electrons are inserted into a storage ring. Here,
electrons move with relativistic speed in a circular orbit. Magnetic field, provided by bending
magnets, undulators or wigglers, forces electrons to maintain their circular trajectory. At each
deviation from the linear direction by Lorentz forces, the electrons generate radiation
distributed mainly in the tangential direction and collected at the exit by the beamline optical
system. The energy of photons produced by electrons circulating in a storage ring can vary
from meV (infrared light) to tens of keV (hard X-rays). The radiation is highly intense with
excellent brightness, coherency, variable polarization, and broad energy spectrum. The
monochromator of a beamline is designed to allow for the experimental work at the end station
with the use of a desired photon energy. The PES technique benefits enormously from the
possibility of adjustment of the parameters such as surface sensitivity and photoionization
cross-section. We can see in the Figure 2.1.3 that the electrons with kinetic energy of 50 — 100
eV provide the lowest IMFP and, thus, the highest surface sensitivity. The specific
photoionization cross-section value might enhance or diminish the PES sensitivity toward
discrete elements. Other advantages of SRPES are highly focused beam of the incident light
and good resolving power. In general, the photon flux of the synchrotron radiation is much
higher than the one provided by conventional laboratory X-ray sources. That contributes to the

acquisition of well-resolved photoemission spectra.’*
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2.1.2. Resonant photoelectron spectroscopy

Resonant photoelectron spectroscopy (RPES) is a technique that employs resonant
enhancement of the photoemission from a specific electronic level. The resonance effect is
caused by irradiation of the matter with photons of energy near the photoabsorption threshold
of the core level electrons. First, electrons absorb energy from incident photons; then, they
move to the excited states, which quickly decay via autoionization, releasing enough energy
for emission of photoelectrons from higher energy levels. On the other hand, direct
photoemission could be present as well. Both mechanisms lead to the same final state. In certain
circumstances, quantum mechanical interference of these processes can take place, resulting in
a stronger or weaker probability of photoemission.”” The RPES is an element selective
technique’® and is often used to enhance intensity of specific electronic states in the valence
band spectrum, which are closely related to the surface composition of the matter. Values of
the excitation energy, at which the RPES features have maximum intensity, are estimated from
the constant initial state curves acquired at the corresponding photon energy range. Due to the

necessity of a tunable light source, the synchrotron facility is required for RPES measurements.

Photon energy (eV):

Intensity (arb. units)

Binding energy (eV)

Fig. 2.1.4. RPES valence band spectra of partially reduced cerium oxide film measured with
photon energies: 115 eV (off-resonance), 121.4 eV (Ce’* resonance), and 124.8 eV (Ce**

resonance). The arrows show resonance enhancements D(Ce**) and D(Ce*”).

The RPES technique is frequently applied to estimate the relative amount of Ce** and Ce**

ions in the surface layers of the cerium oxide films. The resonant enhancement from the Ce 4f
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state is possible when the photon energy is around or above an absorption threshold from the
specific core level. In the case of cerium oxide, the Ce 4d—4f transition is used most often.
The main features of cerium oxide in the valence band are spread between 1 and 8 eV (Fig.
2.1.4, green line). This spectrum corresponds to off-resonance transition for both cations and
is measured with photon energy 115 eV. The electron configuration of cerium cations is
[Xe]4d!%4f° in Ce** state and [Xe]4d'%4f' in Ce®" state. In the case of the resonance
enhancement, electrons excited to the unoccupied states during recombination with a hole in
the 4d level can provide energy to another electron in 4f state, leading to its emission. The Ce**
resonance occurs due to super Coster-Kronig decay, when photon energy of 121.4 eV is used,
and appears at binding energy of 1.5 eV (Fig. 2.1.4, red line). The Ce*" resonance occurs due
to electron emission from Ce 4f - O 2p hybridized states at photon energy 124.8 eV. It is
observed as a feature located at binding energy ~4 eV (Fig. 2.1.4, blue line).”” The resonant
enhancements of Ce** and Ce*" ions can be determined from the spectra as a difference between
intensity values of on- and off-resonance spectra at corresponding binding energies (shown in
Fig. 2.1.4. as D(Ce*") and D(Ce*"), respectively). The resonant enhancement ratio (RER), equal

to D(Ce*")/D(Ce*"), provides information about reduction state of the surface cerium cations.
2.1.3. Data acquisition and analysis

For the model experiments in this work, the molecular adlayers were characterized by
SRPES, RPES, and XPS, after deposition on the oxide films at 25 °C. The thermal stability of
molecular films was then studied by annealing at 75, 100, 125, 150, 175, 200, and 250 °C for
I min. The O 1s, N 1s, and C 1s core level spectra were acquired with photon energies of 630,
475, and 410 eV, respectively. The photoemission spectra were normalized to the incidence
photon flux. After each annealing step, the measured spot on the sample was changed. Thus
the radiation damage was considered negligible. The total intensity of N 1s or C Is core levels
was calculated as the integrated area under the spectrum after subtraction of the background
and then divided by corresponding cross-section value. Cu 2p3», W 4172, Ce 3d, O 1s, C 1s,
and N Is core levels were also measured by Al Ka X-ray source. Information about the
reduction state of the top surface of the oxide film was obtained from the RER values calculated
as shown in the Chapter 2.1.2.

Information on the degree of oxidation/reduction of the cerium oxide within the whole
film was obtained from the Ce 3d core level spectra. Since the photoelectron spectrum contains

information on both initial and final states of the emitted electron, the Ce 3d core level has

17



quite a complex structure. For cerium oxide with cations only in 4+ state, Ce has 4f°
configuration in a ground state.”®? In the case of reduced oxide, the Ce*" cation configuration
is 41 8183 After photoexcitation of the core level electron, the Ce*" state can reveal three final
states: 4f°, 4f', and 42, and the Ce’" state may have two final states: 4f! and 4£2.7° As a result,
the five final states can be expected in case of mixed cerium oxide with Ce** and Ce*" cations.
For each final state, the different shielding of a core hole results in a distinct spectral component
at the specific binding energy.?! Due to the spin-orbit splitting of d-level spectra, the peak
components have a doublet structure. Thus, the Ce 3d peak obtained from the CeO2« (0 <x <
0.5) film consists of three 3d3,2-3dsx spin-orbit split doublets corresponding to Ce*" and two
doublets coming from Ce*" state. An example of the Ce 3d spectrum obtained from
Ce01.7/Cu(111) is shown in the Figure 2.1.5. The spectrum was fitted with five Voight doublets
in the KoIXPD software using the procedure described in details in Ref.** The blue doublet at
the lowest binding energy assigned to the 4f> final state configuration of Ce*" cations is built
by a combination of the two Voight doublets due to its asymmetrical nature.®* The split between
the components of a doublet was found to be 18.4 eV. Since the spectra were measured with a
non-monochromatized X-ray source, normalized spectrum recorded from the clean Cu(111)
substrate with satellites from Cu 2p level was subtracted.

The relative amount of the Ce* cations, ¢(Ce*"), was derived from the fitted spectra as:
c(Ce3t) = 1(Ce3)/I1(Ce™), Eq.3
where I(Ce") is the intensity of the components corresponding to the Ce** states, and I(Ce®")
is the total intensity of the Ce 3d spectrum after background subtraction.
The stoichiometry ratio of the CeO2« film was estimated in the following way:

x=0.5%* [(Ce3")/1(Ce™) = 0.5 * c(Ce3"), Eq. 4

where 0 <x <0.5.
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Fig. 2.1.5. Ce 3d spectra of the CeQ\.7 thin film. Green circles correspond to the experimental
data, the black line is the resulting fit, the grey line is a Shirley background, the three blue
doublets correspond to the peaks of Ce** states, and the two red lines correspond to the Ce’*

states.

The effective thickness d of the cerium oxide-based thin films was calculated using the

following equation under assumption that the film is homogeneous and flat:

—d
Iy = Iy e™m, Eq.S

where I and I; are the intensity of the Cu 2p3 or W 4f7,2 peak from the substrate before and
after deposition of the cerium oxide film, respectively. The inelastic mean free path (IMFP) 4,,
of photoelectrons from the Cu 2p3» or W 4f7; orbitals passing through the cerium oxide film
was estimated to be 11.2 or 22.8 A, respectively, using TPP-2M formula.®

The effective thickness d of the glycine adlayers on the cerium oxide-based thin films was
also estimated using the equation (Eq. 5), but in this case I and I; are the intensity of the Cu
2p3n or W 415 peak from the oxide before and after deposition of glycine, respectively. The
IMFP 4,,, of photoelectrons passing through the molecular adlayer was calculated using the

equation for organic materials:®®
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49
Ay = w2t 0.11 £/* mg/m?, Eq. 6
K

where E}, is the kinetic energy of the Cu 2p3» or W 417» core level photoelectrons. To convert
A, to distance units, it was divided by the density of glycine powder (1.607 x 10° mg/m?). The
IMFP of the photoelectrons from the Cu 2p3,» and W 4f7); orbitals passing through the glycine
adlayer was estimated to be 16.1 and 26.1 A, respectively.

The effective thickness of glycine and sarcosine adlayers on the polycrystalline cerium
oxide samples was estimated from the attenuation of the O 1s signal measured with photons of
1486.6 eV using Eq. 5. The IMFP was calculated to be 21.2 A and 31.1 A for glycine and
sarcosine, respectively, using the Eq. 6.

As the effective thickness of the molecular film has only qualitative character, we further
estimated the molecular coverage in monolayers (MLs) under assumption of the adlayer growth
in the form of islands. In this case, the coverage of the cerium oxide surface by glycine
molecules was estimated by analyzing the ratio of the N 1s intensity to the topmost surface
contribution of the Ce 3d signal from the clean oxide film. Both spectra were acquired with a
photon energy of 1486.6 eV. The idea was to relate the number of nitrogen atoms to the number
of cerium cations on the surface. The coverage was evaluated for each model system after
molecular adlayer deposition and after annealing at 75 °C, with an aim to minimize the
contribution from the weakly bound or physisorbed species. The topmost surface
(Ce 3dciean) sury signal, which accounts for the photoelectrons from the first O-Ce-O trilayer
of thickness 3 A, was derived from the Ce 3d peak area, taking into account the IMFP value of
Ce 3d photoelectrons in cerium oxide (11.7 A) and layered structure of the film.%’

The integrated intensity of the N 1s spectrum acquired from the adsorbed molecules is
considered to be proportional to the glycine coverage 6 (see Fig. 2.1.6). The surface component
I(Ce 3dcieqn) surf accounts for the photoelectrons escaping from uncovered oxide (1 — 6) and

from the surface underneath the molecular adlayer 6 X exp(—4/A) (Fig. 2.1.6). The intensity

ratio can be represented by the following equation:

I(N 1s) _ 0
I(Ce 3dclean)surf B ((1 - 9) + 6 X exp(— 4//1)) '

Eq.7

where 4 A is the size of the glycine molecule according to Ref.® and A is the IMFP of Ce 3d

photoelectrons in glycine calculated from the equation Eq. 6 and equals to 16.6 A.

20



For instance, for the glycine/CeO, system annealed at 75 °C, the coverage of 0.23 ML was
found. Since glycine contains only one nitrogen atom, 0.23 ML means 1 molecule per 4 or 5
cerium cations on the surface. Size of the glycine molecule reported in the literature varies
between 3.5%3.9 A% and a sphere with a diameter 4 A.% According to Ref.” size of the surface
unit cell of cerium oxide is 3.82 A. Therefore, it is obvious to expect that one glycine molecule
may cover from 2 to 4 unit cells of cerium oxide in the case of flat adsorption geometry which

is in agreement with the estimated coverage value.

N 1s Ce 3d

e T

6 a-0 6 X exp(—4/4)

glycin;—;_'

Fig. 2.1.6. Schematic diagram of the coverage estimation for the glycine adlayer on the cerium

oxide film.

Taking into account similarity in behavior of the N 1s and C 1s core level spectra of glycine
adlayers on CeO2 and CesWO12 and based on the coverage value for CeO2, we estimated
molecular coverage on the CesWO12 surface by comparison of the integrated N 1s intensities

for the two systems.

2.2. Near edge X-ray absorption fine structure spectroscopy

The near edge X-ray absorption fine structure (NEXAFS) spectroscopy is a relatively
young technique that was introduced in the 1980s. NEXAFS is an efficient tool for
investigation of the electronic structure and spatial orientation of adsorbed molecules. The
NEXAFS is the most commonly used for organic molecules consisting of atoms with low
atomic number, Z, such as C, N, O, F. The NEXAFS spectra represent dependence of the
photoabsorption cross-section on the incoming photon energy and reveals strong characteristic
features just below and up to a few tens electronvolts above the absorption edge.

The main principle of the NEXAFS spectroscopy is absorption of electromagnetic
radiation by matter through excitation of the core level electrons (usually K-shell) to

unoccupied bound or continuum states. It leads to creation of a core hole with a short lifetime.
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The hole is then filled by an electron either through Auger process or radiatively by emission
of a fluorescent photon. For detection of core hole annihilation both, fluorescence photons and
Auger electrons, as well as electrons inelastically scattered in the material (secondary electron
yield), can be used. For atoms with low Z number, the Auger electron yield is considerably
higher than the fluorescence yield.”! Detection of the Auger electrons provides element-
specific information and also leads to the highest surface sensitivity due to relatively low
kinetic energy of the electrons and their IMFP in the material. The fluorescence yield detection
mode is actively used for studying samples in liquid or gaseous form.

A schematic illustration of the nature of characteristic features in the NEXAFS spectrum
is shown in the Figure 2.2.1. A step-like increase of the signal intensity occurs as the photon
energy passes an ionization threshold. Excitation of a core electron to a bound state takes place
as a transition from 1s atomic level to unoccupied (usually antibonding) molecular orbitals of
T Or ¢ symmetry, or as a transition into Rydberg states. Transitions to empty bound states can
happen only in case when the energy of the incident photons equals exactly to energy difference
between the initial electron orbital and the unoccupied one (usually marked as n* or c*).
Transition from 1s to * orbital, also called n*-resonance transition, is possible only in systems
with n-bonding, e.g., in systems with double or triple bonds between atoms, but never for single
bound systems. The m*-states usually occur below the ionization edge due to electron-hole
Coulomb interaction’ and are the lowest unoccupied molecular orbitals for diatomic structure
with m-bond. Rydberg states are located between the n*-states and the ionization potential. The
o*-states take place at higher energies and give wide resonances due to overlapping with
continuum states. The n* and Rydberg orbitals provide sharp narrow resonances caused by
short lifetime of the excited electron. However, the latter are weak, especially in the case of
chemisorbed molecules or in a condensed phase. If the hydrogen bonds are present, Rydberg
orbitals are mixed with hydrogen-originated antibonding orbitals of the same symmetry that
results in higher intensity of the corresponding resonant transitions. Molecules that contain C—
H bonds produce highly intense features in C K-edge that are usually referred to a mixture of
Rydberg and valence resonances.”*** Some systems reveal sensitivity of the c*-resonances
position on the energy scale to the length of the corresponding bond. It makes possible

estimation of the bond lengths by the NEXAFS spectra analysis.””
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Figure 2.2.1. Schematic illustration of potential (left) of diatomic molecule and corresponding

NEXAFS K-edge spectrum (right).

Additionally to the information about chemical state of the molecules or the molecular
fragments, NEXAFS can provide information about their orientation on the surface. Intensities
of the resulting * and 6* resonances depend on the angular orientation of electric field vector
of the incident light with respect to corresponding molecular bonds. Since intensity of
transition, I, due to Fermi’s golden rule is proportional to the angle, 4, between direction of the
final state molecular orbital and the electric field vector (I x cos?6&),” thus, the highest
intensity of a resonance transition can be achieved when direction of the final state orbital and
electric field vector are parallel. When they are at a normal to each other, the transitional
intensity vanishes. It is important to consider that 6* orbitals have a maximum amplitude in
the direction along the bond and n* orbitals in direction perpendicular to the bond.

In this work, the NEXAFS spectra of the glycine and sarcosine adlayers on the oxide films
were acquired at C and N K-edges in partial KVV Auger electron yield mode with a total
energy resolution estimated to be 0.23 and 0.38 eV, respectively. The spectra were measured
in two geometries: grazing incidence GI (10°, molecular orbitals perpendicular to the surface
are mostly excited) and normal incidence NI (90°, molecular orbitals parallel to the surface are
excited). The NEXAFS spectra were normalized to the incident photon flux. The corresponding

spectra measured on the clean oxide surfaces were subtracted as a background.
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2.3. Materials Science beamline at Elettra-Sincrotrone Trieste

Elettra is a third-generation synchrotron facility located in Trieste (Italy) that provides light
since 1994 and runs in the top-up mode since 2010. The relativistic electrons in the storage ring
circulate in two configurations: at energy 2.0 (75% of the time) and 2.4 (25% of the time) GeV
with the current set to 310 and 140 mA, respectively. The injector consists of the linear
accelerator and full energy booster and provides injection every 6 (for 2.0 GeV) and 20 (for
2.4 GeV) minutes, keeping the electric current in the ring constant to 3 and 7 %, respectively.
28 beamlines are currently operating at the Elettra synchrotron. They allow users from all over
the world access to techniques based on photoelectron emission, absorption, scattering,
diffraction, reflection/emission, imaging, and lithography with application of tunable, bright,
and monochromatic synchrotron radiation.

All PES and NEXAFS experiments presented in the current work were performed at the
Materials Science beamline (MSB) at Elettra-Sincrotrone Trieste. The synchrotron light of the
beamline is provided by a bending magnet and a plane grating monochromator and is believed
to be between 80 — 90% linearly polarized in the horizontal direction with photon energy from
22 to 1000 eV. The beamline was designed for surface science research on a wide range of
materials and is well equipped for the photoelectron and absorption spectroscopy studies in
UHV. The spot size of the beam on the sample surface is about 200 um in vertical and 500 pm
in horizontal direction.

The end station of the beamline consists of three UHV chambers (experimental,
preparation, and load lock chambers) equipped with a Specs Phoibos 150 hemispherical
electron energy analyzer, an X-ray source with Mg/Al dual anode, an e-beam evaporator, a gas
inlet system, an ion gun, low energy electron diffraction (LEED) optics, a sample manipulator
with a heating system and a K-type thermocouple attached to the rare side of the sample. A
small load lock chamber is used for the fast entry of the sample. There is a possibility to mount
additional equipment in case if needed. In our experiments, the Knudsen cell type evaporators
were mounted in the preparation chamber for deposition of the molecules under UHV. During
deposition of the molecules from solution, a glove bag filled with nitrogen was connected to
the load lock chamber to minimize interaction of the studied system with ambient environment.
A base pressure was 3 x 101% and 2 x 10 mbar in the experimental and preparation chambers,
respectively.

MSB provides photon beam of moderate intensity in the soft X-ray range, a unique

combination that is highly appropriate to the study of the bio or organic molecules adsorbed on
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surfaces. Tunability of the photon beam up to 1000 eV allows to choose optimal conditions for
the acquisition of the well-resolved spectra using the photon flux, which is not particularly
destructive for the systems under investigation. This setup is well suited for the study of the
surface valence band features with enormous potential for the RPES technique, especially when
applied for the characterization of the cerium oxide thin films. The measurements in this work
were performed on samples in normal and grazing incidence and normal emission geometries.
The total resolution of photoemission spectra, defined by the beamline settings and pass energy
of the hemispherical analyzer, was determined by measuring the Fermi edge broadening at 25
°C, which gave the following values 0.69, 0.49, 0.38, and 0.17 eV for photon energy 630, 475,
410 and 115 eV, respectively. The Ce 3d core level spectra were always measured with the Al
Ka X-ray source at the 20° emission (the angle between the analyzer and the sample normal)

with the total resolution of about 1 eV.

2.4. Electrochemistry

The second part of the work is devoted to biosensing properties of the CeO; films studied
with the use of the electrochemical techniques. The compact polycrystalline cerium oxide thin
film was proposed as a working electrode for the biosensing systems. This chapter contains a
short description of used electrochemical techniques: cyclic voltammetry (CV),
chronoamperometry (CA), and electrochemiluminescence (ECL).

Part of the electrochemistry known as voltammetry was developed after discovering
polarography by the Czech chemist J. Heyrovsky in 1922 that brought him the Nobel Prize in
chemistry in 1959. In voltammetry, current is measured as a function of applied potential and
provides information about the analyte. To apply the potential accurately and measure the
current precisely, a three-electrode setup of the electrochemical cell is commonly used. The
three important components engaged are working, counter, and reference electrodes. They are
connected to a potentiostat on one side and immersed into a working solution on the other side.
The potentiostat applies a potential to the working electrode, set correctly with assistance of
the reference electrode, and, at the same time, detects current that flows between counter and

working electrodes.

Cyclic voltammetry (CV) (firstly reported in 1938) is one of the potential sweep

electrochemical methods. It is a very common and powerful technique for obtaining qualitative

information about electrochemical processes. In particular, it allows the rapid detection of the
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redox potentials, provides information on kinetics of electron-transfer reactions and adsorption
processes, and sheds light on thermodynamics of redox processes. In CV, the potential applied
to the working electrode linearly changes from the initial E; to the final Ervalue, which is called
a linear potential sweep, and then returns back to the E; (Fig. 2.4.1 a). This process is cycled
with a known sweep (or scan) rate. The final voltammogram is a plot of the measured current
versus the applied potential with the characteristic peaks corresponding to redox processes. The
typical shape of cyclic voltammogram of quasi-reversible processes is shown in the Figure
2.4.1b. As the potential goes in the positive or anodic direction, oxidation of the analyte occurs.
The sweep in the negative or cathodic direction of the applied potential leads to reduction of
the analyte. Reversibility of the electrochemical process can be estimated from the difference
between the anodic and cathodic peaks potentials that is called peak-to-peak separation AE,,,
that is caused by the diffusion of the analyte from and to the electrode during the reaction in a

working solution. In ideal conditions AE,, of the reversible process at 25 °C is equal to 57 mV.

In quasi-reversible processes the AE,, is not constant and changes at different scan rates.”*"’
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Figure 2.4.1. Schematic diagrams of applied potential in a) CV and c) CA measurements, b)
typical cyclic voltammogram of quasi reversible electrochemical process; d) scheme
representing dropping of the current in CA experiment when the applied potential is kept

constant.
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In the case of analyte species adsorbed on the electrode surface, no peak-to-peak separation
is observed. Low-barrier electron transfer between the analyte and electrode results in a
reversible electrochemical reaction. High-barrier electron transfer causes irreversibility of the
electrochemical process since, in this case, higher potentials are needed to achieve oxidation
or reduction. Usually, the recorded current is normalized to the surface area of the electrode
and defined as a current density. The amplitude of the signal is proportional to the amount of
analyte in a working solution, which permits an estimation of its concentration. The intensity
also depends on the scan rate and can give insight into the role of adsorbates, diffusion
processes, etc.”®

Chronoamperometry (CA) is an electrochemical technique for which a similar setup is

employed as for CV. In CA, a step potential is applied to the working electrode and resultant
current is acquired as a function of time. Usually, prior to the CA measurements, a few scans
of CV are recorded to identify the potentials at which reduction and oxidation peaks appear.
Then the potential value at which a redox reaction occurs is chosen and used for CA. In
conditions of constant potential, the measured current reflects variation in the analyte
concentration near the electrode surface. There are two common ways of performing the CA
experiments: by applying a single (current is acquired at potential on, shown in Fig. 2.4.1 ¢) or
double (acquisition at potential off — it returns to the initial value after a certain amount of time)
potential step. When the mass transport is controlled only by diffusion process, the diffusion
layer of the reactive species near the electrode expands as reaction occurs. It leads to a decrease
of the signal between the working and counter electrodes and reaching of the base current when
the analyte is consumed (Fig. 2.4.1 d). Integration of the area under the recorded current curve
and application of Faraday’s law allows to estimate the total charge of the reaction. If solution
in the cell is continuously stirred, intensity of the current will correspond to the concentration
of the analyte in bulk. Thus, CA allows to estimate concentration of the reactive species in the
solution and very often is used in biological sensors. Biosensors based on amperometric
measurements can provide a good selectivity since every analyte has distinct potentials for
reduction and oxidation reactions.”

Electrochemiluminescence (ECL), also known as electrogenerated chemiluminescence, is

based on the generation of light by the analyte species at the electrode surface after applying
of a potential. The essential component of the setup is chromophore species which help to
enhance electrostimulated chemical reaction in the working solution. There are three different
categories of chromophore mediator systems used in ECL: inorganic complexes (based on

transition metals), organic systems (include polycyclic aromatic hydrocarbons), and
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nanostructured materials. When the potential is applied to the electrode, excited intermediate
species are generated in course of the electrochemical reaction via the electron transfer. The
photon emission occurs as a result of relaxation to the lower energy state. The most used
chromophore in the ECL measurements is ruthenium(ID)tris(2.2'-bipyridine) complex
(Ru(bpy)3)**, the first inorganic complex employed for the ECL signal enhancement.'®

There are two general strategies for photon generation in ECL: annihilation and co-
reactant. In the annihilation system, a double-potential step should be applied to activate highly
energetic precursors that generate an excited molecule after the reaction. Both oxidized and
reduced species are involved in the chemical reaction at the electrode. The co-reactant
mechanism requires only one-potential step. During the potential sweep in one direction that
causes the oxidation or reduction of co-reactant, an intermediate state, which further develops
through the interaction with luminophore and formation of an excited state, is reached.!® The
narrow potential window, within which the working solution is stable, is a big advantage of
this system. Thus, it allows to perform the ECL measurements in aqueous solutions, which is

particularly suitable for medical tests.
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Fig. 2.4.2. Schematic illustration of the excited (Ru(bpy)s;)*** species generation by the co-

reactant oxidation-reduction mechanism using amines.

In the co-reactant ECL systems, the polypiridine Ru complexes (particularly (Ru(bpy)s)**)

combined with amines (the most commonly tropropylamine (TPrA))* are generally used. In
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this setup, the Ru(bpy)s)*" luminophore can be oxidized at the electrode to (Ru(bpy)s)**. The
direct oxidation of the amine co-reactants is accompanied by deprotonation and formation of
stable radical species, which eventually reduce the Ru complex to (Ru(bpy)s)". After
interaction of (Ru(bpy)s)’" and (Ru(bpy)s)* the excited molecule (Ru(bpy)s)*"* is generated
with subsequent relaxation and spontaneous light emission of 620 nm wavelength. A schematic
illustration of the excited (Ru(bpy)s;)*™* species generation in the co-reactant ECL systems is

shown in the Figure 2.4.2.

2.5. Characterization of the surface ordering and oxide film morphology

2.5.1. Low energy electron diffraction

Low energy electron diffraction (LEED) is a UHV technique used to characterize surface
long-range crystal structure and symmetry of samples. The back-view LEED setup consists of
an electron gun, a set of grids, a fluorescent screen, and a video camera. The electron gun
provides a highly collimated beam of electrons with kinetic energy of 20-200 eV. The
wavelength of the electrons is comparable with an interatomic distance in solid materials and
does not exceed 3 A. It allows the electrons to undergo diffraction on the crystalline surface
after interaction with the matter. Since the inelastic mean free path for low energy electrons
(20-200 eV) is about 1 nm, this technique is highly surface sensitive. The electrons inelastically
back-scattered by the surface are selected and accelerated, depending on their energies, by the
grids system and, after reaching the fluorescence screen, create a diffraction pattern recorded
by a video camera. Thus, the LEED pattern with sharp diffraction spots is observed from the
surface with atoms in a well-ordered periodical structure. Moreover, the LEED image
displaying the reciprocal lattice of the surface brings information about surface reconstructions
and relaxations with a possibility to estimate the lattice parameter, etc.'’!

In this work, the LEED technique was used for the qualitative analysis of the surface
ordering of the cerium oxide-based thin films. The typical LEED patterns obtained from the
CeO2(111)/Cu(111), CeO1.7(111)/Cu(111), CesWO12(100)/W(110) and Ce203(111)/Cu(111)

thin films are shown in the Figure 2.5.1.

29



Fig. 2.5.1. LEED images of cerium oxide-based thin films prepared on Cu(111) and W(110)
single crystals: a) (I % 1) CeOx(111)/Cu(lll), b) (3 x 3) CeO;7(111)/Cu(lll), c)
CesWO2(100)/W(110) and d) (4 x 4) Ce203(111)/Cu(111) taken with electron energy of 94,
102, 70, and 96 eV, respectively. The blue tetragon in a), b) and d) corresponds to the (1*x1)

CeQO>(111) unit cell; yellow arrows in c) represent unit vectors of CesWO)..
2.5.2. Atomic force microscopy

Atomic force microscopy (AFM) is a high-resolution ambient pressure surface science
technique used to characterize the sample topography, morphology, and roughness. Besides
that, AFM allows to define the surface potential and mechanical properties of the materials. It
can also be applied for controlled manipulations of the processes on the surface. An AFM
image is obtained by scanning over the sample’s surface with a probe that consists of a sharp
tip (nm radius) connected to cantilever (um size), which is placed on the holder (mm size). As
the probe moves over the surface, it is deflected by atomic forces in consequence of the
interaction between the tip and the sample. This deflection is monitored by a photodiode that
registers reflection of the laser beam from the cantilever. The feedback loop receives a signal
from the photodiode and adjusts the distance between the tip and the sample surface.
Information from the photodiode is also used to build an image of the surface. There are several

modes of AFM measurements: contact, tapping, and non-contact.'%?

30



Fig. 2.5.2. a) AFM and b) SEM images of polycrystalline CeO: film deposited on the glassy

carbon electrode.

In this work, morphology and roughness of the polycrystalline CeO> samples prepared ex
situ on Si wafer or glassy carbon substrate were examined by means of Bruker MultiMode 8
AFM microscope in a tapping mode. The typical AFM image taken from the polycrystalline
CeOs: film prepared by magnetron sputtering is shown in the Figure 2.5.2 a.

2.5.3. Scanning electron microscopy

Scanning electron microscopy (SEM) is a high vacuum technique used to characterize the
surface morphology and composition of the solid-state samples. The surface is bombarded with
a focused electron beam, which moves on the sample in a raster scan pattern. The electrons
interact with atoms in the material by elastic and inelastic scattering, emitting secondary
electrons, inducing radiation, etc. These products carry information about the scanned area of
the sample surface. The integrated information on the electron beam position combined with
the intensity of the detected signal is analyzed by a software and used to build a SEM image.
There are several modes of the measurement: using secondary electrons (allows to investigate
morphology since intensity of the secondary electrons emission depends on the angle between
the surface and incidence electron beam), using backscattered electrons (provides information
about composition based on the intensity of electron scattering from lighter and heavier
elements), and using X-ray radiation (allows to determine atomic composition of the material,

the technique is called energy-dispersive X-ray spectroscopy).'®
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In the current work, morphology of the polycrystalline cerium oxide thin films prepared
ex situ was studied by using the Tescan Mira 3 SEM microscope using the secondary electron
mode and 30 kV accelerating voltage, working distance was 2-3 mm. Since kinetic energy of
secondary electrons was about 50 eV, the information depth of measurements in this mode was
about several nanometers. The typical SEM image taken from polycrystalline CeO> film

prepared by magnetron sputtering is shown in the Figure 2.5.2 b.

2.6. Model systems preparation

In this chapter, preparation and characterization of the samples used in the thesis are
described. All substrates were divided into two groups based on the preparation method:
samples prepared in situ by e-beam physical vapor deposition and samples prepared ex situ by
non-reactive RF magnetron sputtering. The in situ oxide films were deposited on Cu(111) and
on preoxidized W(110) single crystals. The ex situ substrates were grown on Si(111) wafer
covered with natural oxide and on a glassy carbon substrate. Information on the molecular

adlayers preparation and H>O: and sarcosine detection is also provided.
2.6.1. Cerium oxide films prepared in situ and ex situ

In total, four types of samples were prepared in situ: CeO(111)/Cu(111),
CeO1.7(111)/Cu(111), Ce203(111)/Cu(111), and CesWO12(100)/WO/W(110).

As a substrate for the CeO; epitaxial thin films, the Cu(111) single-crystal (99.999%
purity, MaTecK, 8 mm diameter, 2 mm thickness) was used. Before deposition of cerium oxide,
the crystal was cleaned by cycles of Ar" ion sputtering and annealing at 450 °C. The surface
was considered clean when no C Is and O 1s signal was observed by photoelectron
spectroscopy. Deposition of the CeO> film was performed under oxygen atmosphere (5 x 107
mbar) by e-beam physical vapor deposition of cerium (99.99% purity, Goodfellow) on the
Cu(111) crystal kept at 250 °C with following annealing at the same temperature under the
same oxygen pressure for 10 min. The surface ordering was checked by LEED and revealed (1
x 1) CeO2(111)/Cu(111) pattern (Fig. 2.5.1 a). Thickness of the oxide film was estimated from
the attenuation of the Cu 2p3,2 core level signal (for details, refer to the Chapter 2.1.3) and was
about 21 A1

Partially reduced cerium oxide film CeO;.7(111)/Cu(111) was prepared by deposition of
metallic Ce in UHV onto CeO(111)/Cu(111) buffer and followed by annealing at 600 °C for

30 min.! Thermally stimulated mobility of oxygen atoms in the oxide film leads to the
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formation of an ordered partially reduced cerium oxide film with gradually decreasing
concentration of vacancies from the surface to the bulk.'® The total thickness of 38.5 A was
calculated from the attenuation of the Cu 2p3. peak intensity. The stoichiometry ratio of 1.7
was estimated from the fitting of the Ce 3d core level (more details in the Chapter 2.1.3). LEED
measurements revealed (3 x 3) CeO1.7(111)/Cu(111) pattern (Fig. 2.5.1 b).

The fully reduced epitaxial Ce;O3(111)/Cu(111) film was prepared in the same way as
CeO1 7 film by depositing cerium onto the CeO> buffer in situ, varying the amount of metallic
Ce.!% The oxide film contains exclusively Ce*" cations and maximal density of oxygen
vacancies through the whole thickness.'”® Estimated oxide thickness of the epitaxial
stoichiometric (4 x 4) Ce;03(111)/Cu(111) film (LEED pattern is shown in Fig. 2.5.1 d) was
about 36.4 A.

The epitaxial CesWO12(100) oxide was prepared on W(110) single crystal (99.999%
purity, MaTecK, 10 mm diameter, 1.5 mm thickness), which was previously cleaned by cycles
of Ar" sputtering and annealing at 900 °C in UHV and preoxidized to WO/W(110) by annealing
at 600 °C in 5 x 10”7 mbar of oxygen. Cerium was evaporated on top at 500 °C under oxygen
atmosphere (5 x 10”7 mbar) and then flashed to 900 °C.!% The thermal treatment stimulates the
diffusion of W atoms from the buffer oxide towards growing cerium oxide adlayer. In the
cerium-tungsten mixed oxide CesWO12(100) tungsten is present in W¢" state and acts as high-
valence dopants donating electrons to Ce*' cations and causing their reduction to Ce**.1%
Thickness of the obtained film was calculated from the attenuation of the W 417> photoelectron
peak intensity and was estimated to be about 6.5 A. Photoemission and LEED (Fig. 2.5.1 c)
measurements confirmed the formation of the CesWO12(100)/WO/W(110) oxide film with Ce
atoms in Ce" state.

The polycrystalline cerium oxide films were prepared by nonreactive magnetron sputtering
of a CeO, target (99.999%, Kurt J. Lesker). As the substrates, the single-crystalline Si(100)
wafer with 4 nm thick natural oxide film and glassy carbon (>99.9%, Alfa Aesar, 1 mm thick,
type 2) were used. The sputtering was done under Ar atmosphere (4x10~ mbar). A growth rate
of cerium oxide film of 1 nm min"! was achieved by using a RF power of 80 and 65 W for
Si(100) wafer and glassy carbon, respectively. The oxide film thickness was in the range 15 -
20 nm. The surface morphology and structure of the obtained ceria films was examined by
Bruker MultiMode 8 AFM and Tescan Mira 3 SEM microscopes (Fig. 2.5.2). The estimated
surface roughness was about 1.3 nm. The ex sifu polycrystalline CeO> films were inserted in
UHV and cleaned (soft Ar" sputtering and annealing in oxygen atmosphere at 250 °C) before

deposition of the molecular adlayers.
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2.6.2. Deposition of molecules in situ and ex situ

Glycine (NH2-CH2-COOH, 99.5 % purity, Alfa Aesar) and sarcosine (CH3;-NH-CH»-
COOH, >98 % purity, Sigma Aldrich) were used as received without further purification. UHV
deposition of glycine/sarcosine was done in the preparation chamber by using a Knudsen-cell
type evaporator. The glycine/sarcosine powder in the crucible was degassed at 85 °C, firstly,
and heated to 95 °C/90 °C for deposition. Pressure in the chamber during deposition was about
4 x 10® mbar. The sample was held by a transfer rod at 25 °C during molecular deposition.

The molecular deposition from solution was carried out under nitrogen atmosphere in a
glove bag connected to a fast entry chamber to avoid exposing the sample to ambient air. The
5 mM glycine and sarcosine solutions were prepared by addition of 18.77 mg and 22.27 mg of
glycine and sarcosine powders, respectively, into 50 mL of MilliQ water (18.2 MQ cm) with
following stirring for 1 hour. One drop of the solution was placed on the studied substrate for
2 min and dried by N2 flow. Then the sample was inserted into UHV chamber for
measurements. 1 drop of pure MilliQ water was deposited on a clean surface in the same way
for a reference. The multilayer coverage of glycine was prepared by depositing 1 drop of the
glycine saturation solution (5 g glycine powder was added to 20 mL of MilliQ H»O giving 3.3
M concentration, then stirring for 1 hour) on polycrystalline CeO: film, leaving for 2 min and

drying with N3 jet.
2.6.3. Cerium oxide electrodes for H>O; and sarcosine detection

The polycrystalline CeO> films deposited on glassy carbon (GC) plate were used as an
electrode for electrochemical biosensing. For this purpose, a custom cell with 10 mL volume
was developed and constructed, in which the removable working electrode can be easily
inserted for the electrochemical study (see Fig. 2.6.1 for details). Then the nanostructured CeO»

working electrode was tested for H>O> and sarcosine detection.
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Fig. 2.6.1. a) The dismounted electrochemical cell b) the load lock chamber with mounted N>
filled glove bag for sample transfer in UHV, c) the cell during the electrochemical

measurements.

H>O> detection

Electrochemical characterization of the CeO»/GC electrode was performed at room
temperature using a conventional cell with three electrodes. All potentials were measured
versus the Ag/AgCl (3 M KCl) reference electrode purchased from BVT Technologies, and a
Pt wire was used as a counter electrode. During the measurements, the working electrode was
delimited by an o-ring (0.6 cm diameter), exposing to the solution an area equal to 0.28 cm?.
The measured current values were expressed as current densities considering the active surface
area of the CeO2/GC electrode. The working solution was phosphate buffered saline (PBS,
heavy metals < 5 ppm, BioPerformance Certified) with pH 7 and concentrations 200 mM and
10 mM. The ultrapure water (18.2 MQ.cm from a Millipore MilliQ system, total organic
content < 5 ppb) was used to prepare the PBS solutions. Before each experiment, the solution
was bubbled with nitrogen gas to obtain an oxygen-free environment. Experiments were carried
out under nitrogen flow.

CV experiments were performed in the potential range swept between -0.35 V and 0.8 V
at a scan rate of 50 mV/s. Furthermore, a set of CV curves was acquired at different pH (from
6 to 8) and at scan rates from 50 to 250 mV/s. The reference CV signals were obtained with
the bare GC plate as a working electrode. In measurements with a mediator, 2 mM

concentration of potassium ferricyanide (K3Fe(CN)s, 99 % purity, Sigma Aldrich) was added
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to the PBS working solution. Calibration curves were plotted as faradic current versus
concentration of hydrogen peroxide.

Prior to CA measurements, two cycles of CV were performed in pure PBS solution to
clean the electrode surface and check the functionality of the working electrode. CA
experiments were conducted with constant stirring of the solution at potential 0.65 V against
the Ag/AgCl electrode. Once a stable current was achieved for the CeO,/GC electrode in PBS
solution, the amperometric response was detected as a function of stepwise additions of H>O>
(30 %, Sigma Aldrich).

The CeO,/GC electrode was characterized by XPS and RPES after 5 min immersion in the
working solution and after performing CA measurements (about 30 min) in PBS with addition
of low (0.05 mM) and high (8§ mM) concentrations of H>O». The samples were transferred to
UHV under a nitrogen atmosphere (to minimize contamination from the ambient) after the

indicated steps in CA.

Sarcosine detection

For the ECL sarcosine detection by the CeO2/GC electrode, the sarcosine powder (=98 %
purity, Sigma Aldrich) and the tris(bipyridine)ruthenium(Il) chloride mediator
(Ru(bpy);Cl2-6H20, Sigma Aldrich) were used without further purification. Phosphate buffer
solution (pH 7) with the concentration of 0.2 M was prepared by dissolving 27.6 g of KH,PO4
and 28.39 g of NaxHPO4 (both >98 % purity, Sigma Aldrich) in 1000 mL of distilled water.
The ultrapure double distilled water (18 MCQ cm) was obtained from a SimplyLab water system
(DIRECT-Q3 UV, Millipore). This part of the work was performed in collaboration with the
group of prof. Paolucci at the University of Bologna (Italy), which is specialized in the applied
electrochemistry.

During the electrochemical measurements, the CeO2/GC electrode’s surface contact with
the working solution was delimited by o-ring to the area of 0.5 cm? (circle of 0.8 cm diameter).
A conventional three-electrode cell assembly consisting of an Ag/AgCl reference electrode and
a platinum wire counter electrode was used. The working electrode was either an unmodified
glassy carbon electrode (GC) or a glassy carbon modified by CeO; film (CeO2/GC). CV was
taken by an AUTOLAB potentiostat interfaced to GPES software. Prior to the ECL
characterization, the CV measurements were performed to estimate the position of the redox
peaks. The cyclic voltammograms were taken with the scan rate of 100 mV/s in a potential
window of 0-1.4 V. The test measurements with Ru(bpy)s*>" chromophore and TPrA co-

reactant were performed on CeO2/GC and GC electrodes to analyze the ability of cerium oxide
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to work as an electrode in such system. The ECL signals have been recorded in CA mode at
potential 1.4 V. To amplify the photoluminescent signal, the photomultiplier tube (PMT,
Hamamatsu R4220p) with bias voltage of 750 V was placed above the cell inside of a dark box
and inserted in a dual-exit monochromator (ACTON RESEARCH model Spectra Pro23001).
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3. Results
3.1. Interaction of glycine and sarcosine with cerium oxide

3.1.1. Glycine on single-crystalline cerium oxide based surfaces

This chapter is dedicated to the results and their discussion obtained in the course of an
experimental study of glycine adsorption on cerium oxide films of different stoichiometry and
composition by means of SRPES, XPS with a laboratory source, RPES, and NEXAFS. The
ordered stoichiometric CeO2(111)/Cu(111), partially CeO1.7(111)/Cu(111) and fully reduced
Ce203(111)/Cu(111) surfaces, and mixed oxide CesWO12(100)/W(110) were chosen as the
model substrates. Glycine was deposited by evaporation in vacuum on the oxide films kept at
25 °C. Preparation of the substrates and molecular adlayers is described in detail in the Chapter
2.6. The thermal stability of glycine bound to cerium oxide-based films was studied after

annealing at 75, 100, 125, 150, 175, 200, and 250 °C.

Results - RPES, SRPES, XPS

Changes in the redox state of the cerium cations on the surface of the oxide films were
tracked by analysis of the RPES VB features corresponding to the Ce*" and Ce*" resonances
(for instance, see Fig. 2.1.4 in the Chapter 2.1.2). Results for CeO2 and CeO1 7 films before and
after glycine deposition and then after thermal treatment are shown in the Figure 3.1.1 a-d. The
RER ratio was not estimated for Ce>O3 and CesWO1» since the Ce*" centers are absent in these
films; for these surfaces, only resonance enhancements D(Ce**) were analyzed and plotted in
the Figure 3.1.1 e, f. The RER values change remarkably after deposition of glycine molecules
(Fig. 3.1.1 a, b). In particular, the reduction (RER value grows from about 0 to 0.6) of CeO:
and reoxidation (RER ratio drops from 8.4 to 5.4) of CeO, 7 surface were observed. The similar
extent of an increase of D(Ce*") and decrease of D(Ce*") for the glycine adlayer on CeO> (Fig.
3.1.1 ¢) may account for the Ce*" cations reduction on the surface due to water desorption or
charge transfer from the adsorbed molecule to the oxide. The RER behavior for the CeO; 7 film
after glycine deposition is quite different. While resonance enhancements D(Ce*") decrease
notably after molecular adsorption, almost no changes are detected for D(Ce*") (Fig. 3.1.1 d).
First of all, the D(Ce*") change accounts for the signal attenuation by the adlayer and then
reflects the molecular bonding character, which might be closely related to electron transfer

from the Ce*" ions to the molecule or filling the surface vacancies by oxygen atoms from the
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molecule. Simultaneously with a decrease of D(Ce**), an increase of D(Ce*") is expected, but
the experimental findings evidence against this hypothesis. Apparently, we have to take into
account the vacations mobility in the reduced cerium oxide films.!% For glycine adlayers on
CesWO12 and Ce>03, the molecular deposition causes a rapid decrease of the D(Ce*") signals
(Fig. 3.1.1 e, f) similarly as for CeO 7.

In course of thermal treatment of the glycine/CeQO; system, the RER ratio remains stable
with an average value of 0.6 (Fig. 3.1.1 a). In the case of glycine on CeO .7, the RER slowly
increases from 5.4 to 6.0 at 150 °C, and then rapidly decreases to 3.5 at 250 °C (Fig. 3.1.1 b).
The behavior of D(Ce*") versus annealing temperature for glycine adlayer on CesWO12 (Fig.
3.1.1 e) indicates a slight rising of the signal up to 150 °C, and then the slope of the line became
steeper for higher temperature. For glycine/Ce,Os, the D(Ce*") signal (Fig. 3.1.1 f) is stable
between 75 and 200 °C, similarly as for CeO;7 (Fig. 3.1.1 d), and increased further after
annealing at 250 °C.

No detectable changes in the Ce 3d core level spectra were observed after adsorption of

glycine molecules (Fig. 3.1.2) for any of the studied films. After substrate annealing at 250 °C,

Table 3.1.1. Effective thickness of glycine adlayers [dcy, A], molecular coverage [0,
ML], binding energy [Ep, €V] of the components of the N Is and C Is core levels, and
the energy difference [A, eV] between components D and C of C Is.

oxide film/temperature dgiy, A 0Giy, ML Eb(N 1s), eV Eu(C 1s), eV A(C 1s), eV
component A components D, C

CeOx(111)/Cu(111)

25°C 3.8 0.21 400.1 (A) 286.4 (D), 288.8(C) 24

75 °C 2.3 0.23 400.1 (A) 286.4 (D), 288.8(C) 24

CeO,.7(111)/Cu(111)

25°C 22 0.23 400.5 (A) 287.1 (D), 289.7(C) 2.6

75 °C 2.1 0.20 400.7 (A) 287.2 (D), 289.8 (C) 2.6

Ce,05(111)/Cu(111)

25°C 3.6 0.34 400.9 (A) 287.3 (D), 289.9 (C) 2.6

75 °C 39 0.36 400.9 (A) 287.4 (D), 290.0 (C) 2.6

CesWO12(100)/W(110)
25°C 2.8 0.29 400.40 (A) 286.9 (D), 289.4 (C) 2.5
75°C 2.3 0.16 400.40 (A) 286.8 (D), 289.3 (C) 2.5
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Fig. 3.1.1. The resonance enhancement ratio D(Ce’*)/D(Ce**) of the glycine adlayer on (a)
CeO: and (b) CeO, 7 versus annealing temperature. The resonance enhancements D(Ce*") and
D(Ce*") of the glycine on (c) CeO: and (d) CeO,.7 as a function of annealing temperature. The
resonance enhancements D(Ce’") of glycine on (e) CesWOi2 and (f) Ce>0;s as a function of
annealing temperature. The black, blue and green circles represent the corresponding values

for the clean oxide surfaces before deposition of glycine.

minor changes of the Ce 3d spectral shape were observed, confirming slight reduction of CeO2
and reoxidation of CeO1.7 and Ce;0s3 films within the whole oxide film thickness.

Adsorption chemistry and thermal stability of glycine molecules on cerium oxide-based
surfaces were studied, analyzing the N 1s and C 1s core level spectra. After deposition of

glycine, one component N 1s peak and two component C 1s core level were observed for all
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Fig. 3.1.2. Ce 3d spectra of the cerium oxide films before and after glycine adsorption at 25 °C

and after substrate annealing at 250 °C. The spectra are normalized to the maximum intensity.

Photon energy 1486.6 eV.

surfaces (Figs. 3.1.4 and 3.1.5), corresponding well to the molecular structure of glycine!®’ (see
Fig. 1.3.1 a). The integral intensity of C 1s and N 1s signals and their fitted components after
different experimental steps are shown in the Figures 3.1.6 and 3.1.7 a, respectively. The
binding energy of the N 1s and C 1s components are shown in the Table 3.1.1. The values are
stated for systems at 25 °C and after annealing at 75 °C to ensure desorption of weakly bound
molecules. The minor shift of the peak positions at different experimental steps was linked to
the semiconducting band bending effect, similarly as in the published works.”®1%1% The N 1s
peak (4) was assigned to the nitrogen atom of the glycine amino group.’®%* The C 1s
components at high (C) and low (D) binding energy were assigned to carbon atoms of the
carboxylic group and a-carbon connected to the amino group, respectively. The symmetric
shape and comparable width of components C and D point on two different chemical states of
carbon atoms of glycine well resolved by SRPES. The energy difference between the two
components of C 1s for all substrates (see Table 3.1.1) is smaller than the one of 2.9 eV

107,110

observed for glycine molecules in gaseous state, and for glycine adsorbed in a neutral

state on Pt(111),'!! indicating chemisorption of the molecule on the cerium oxide. Moreover,
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Fig. 3.1.3. O Is core level spectra of cerium oxide surfaces before (bottom line) and after

glycine deposition plotted as a function of annealing temperature. Photon energy 630 eV.

this value was found to be different for CeO> (2.4 eV) and Ce203 (2.6 V) films (Table 3.1.1),
which might be related to different bonding of the molecule to the surface or by different
chemical impact of the Ce*" and Ce*" cations on glycine adlayers. Since position of the N 1s

58,61,111,112 and

peak (400.1 eV) on the CeO> surface corresponds well to the neutral amino group
is shifted toward high binding energies (400.4 — 400.9 eV) on the reduced surfaces due to the
band bending effect, we concluded that the amino group of the molecule is not directly involved
into reaction with the surface at 25 °C. Existence of the neutral carboxylic group COOH in the
molecule is often confirmed in the literature by appearance of two features in the O 1s spectra
separated by 1.8-1.9 eV. 107110111 Iy the case of glycine adlayer on Pt(111) substrate, they were
found at binding energies 531.4 and 533.3 eV.!!! In the current work, only one O 1s component,
besides the lattice oxygen, was observed at 532.0 and 532.4 eV on CeO: and CesWO 12 surfaces,
respectively (Fig. 3.1.3 and Table 3.1.2). Thus, we suggest that glycine is bonded to these

surfaces via deprotonated carboxylic group. The O 1s spectra of clean CeO17 and CexOs3

surfaces (Fig. 3.1.3) contain a minor peak component at about 532.0 and 532.5 eV,
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respectively, which is assigned to the adsorbed OH groups on Ce** centers.®” After deposition
of glycine, the OH peak slightly grows, and a new component at 532.9 eV (CeO1.7) and 533.3
eV (Ce203) appears. Since the energy difference between the OH and carboxylic carbon group
components (0.8-0.9 eV) is smaller than the value reported for the molecule in a neutral state
(1.8 eV), we suggest that also for the reduced cerium oxide films glycine is bound via
carboxylate group.

Annealing at 75 °C caused a slight intensity decrease of the N 1s and C 1s core levels (Fig.
3.1.6) without significant change of the shape (Figs. 3.1.4 and 3.1.5) for all substrates.
Moreover, the intensity reduction is more pronounced for the C 1s signal. Thermal treatment
at higher temperatures resulted in two distinct behavior of spectral features for glycine on CeO2
and Ces WO at one side and molecular adlayers on CeO;.7 and Ce>0s at the other. The shape
of the C 1s spectra reveals only minor changes for the CeO; and CesWO1. films accompanied
by an intensity decrease (see Fig. 3.1.5), which is even more pronounced after annealing at
150 °C (Fig. 3.1.6). Apparently, the amount of chemisorbed molecules on the surface is
decreasing due to glycine desorption with possible decomposition. Interestingly, the C 1s signal
decreases almost twice faster than N 1s one, especially after 150 °C, which supports the idea
of molecular desorption. For glycine on CesWO12, the complete desorption of the adlayer is

observed after 250 °C (Fig. 3.1.6).

Table 3.1.2. The binding energy of the O s core level components.

Components of the O 1s core level

Surface OLattice OH/COO COO
CeO2 529.5 - -
Gly/CeOg, 25 °C 529.8 532.0 -
Gly/CeOg, 250 °C 529.8 531.7 -
CeO17 529.6 532.0 -
Gly/CeO1.7, 25 °C 529.8 532.0 532.9
Gly/CeO1.7, 250 °C 529.8 532.1 532.8
Cex0s 530.0 532.5 -
Gly/ Cex0s3, 25 °C 530.1 532.5 533.3
Gly/ Ce203, 250 °C 530.0 532.5 -
CesWO12 530.8 — —
Gly/CesWO12, 25 °C 530.8 532.4 -
Gly/CesWO12,250 °C  530.9 532.0-532.4 -

43



o ma n a e L S s Y
a) CeO,(111)/Cu(111) b) CeO, ,(111)/Cu(111),

c) CegWO,,(100)/W(110) d) Ce,04(111)/Cu(111)
=]

Intensity (arb. units)

404 402 400 398 396 404 402 400 398 396
Binding energy (eV)

Fig. 3.1.4. N Is spectra of glycine adsorbed on cerium oxide surfaces: a) CeQ, b) CeO;,
c) CesWOi2 and d) Cez03. The dark blue color corresponds to the glycine adlayers at 25 °C.
With the annealing at the 75, 100, 125, 150, 175, 200 and 250 °C color of the lines gets to the
light blue. The photon energy 475 eV.

Similarly, the N Is and C 1s intensities for the glycine/CeO;7 system have decreasing
character first up to 125 °C, then remain stable and continue to slightly decrease again
after 250 °C (Fig. 3.1.6). It worth noticing that the behavior of the N 1s and C Is curves is
almost parallel during thermal treatment, differently from the ones for CeO, and CesWO12,
confirming the surface chemical reaction and desorption of the decomposed species. Starting
from 75 °C, a new component E (binding energy 288.3 — 288.8 eV) appears (Fig. 3.1.5), which
clearly grows at the expense of the component C (Fig. 3.1.7). Intensity of the peak D (287.0
eV) does not change substantially from 125 to 200 °C, then decreases again. The N 1s spectra
from glycine/CeOQ; 7 start to change shape also after annealing at 75 °C (see Fig. 3.1.4). A new
component B appeared at low binding energy (~399.7 eV), which growth is accompanied by
the intensity decrease of the component A (400.7 eV). Evidently, the electronic environment

of the amino group changed considerably in course of the surface chemical reaction between
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Fig. 3.1.5. C Is spectra of glycine adsorbed on cerium oxide surfaces: a) CeQOs, b) CeO; 7,

¢) CesWOj2 and d) Ce203. The dark blue color corresponds to the as deposited glycine adlayers
at 25 °C. With the annealing at the 75, 100, 125, 150, 175, 200 and 250 °C color of the lines
gets to the light blue. The photon energy 410 eV.

glycine and cerium oxide after thermal treatment. The possible explanations are the
deprotonation of the amino nitrogen atom or its bonding to the oxide surface via hydrogen
atoms.®”!% The behavior of the C 1s and N 1s peaks from glycine adlayer on the Ce>Os film is
similar, but the decrease of the integrated intensities is smaller (Fig. 3.1.6), confirming the
higher surface coverage by adsorbed species during the thermal treatment formed by integral
molecules and/or decomposition products. The component D of C 1s is the most stable (Fig.
3.1.7). Its intensity decreases by about 20 % throughout all annealing steps, while in the case
of glycine/CeQ 7, it drops by more than 40 %. Another difference is that the intensity of the
peak A in N 1s spectra after glycine deposition is higher than intensities of the single
components C and D in C 1s spectra. It reaches values of the C peak intensity at 125-150 °C.

It could be explained as a result of diffraction effect or by attenuation of the C 1s signal.

Annealing at 175 °C gives rise to intensity increase at low binding energy side of C 1s core
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Fig. 3.1.6. The intensity of the C s (brown) and N Is (blue) core levels from glycine adlayers

on cerium oxide films plotted as a function of annealing temperature.

level, which can be represented by components F (286 eV) and G (285 eV) assigned to glycine
decomposition products of COags and CHx character, respectively.

The intensity of carbon and nitrogen peaks for adlayers at 25 °C reveals that the C : N ratio
is equal to about 2.4 for CeO2 and Ces WO 12 surfaces, fairly corresponding to the intact glycine
structure. We presume that the cause of the deviation from the theoretical value 2 is a specific
adsorption geometry. In particular, for the glycine molecules bound via carboxylate group and
the amino group attracted by the oxide with C-C bond parallel to the surface, the partial
attenuation of the nitrogen signal is expected and reflected as higher stoichiometry ratio. For
CeO 7 the ratio is slightly lower, about 2.3, but close to the CeO> case. For the Ce>Os3 surface,
it is 2.0 and might be explained by different arrangement of the glycine molecule on the reduced
oxide surface. The C : N ratio increased to 3.1 and 2.7 for glycine on CeO;.7 and Ce>Os3 films
after 250 °C treatment, respectively, confirming molecular decomposition and desorption of
products. Instead, it remains stable for adlayer on CeO;, and dropped to about 2.0 on CesWO12
(Fig. 3.1.8), supporting the idea of intact glycine desorption.
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Fig. 3.1.7. a) Intensity of C 1s and N 1s components plotted versus annealing temperature and
b) example of N 1s and C Is peak decomposition for glycine/Ce>O3 acquired after 75 and 250
°C. Photon energy 475 eV for N 1s and 410 eV for C Is.

Results — NEXAFS

The NEXAFS spectra of glycine on cerium oxide-based surfaces recorded after annealing
at 75 and 200 °C are presented in the Figure 3.1.9. Positions of the peaks are collected in the
Table 3.1.3. No clear angular dependence of the resonances was observed in the spectra

measured at GI and NI geometries, confirming absence of the long-range molecular ordering
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Fig. 3.1.8. Ratio of total intensities of C s (photon energy 410 eV) and N Is (photon energy
475 eV) peaks of glycine on the CeO>, CeO;.7, Ce203 and CesWO;2 surfaces as a function of

annealing temperature.

in the adlayer. The sharp C; in C K-edge spectrum corresponds to excitation of the C 1s
electrons of carboxylic carbons to empty molecular orbitals of ©° symmetry.' 2114 After 200
°C treatment, the C;’ peak (288.0 eV) appears as a low energy shoulder next to C; peak for the
CeO:2 and becomes dominant for CeO17 and Ce2Os surfaces. The energy shift of 0.8 eV
between C; and C;’ is supposed to be related to the change in the electronic configuration of

the carboxylic carbon atom. According to the published data, we assign the peak C; and C;’ to

113,115,116 117

COO" group of glycinate and formate, "’ respectively. Broad features C, and C; were

assigned to electron transitions to unoccupied states of 6~ symmetry and referred to C-C, C-N
and C—O species, respectively.!!2 114

In N K-edge NEXAFS spectra after 75 °C annealing, only one dominant broad component
(N>) is present. According to the literature, it corresponds to the electron transition from N 1s
core level to molecular orbitals with C-N o  character.!'>!!® Less pronounced peaks
between 400-404 eV were assigned to N—H anti-bonding molecular orbitals mixed with
Rydberg states.!'>!!3 Thermal treatment at 200 °C leads to appearance of a new sharp peak N,
at 400 eV and a broad feature N3 at 413 eV. The N: peak intensity decreases and becomes

comparable with N3. Such behavior is more prominent for CeO17 and Ce;O3 surfaces. The

distinct shape of the N K-edge spectra after 200 °C suggests the change in the chemical
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Fig. 3.1.9. a) C K-edge and b) N K-edge NEXAFS spectra of glycine adlayers on cerium oxide
films acquired after annealing at 75 and 200 °C. The spectra were recorded at GI (black) and
NI (red) geometries. The oxide films CeO,, CeO,.7, Ce20s, and CesWO: are listed from the top

to the bottom.

arrangement of nitrogen atoms in glycine adlayers. Nature of N; peak might be explained as

EXAFS-like oscillations due to multiple scattering along C~N—H bond.!!?

Discussion

Four types of cerium oxide-based thin films were used in this work. Each of them has a
varying ratio of Ce*" to Ce*" cations and different concentrations of oxygen vacancies. CeO»
is a stoichiometric cerium oxide film with mainly Ce*" cations and a negligible number of Ce**
centers and oxygen vacancies at the edges of the CeO, terraces.'!” On the other side of the
stoichiometry, there is the Ce,Os film, where Ce ions are present only in 3+ state and the surface
has the greatest number of oxygen vacancies.!?>1% The CeO; 7 is an intermediate case, i.e., an

oxide with a mixture of Ce*" and Ce*" cations and oxygen vacancies, concentration of which
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Table 3.1.3. Energy of the NEXAFS spectral components in eV and their

assignment.

substrate C K-edge N K-edge

temperature C Is — " (COO formate) (C1), N 1s — n" (C-H) (Ny),
C Is = " (COO" gycine) (C1), N 1s — ¢" (C-N) (N2,)
C1s — 6" (C-C, C-N) (Cy) N 1s — ¢* (C-N, C-H) (N3)
C 1s — 6" (C-0) (C3) N, N2, Ns
Cr, C, Cy, G

CeOx(111)/Cu(111)

75 °C ——,288.8,292.0, 300.0 — ,406.4, —

200 °C 288.0, 288.8, 292.0, 300.0 400.0, 406.8, 413.0

CeO17(111)/Cu(111)

75°C ——,288.8,292.0, 300.0 ——, 406.0, —

200 °C 288.0, 288.8, 292.0, 300.0 399.8, 406.4, 413.0

Cex05(111)/Cu(111)

75°C ——,288.8,292.0, 300.0 —,406.0, —

200 °C 288.0, 288.8, 292.0, 300.0 399.9, 406.6, 413.0

CesWO2(100)/W(110)

75°C ——,288.8,292.0, 300.0 —,406.4, —

is decreasing towards bulk.'” The last oxide CesWO1> contains Ce ions in solely Ce®" state
without oxygen vacancies.'?” Thus, we were able to investigate separately the effect of Ce*”,
Ce*', and oxygen vacancies on the interaction of glycine with the cerium oxide surface. The
presented experimental data point out to two different scenarios of glycine adlayer formation
related to the presence or absence of the oxygen vacancies in the studied films.

We suggest that the glycine molecules adsorb on CeO: through the formation of
carboxylate in bidentate on-top configuration and the amino group attracted by oxygen anions.
An adsorption geometry with the horizontal C-C bond which partially attenuates the nitrogen
signal presumably accounts for the higher stoichiometry ratio C : N of 2.3 after 75 °C. The
carboxylic group first deprotonates, binds by both oxygen atoms to two Ce** ions in on-top

geometry (single component C in the C 1s core level at 288.8 eV binding energy), and then
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shares the remaining charge with the surface Ce*" cations. It explains the slight surface
reduction observed as the RER change of 0.6.
Previously, Lykhach et al.!?! reported that the RER value is related to the ratio of cations’

(Ce** and Ce*") concentration on the oxide surface with a coefficient of 5.5:

RER = 5.5 X n(Ce3%)/n(Ce*") Eq. 8

Since the RER value of CeO; was changed from 0.03 (initial RER value) to 0.61 and 0.53
(after glycine adsorption at 25 °C and after annealing at 75 °C, respectively), we can calculate

for the substrate after 75 °C:

(0.56 — 0.03)/5.5 = n(Ce3*)/n(Ce**)
0.10 = n(Ce3*)/n(Ce**)
10/100 = n(Ce?*)/n(Ce**),

meaning that for every 100 Ce*" there are 10 Ce** appeared.

Glycine coverage on CeO> was estimated to be 0.21 ML and 0.23 ML at 25 °C and 75 °C,
respectively. It means that 21-23 glycine molecules can be adsorbed on 100 cerium cations
leading to creation of about 10-11 Ce** centers. Thus, 1 glycine molecule should transfer about
0.5 electrons to the oxide surface, i.e., we observed a charge exchange with partial charge
transfer from the molecule to the cerium cations.

It is in line with the information reported for histidine adlayers on CeO2(111),%” where a
similar electronic reduction of cerium oxide films was observed. The water desorption is
excluded at this step because we neither observe the molecule decomposition nor the extraction

of the lattice oxygen anions is likely at this condition. Interestingly, that Neitzel et al.”®

reported
modest water desorption at 25 °C in the case of acetic acid adsorbed on CeO», but no ceria
reduction was detected. In course of the thermal treatment, the majority of molecules desorbs
and minor part (26 % as estimated from the area of the remaining N 1s signal after 250 °C)
decomposes, similarly as on Ce>O3 (will be discussed later in detail). It worth to underline that
the oxidation state of the surface Ce cations was not restored after desorption at 250 °C mainly
due to the residual molecular decomposition at the Ce**, vacancies, or defect sites.

Summarizing the findings, the 0.2 ML of glycine on CeO: at 25 °C is arranged in adlayer

without long-range order and characterized by N 1s core level at 400.1 eV, two components of

51



C 15(286.4 and 288.8 eV) separated by 2.4 eV, a sharp " resonance at the photon energy 288.8
eV in C K-edge and ¢" resonance at 406.4 eV in the N K-edge spectrum. The main spectral
characteristic does not change considerably in course of thermal treatment. The stoichiometry
of the molecule about 2.3 also remains unchanged; thus, we suppose that the molecules desorb
from the surface in a neutral form. After desorption of the weakly bound species, the molecular
adlayer diminishes fast starting from 125 °C (Fig. 3.1.6). The desorption of the intact molecules
is also confirmed by the slope of the C 1s and N 1s intensity curves in the temperature range
of 125 — 250 °C, where the carbon signal decreases about twice faster.

On the mixed ceria tungsten oxide, glycine adsorbs very similarly as on CeO». The thermal
treatment causes complete desorption of the adlayer on CesWO12, and the intensity of the
D(Ce*") reaches almost the clean surface value after 250 °C. The main spectral characteristics
are very similar to the values for the glycine/CeO> system (see Table 3.1.1 and 3.1.3). The
assumed bidentate on-top adsorption geometry with the amino group facing the surface seems
to be unaffected by the fact that the carboxylate group is bound to the Ce*" cations instead of
Ce*" as in the case of CeO». Any additional features related to molecular decomposition were
detected in the spectra during thermal treatment. The ¢* resonance in N K-edge without
pronounced 7" resonances evidences a very weak interaction of the amino group with the oxide
surface.

The different scenario of glycine adsorption on the CeO1.7 film was observed. The big
advantage of this system, unlike Ce»Os, is the presence of both Ce*" and Ce** cations on the
surface. Thus the RER values can be used for the data analysis. Significant surface oxidation
for this system was observed (see Fig. 3.1.1 b). The elaboration of the RER change after glycine
adlayer deposition and annealing at 75 °C suggests the strong oxidation of the surface. The
initial RER value of CeO1.7 was about 8.34. After glycine adsorption it drops to 5.37, and after
annealing at 75 °C it almost did not change (5.35). Using equation (Eq. 8), we obtain the

following:
(5.37 — 8.34) /5.5 = n(Ce3*)/n(Ce*")
—0.54 = n(Ce3*)/n(Ce*")

—54/100 = n(Ce3")/n(Ce*)

It means that 54 Ce*" ions were reoxidized for every 100 Ce*".
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Since glycine coverage on CeO1.7 was estimated to be about 0.23 ML and 0.20 ML (Table
3.1.1)at 25 °C and 75 °C, it means that adsorption of 20-23 glycine molecules per 100 Ce ions
results in reoxidation of 54 Ce** cations. We can speculate, thus, that 1 glycine molecule should
take about 3 electrons from the surface, most likely by incorporation of the carboxylate oxygens
in the lattice with preservation of the molecular structure of glycinate. The glycinate with C 1s
component C at 289.8 eV is bound to the surface cerium cations similarly as for CeO> and
CesWO12 oxides, but in this case, the oxygen atoms fill the vacancies sites on the surface. Thus,
the bidentate incorporated adsorption geometry is expected for the glycine molecules adsorbed
at 25 °C and stabilized in the adlayer after first annealing at 75 °C. We assume the upright
position of molecules on the surface with the amino group directed outward.

Starting from 100 °C, the spectral characteristics of this system changes significantly: the
new components E and B become evident in the C 1s and N 1s core levels accompanied by the
appearance of m* resonances C1’ and N1 in the C and N K-edge spectra, respectively.
Combining all these findings, we expect glycinate decomposition starting from 100 °C via C-
C bond scission with formation of formate and methylamine species. Especially for the oxide
film with both Ce*" and Ce*" cations, CeQ 7, this process is likely to be accompanied by the
desorption of the neutral glycine molecules as in the case of CeO., contributing to the intensity
decrease of both N 1s and C 1s signals. Regarding the adsorbed methylamine species, an
attraction of the amino group to the surface cerium cations is expected to develop in the strong
bonding via partial deprotonation or dehydrogenation (component B in N 1s, Fig. 3.1.4) with

122,123 in the course of the thermal treatment.

possible formation of cyanide derived complexes
These species remain on the surface even after final annealing at 250 °C. Instead, the adsorbed
formate species undergo a partial decomposition and possible desorption of the products.
Starting from 100 °C formate appeared in the C 1s as the component E at 288.4 eV, which is
expected to arrange in the similar bidentate incorporated geometry as glycinate species. During
further annealing, about half of the molecules remain in this state (component E in C 1s, Fig.
3.1.5), and another part decomposes further to COags (component F in C 1s, Fig. 3.1.5) and CHx
(component G in C 1s, Fig. 3.1.5) adsorbed species accompanied by desorption of volatile

products (see Fig. 3.1.6). J. Hasselstrom et al.!!?

compared acetate and glycine adsorbed on
Cu(110). They showed that energy separation between carboxylic and a-carbon is 2.9 eV for
acetate and 2.0 eV for glycine adsorbed on the surface. It indicates that appearance of amino
group in glycine influences methyl carbon peak by 0.9 eV, shifting toward higher binding

energies compared with methyl carbon in acetate.!!'> The same shifting (0.9 eV) was found
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between methyl carbon in methane and methylamine by estimation of carbon ionization
potentials.'** Thus, we exclude breaking of C—N bond because it would result in creation of
acetate CH3;COO™ and weakly bound ammonia with the shift of peak D toward low binding
energy.

The NEXAFS for glycine/CeO1 .7 system taken after 75 °C annealing reminds the spectra
of glycine on CeO; and CesWO12. The strong n* resonance at 288.8 eV in C K-edge confirms
the bidentate bonding via carboxylate group of glycinate to Ce cations. Moreover, the photon
energy of this resonance is independent of surface adsorption sites (on-top or incorporated) and
type of cerium cations on the surface (Ce*" and Ce**). However, after annealing at 200 °C the
spectra change remarkably (Fig. 3.1.9 a). A new " resonance peak appears at energy 288.0 eV
in the C K-edge spectrum, which becomes more intense than the original n"coo™ transition. We
have already suggested analyzing the C 1s data the thermally induced decomposition of
glycinate species, which is confirmed now by NEXAFS. The main difference between
adsorbed glycinate and formate species is in specific electronic configuration of carboxylic
oxygen atoms. Moreover, both contribute to surface oxidation. Analysis of the relative
intensities C1’ to C1 evidences that more than 60 % of glycinate decomposes to formate after
200 °C, which is in line with the relative intensity of the E to C components of the C 1s core
level. Our conclusions on the assignment of the new resonance feature C1’ are in good
accordance with the literature data reported for adsorbed formate species. Previous works have
shown that formate adsorbed on Ag(110) results in an absorption peak of =" character at 288.3
eV.!"" Another possible product of glycine decomposition is methoxy group. It doesn’t give
any T resonance peak due to exceptionally single bond nature, but it provides a similar feature
from C—H bond. Outka et al. reported that methoxy group adsorbed on Si(111)(7x7) results in
sharp peaks at 288.1 and 289.4 eV from o (C—H) resonances with broad ¢ (C—O) resonance
at 293.0 eV.'? Considering the fact that there is no peak around 289.4 eV in our data and that

this peak is dominant in Ref.'?

, we conclude that methoxy moiety was not produced on the
Ce20; surface after 200 °C. A new peak N; that appears after 200 °C annealing was assigned
to methylamine adsorbed species. Moreover, the formation of cyanide-derived complexes
cannot be excluded.!?>!%

For Ce;03, we suggest the adsorption of bidentate incorporated glycinate species with the
upright molecules and the amino group far from the surface. The upright adsorption through
the carboxylate oxygens only allows for the formation of a denser molecular adlayer of
effective thickness 4.4 A (molecular coverage of 0.36 ML, see Table 3.1.1) after 75 °C

compared to glycinate on CeO; (effective thickness 2.3 A and molecular coverage of 0.23 ML,
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Table 3.1.1). We suppose that the upright geometry with unbound amino group, which may
partially attenuate the signal from carbon atoms, is responsible for the lowest C to N ratio of
1.95 after 75 °C treatment. Moreover, the difference between C 1s components D and C is 0.2
eV higher for the glycine on Ce20;3 than on CeO;, which we linked with the more crowded
surface. The binding energy values of components D and C are not compared because of
possible shift due to the band alignment for semiconducting surfaces. Starting from 100 °C, the
glycinate on Ce;03 is decomposed into formate and methylamine adsorbed species. The
oxygen atoms of formate remain in the same adsorption sites filling the surface vacancies, with
a carbon atom in different electronic configuration (due to C-C bond scission) evidenced by
component E at 288.5 eV of the C 1s core level. Overall, the characteristic spectra are very
similar to ones from the glycine/CeO;7 system. Moreover, the stability of the methylamine
adsorbed species during thermal treatment is much more pronounced, with the formate species
decomposition as in the case of CeO1.7. The NEXAFS spectra further confirm a high activity
of the reduced cerium oxide surfaces toward glycine molecule decomposition. The
decomposition of glycine to formate and methylamine on reduced cerium oxide is in line with
published results on thermally activated C-C bond scission for adsorbed glycine on Pt(111),!%

where N containing adsorbed species were found to be more stable than O-containing

fragments.

Conclusions

The glycine adlayers on cerium oxide-based films were studied by synchrotron radiation
photoelectron spectroscopy, resonance photoelectron spectroscopy, and near edge X-ray
absorption fine structure spectroscopy. The thermal stability of the adsorbed molecules was
investigated up to the temperature 250 °C. The main findings can be summarized as follow:

1. The glycine molecule adsorbs on CeO: and CesWOi2 as glycinate species via
carboxylate group, the amino group attracted by oxygen anions with C-C bond parallel
to the surface. The thermal annealing provokes strong molecular desorption from both
surfaces above 125 °C. After final annealing at 250 °C, the ceria tungstate film was
almost in the original state. Instead, the CeO> surface was covered by the residual
adsorbed species formed in course of molecular decomposition on the defect sites.

2. The glycine adsorbs on the reduced cerium oxide films (CeO;.7 and Ce203) in bidentate
incorporated geometry with carboxylate oxygens in the vacancies sites and amino group
directed outward. The bonding only through the carboxylate group allows for the

formation of the dense molecular adlayer. The decomposition of glycinate on CeO1 7
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and Ce>O3 was observed starting from 100 °C. The formation of adsorbed formate and
methylamine species is accompanied by strong surface oxidation. Annealing at
temperature 100 °C and higher triggers the partial formate decomposition to COags and
CHy species adsorbed on the surface. The nitrogen atom of methylamine is attracted by
cerium cations after thermal treatment at 100 °C, which causes the chemisorption of the

amino group to the oxide surface, most likely via partial deprotonation.
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3.1.2. Glycine and sarcosine on polycrystalline cerium oxide

In the previous chapter, we presented the study of glycine adsorption on single-crystalline
cerium oxide films prepared in well-defined UHV conditions. To make the system a step closer
toward real-world conditions, further, we investigated adsorption of glycine (Fig. 1.3.1 a) and
sarcosine (Fig. 1.3.1 b) on compact nanostructured cerium oxide films prepared by non-reactive
magnetron sputtering ex situ (polyCeQO.). Deposition of the molecules was done in two ways:
the first one, deposition by evaporation in vacuum, is an intermediate step between the model
in situ sample preparation and technologically more accessible ex situ routines providing
knowledge closely related to the research presented in the previous chapter; the second one,
deposition from aqueous solution, is more applicable to the realistic conditions of the cerium
oxide use in sensing systems. This chapter reveals the obtained results.

The surface morphology of the oxide films prepared by magnetron sputtering was
examined by AFM and SEM microscopies (see Chapters 2.5.2 and 2.5.3 for details). After
insertion in UHV system, the oxide films were cleaned by combination of ion sputtering and
annealing in oxygen atmosphere. Thus, the compact polycrystalline cerium oxide films with
thickness of 15-20 nm and average roughness of 1.3 nm were used as substrates for the
molecular deposition of glycine and sarcosine. The effective thickness of glycine and sarcosine
adlayers on polyCeO: films estimated from the attenuation of the O 1s core level (see Chapter
2.1.3) are presented in the Table 3.1.4. The molecular adlayers, as well as the change of the
oxidation state of substrates, after deposition and then in course of the thermal treatment up to

250 °C were studied by SRPES, XPS, RPES, and NEXAFS spectroscopies.

Results - RPES, SRPES, XPS

For the glycine and sarcosine adlayers on polyCeO>, dependence of RER ratio
D(Ce*")/D(Ce*") and the corresponding intensities D(Ce*") and D(Ce*") versus annealing
temperature are shown in the Figures 3.1.10 and 3.1.11, respectively. Analysis of the RPES
spectra (for instance, see Fig. 2.1.4 in Chapter 2.1.2) showed that the surface of polyCeO»> films
was almost fully oxidized with RER equal to 0-0.1 before molecular adsorption (Fig. 3.1.10).
After glycine deposition by both methods, reduction of the cerium cations was observed, with
RER rising to about 0.7. These results are comparable to the value of 0.6 obtained on the single-
crystalline CeO: film covered by glycine adlayer deposited in UHV (see Fig. 3.1.1 a). However,

in course of thermal treatment different behavior of RER for the two deposition techniques was
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observed. In the case of glycine deposition in vacuum, RER increases to about 1 at 100 °C and
then reaches saturation. On the other hand, when glycine was deposited from the solution, the
RER value was continuously rising to 1.65 after the final annealing at 250 °C. The same
behavior was also observed for sarcosine adlayer deposited from solution on the polyCeO: film
with slightly lower final RER of 1.5. Interestingly, for the sarcosine/polyCeQ> system prepared
in UHV the distinct character of the RER change on stepwise annealing was observed.

In particular, the RER values rise from 0.7 to 1.1 after 100-125 °C treatment and then start
to decrease, reaching almost the initial value of 0.65 after 200-250 °C. To evaluate the impact
of water on the surface chemistry in the case of the molecular deposition from solution, the
same experiment was repeated with the H>O covered and then dried polyCeO; film. The

corresponding RPES VB spectra were analyzed in the same way as for the molecular adlayers.

Table 3.1.4. Effective thickness of glycine adlayers [dmo, A], binding energy [Ey, eV] of the
components of the N Is and C Is core levels, and the energy difference [A, eV] between

components D and C of C Is.

oxide film/temperature ~ dmol, A Ep(N 1s), eV Eyw(C 1s), eV A(C 1s),
components A, Z components D, C eV

Gly, UHV

25°C 2.8 399.6 (A) 286.0 (D), 288.4 (C) 2.4

75 °C 2.7 400.1 (A) 286.5 (D), 288.9 (C) 24

Gly, 5 mM sol

25°C 3.9 399.6 (A), 401.5 (Z) 286.7 (D), 289.1 (C) 2.4

75 °C 3.9 399.7 (A) 286.5 (D), 289.0 (C) 2.5

Gly, 3.33 M sol

25°C 384 400.0 (A), 402.3 (Z) 287.0 (D), 289.1 (C) 2.1

Sarc, UHV

25°C 5.1 399.7 (A) 286.0 (D), 288.6 (C) 2.6

75 °C 5.4 400.0 (A) 286.4 (D), 289.0 (C) 2.6

Sarc, 5 mM sol

25°C 3.8 400.1 (A), 402.2 (Z) 286.4 (D), 289.0 (C) 2.6

75 °C 4.8 400.1(A) 286.4 (D), 289.1 (C) 2.7
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Fig. 3.1.10. The resonance enhancement ratio D(Ce*")/D(Ce*") of the glycine (lefi column) and
sarcosine (right column) adlayers on polyCeQO: versus annealing temperature. The top row
presents RER results after molecule deposition in vacuum and the bottom row shows RER
values after molecular deposition from solution. The black and blue circles represent the
corresponding values for the clean oxide surfaces before deposition of the molecules and for

H>O/polyCeQ: system, respectively.

The RER behavior versus annealing temperature presented in the Figure 3.1.10 (blue dots)
reveals the initial surface reduction after HoO deposition with the RER value increase to 0.4,
which remains almost unchanged during the thermal treatment.

The Ce 3d spectra for all systems, a typical example of the O 1s core levels for
glycine/polyCeQO,, and the O 1s components intensity change with temperature are shown in
the Figures 3.1.12, 3.1.13, and 3.1.14, respectively. The Ce 3d core levels (Fig. 3.1.12),
providing information on the oxidation state of cerium cations within 5-7 nm of the surface,
indicate slight oxide reduction after molecular deposition in UHV, which is observed as filling
of the Ce 3d valley at 885 eV binding energy. Moreover, the effect is more pronounced for the

sarcosine/polyCeO; system. In this case, the oxide reduction reached a maximum after 125 °C
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Fig. 3.1.11. The resonance enhancements D(Ce’**) and D(Ce*) of the glycine (left column) and
sarcosine (right column) adlayers on polyCeQO: versus annealing temperature. The top row
presents values after molecule deposition in vacuum and the bottom row shows values after
molecular deposition from solution. The blue and green circles represent the corresponding

values for the clean oxide surfaces before deposition of the molecules.

(the spectrum is not shown), and is restored again after final treatment, reminding the Ce 3d
spectrum of the sarcosine/polyCeO> system at 25 °C, which is in line with the behavior of the
RER (Fig. 3.1.10). At the same time, reduction of the oxide films for the other three systems
becomes continuously stronger with annealing at higher temperatures with the maximum extent
after 250 °C for glycine and sarcosine adlayers deposited from solution, again in accordance
with the RER results. Thus, the glycine and sarcosine bonding to the polycrystalline cerium
oxide have a strong effect both on the surface and subsurface region of the oxide film. The O
Is core level (Fig. 3.1.13) consists of two components: first, at about 529.5 eV binding energy,
is assigned to oxygen atoms within the oxide lattice Ovratice, and second, a small unresolved
peak at 531-532 eV, accounts for the adsorbed species -COO™ and OH". Changes in the intensity

of the O 1s components, acquired with surface sensitive photon energy of 630 eV during the
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Fig. 3.1.12. Ce 3d core levels of the polycrystalline CeQ: films before and after glycine
adsorption at 25 °C and after substrate annealing at 250 °C. The top row presents Ce 3d spectra
after molecule deposition in vacuum and the bottom row shows spectra after molecular
deposition from solution. The spectra are normalized to the maximum intensity. Photon energy

1486.6 eV.

thermal treatment, show the same behavior for all systems apart from sarcosine/polyCeQO:.
Most importantly, an increase of the lattice oxygen peak intensity at the expense of adsorbed
species was observed only for sarcosine adlayer starting after 150 °C, which is in accordance
with the D(Ce*") and D(Ce*") resonance enhancements change for this system (Fig. 3.1.11).
Bonding of glycine and sarcosine to the surface of the polycrystalline cerium oxide films
and thermal stability of the adsorbed adlayers were studied by analysis of N 1s and C 1s spectra
(Figs. 3.1.15 and 3.1.16). Two different behaviors were observed for molecules evaporated in
UHYV and deposited from solution. After deposition of the molecules in vacuum, only one peak
is visible in the N 1s spectra (Fig. 3.1.15 a, b). Its position at about 400 eV after annealing at
75 °C is comparable with the peak A observed for the glycine/CeO2(111) system. We assigned
this peak to the nitrogen atoms from the amino group in a neutral state —NH». In the C 1s

spectra, two components C at about 289.0 eV and D at about 286.5 eV are observed for UHV
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Fig. 3.1.13. O Is core level spectra of the polycrystalline CeQ: film before and after glycine
UHYV deposition at 25 °C and after substrate annealing at 250 °C. Photon energy 630 eV.

58,61,64 and

prepared adlayers (Fig. 3.1.16. a, b). In accordance with the published information
the data presented in the Chapter 3.1.1, the component C is formed by photoelectrons from the
adsorbed carboxylate groups and peak D is assigned to the rest of the carbon atoms of the
molecules, which are a-carbon in glycine and a-carbon together with methyl carbon connected
to the amino group in sarcosine (see Fig. 1.3.1 in Chapter 1.3). The intensity ratio D to C for
glycine on polyCeO2 was about 1 after deposition, and for sarcosine/polyCeQ>, it was estimated
to be 2.4. This number for glycine/polyCeO> agrees well with the theoretical value for a
molecule with two carbon atoms in a different chemical environment and also with the
experimental data obtained for the glycine/CeO>(111) system (see Chapter 3.1.1). The D : C
ratio of 2.4 for sarcosine/polyCeO: differs from the expected value of 2, which can be explained
by a specific adsorption geometry of the molecule bound via the carboxylic groups to the
cerium oxide. The signal from the carboxylic carbon, thus, is attenuated by the rest of the
molecule. The integral intensity of the N 1s and C 1s peaks as a function of the annealing
temperature is shown in the Figure 3.1.17. The C 1s to N 1s intensity ratio for glycine and
sarcosine adsorbed on polyCeO> surface at 25 °C is 2.6 and 3.8, respectively. The deviation
from the theoretical values of 2 and 3 for glycine and sarcosine (see Fig. 1.3.1 in Chapter 1.3),

respectively, most likely is related to the local atomic arrangement of the adsorbed molecule
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(Ouas) on the surface, respectively. The top row presents values after molecule deposition in
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energy 630 eV.

on the polycrystalline cerium oxide, in which the signal of the atoms employed in the interface
formation is attenuated by the rest of the molecule.

For the molecules deposited from the aqueous solution, two peaks are observed in the N
Is spectra after deposition of both glycine and sarcosine. The low binding energy (about 400
eV) component A was linked with the nitrogen atom of the neutral amino group, as in the case
of UHV deposition.’®1:64112 The smaller feature at higher binding energy (401.5 and 402.3 eV
for glycine and sarcosine, respectively) accounts for the protonated amino group NH3", since
glycine and sarcosine in aqueous solution are present in zwitterionic form.!?”:128 Position of the
zwitterionic nitrogen N 1s component Z for glycine is in good agreement with the previously

58,01,64,111

reported results and the reference data obtained in this work (see Figure 3.1.18) from

a glycine multilayer on polyCeO> deposited from saturated solution. It is worth to underline
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Fig. 3.1.15. N Is spectra of glycine adsorbed on polyCeQO: a) in vacuum and c) from solution,
and sarcosine deposited d) in vacuum and c) from solution. The dark blue color corresponds
to the glycine adlayers at 25 °C. With the annealing at the 75, 100, 125, 150, 175, 200 and 250
°C color of the lines gets to the light blue. The photon energy 475 eV.

that the small shift of the photoemission peak positions is related to the change of surface
conductivity of the studied systems at different experimental steps; the effect which has already

70,108,199 and also observed for molecular adlayers on ordered UHV

been reported in other works
prepared cerium oxide-based films (Chapter 3.1.1). The C 1s peak consists of the two
characteristic features (C and D) for glycine and sarcosine on polyCeO: films and includes one
additional feature at low binding energy that was attributed to the carbonaceous species
adsorbed from the solution. This component has higher intensity for the glycine/polyCeO>
system. Considering the same experimental conditions, we suggest that the polycrystalline
cerium oxide film is more reactive in reaction with sarcosine solution, where the preferential
adsorption of the molecules dominates over the surface contamination by residual impurities.

This conclusion is supported by the effective thickness of the molecular adlayers (see Table

3.1.4), which is considerably higher for the sarcosine/polyCeO> system (4.8 A) compared to
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Fig. 3.1.16. C Is spectra of glycine adsorbed on polyCeQO: a) in vacuum and c) from solution,
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the value for the glycine adlayer on polyCeO: (3.9 A) after annealing at 75 °C, which ensures
desorption of weakly bound or physisorbed species.

Energy separation between the C 1s components is 2.4 and 2.6 eV (Table 3.1.4) for as
deposited glycine and sarcosine on polyCeO», respectively, independently of the deposition
methods. Apparently, the small fraction of the protonated molecules for adlayers deposited
from solution does not affect considerably the binding energy of the C 1s components, as for
purely zwitterionic multilayer this value is 2.1 eV (see Table 3.1.4 and Fig. 3.1.18). The same
as in the previous Chapter 3.1.1, we conclude that glycine is chemisorbed in anionic state on
the polycrystalline cerium oxide surface, since the C 1s components separation is smaller than
the value observed for molecules in a neutral state (2.9 eV).!9!1%!11 We are not aware of the

published photoelectron spectra for the sarcosine molecules either in the gas phase or thin films.
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Similarly, as for glycine adlayers on ordered cerium oxide-based films (Chapter 3.1.1), this
conclusion can be further supported by the analysis of the O 1s components, i.e., by the binding
energy difference between OH™ and COO™ oxygen states. In the case of glycine and sarcosine
deposited on polyCeO3, the O 1s components separation is between 0.8—1.0 eV for all studied
systems (for instance, see Figure 3.1.13), which is about 1 eV smaller than the expected value
1.8-1.9 eV for a neutral carboxylic group.!7-110-111

The thermal treatment of the molecular adlayers on polyCeO> leads to overall signals
decrease of different extent shown as integral intensity change for C 1s and N 1s in the Figure
3.1.17, and C 1s and N 1s components behavior in the Figure 3.1.19. After treatment at 75 °C,
during which the weakly bound species desorb from the surface, causing the major intensity

decrease, the shape of the peaks for the UHV deposited molecular adlayers remains unchanged.

A different scenario was observed for glycine and sarcosine adlayers deposited from solution
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Fig. 3.1.17. The intensity of the C Is (brown) and N Is (blue) core levels from glycine and
sarcosine adlayers on polycrystalline cerium oxide films plotted as a function of annealing

temperature. Photon energy 630 eV.
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after the first annealing step: the N s shoulder assigned to NH3" disappears, contributing to
the component A (Fig. 3.1.15 ¢, d). Moreover, for the glycine/polyCeO, system the C 1s
component from carbonaceous species decreases after 75 °C (Figs. 3.1.16 c, 3.1.19 c, gray
dashed line, component F).

The annealing in the range of 100 — 250 °C leads to further desorption of the molecules or
species after their partial decomposition (Figs 3.1.17, 3.1.19). In N 1s spectra, a new component
B appears between 398 - 399 eV binding energy, which is accompanied by a decrease of the
component A, and accounts for the change of the electronic environment of the nitrogen atoms.
The component B is minimal for glycine evaporated in vacuum on polyCeO> film and has about
the same intensity for all other systems (Fig. 3.1.15). Moreover, the shape of C 1s spectra is
preserved in course of the thermal treatment of UHV glycine/polyCeO,, demonstrating the
highest stability of the molecular adlayer among all samples. On other systems, a bunch of new
C 1s components (E, F, and G) appears after annealing at 100 °C (Figure 3.1.19), which are
directly related to adsorbed decomposition species. The following components assignment is
suggested: E is formate, F is CHy, and G is carbonates species. It has to be underlined that the
suggested fitting procedure applied to the C 1s core levels represents only one of the possible
scenarios of molecular decomposition and an exact component assignment is rather ambiguous.
For glycine and sarcosine deposited from the solution, in particular, the total intensity of the N
Is and C 1s signals is rather stable (Fig. 3.1.17 c, d), but the shape of the spectra differs
substantially after final annealing (Figs. 3.1.15, 3.1.16). These observations bring to the
conclusion that molecules deposited from solution are decomposing on the polycrystalline

cerium oxide, forming strongly bound residual species, which are likely accompanied by minor
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Fig. 3.1.18. a) C Is, b) N Is, and c) O Is core level spectra of glycine multilayer on

polycrystalline cerium oxide film.
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Fig. 3.1.19. a) Intensity of C Is and N 1s components plotted versus annealing temperature and
e) example of N Is and C s peak decomposition for sarcosine/polyCeQO: acquired after
annealing at 150 °C. Photon energy 475 eV for N Is and 410 eV for C Is.

desorption of the decomposition products. Another peculiar feature to mention is a fast
decrease of the C 1s signal for UHV sarcosine/polyCeO; system (Fig. 3.1.17 b), which is
mainly connected with the diminishing of the component D (Fig. 3.1.19 b). Moreover, the
intensity of the C 1s components C and D is not changing simultaneously with the N 1s
component A as expected for integral molecule desorption. Thus, we suggest the C-N bond

scission with subsequent desorption of the CHy species.
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Results - NEXAFS

The NEXAFS results for glycine and sarcosine adsorbed on polycrystalline cerium oxide
are presented in the Figure 3.1.20. Positions and assignments of the main peaks are shown in
the Table 3.1.5. The spectra were recorded only in GI geometry since the ordered molecular
adlayer formation is not expected on the polycrystalline oxide due to the grain structure of the
film. The absorption spectra from UHV deposited glycine adlayer were taken after 75 and 250
°C annealing. The sarcosine adlayer deposited in vacuum was measured after 75, 175, and 250
°C. For the systems with the molecules deposited from solution the data were acquired after
annealing at 75 and 200 °C. The spectra from glycine multilayer deposited from the saturated
solution were measured after deposition at 25 °C. The shape of the glycine multilayer spectra
and position of the main features agree well with the previously published data of solid
glycine.!' Moreover, the spectral shape and assignment of the main spectral features are very
similar to the NEXAFS data for glycine and sarcosine adlayers on polyCeO> (will be presented
later). For the multilayer glycine film, the intense n" resonance at 288.7 eV in the C K-edge
with weak o features at 294.0 and 302.0 eV photon energy are very similar to UHV prepared
system characterized in the Chapter 3.1.1. The N K-edge is dominating by the strong ¢
resonance at 406.5 eV, which is a characteristic feature of glycine adlayer with the weakly
bound amino group (minor peak of the n* character at 399.0 eV in N K-edge). Position of the
peaks is shifted toward lower binding energy compared to the single-crystalline cerium oxide
surfaces and then differs slightly throughout the thermal treatment due to the semiconducting
nature of the substrate.

The sharp peak C; in the C K-edge spectrum was assigned to electron transition from the

deprotonated carboxylic group to unoccupied ©° molecular orbitals, >4

similarly as for the
glycine/CeO2(111) system. The broad peaks C> and Cs correspond to electron excitation to
unoccupied states of ¢* symmetry from C—C, C-N, and C-O species, respectively. The clear
feature C,at 290.0-290.4 eV is tentatively assigned to the C—O electron transition to the orbitals
of m” character.!?® This peak is well visible for the UHV deposited glycine on polyCeO,, which
was the most stable adlayer according to the photoemission results. The additional bond
between a-carbon atom and surface oxygen anions with or without deprotonation is suggested
to be responsible for Cy feature in the C K-edge, which substantially contributes to the
stabilization of the molecular adlayer in course of the thermal treatment. The bond scission is

not expected as SPRES data evidence against this hypothesis. A similar less prominent Cy

traces can also be found in the spectra from glycine on the single-crystalline cerium oxide
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Fig. 3.1.20. a) C K-edge and b) N K-edge NEXAFS spectra of glycine and sarcosine adlayers
on cerium oxide films acquired after annealing at 75 (green), 175 (red), 200 (blue), and 250

(black) °C. Spectra of glycine multilayer are shown after deposition at 25 °C (pink). The spectra

were recorded at GI geometry.

surfaces (Fig. 3.1.9 a in Chapter 3.1.1). Thermal treatment does not lead to changes in the peak
positions. However, the ratio between C; and Cy features became smaller, particularly for the
molecular adlayers deposited in vacuum. The minor component observed at about 286.0 eV
photon energy for all systems most probably comes from the surface impurities and
decomposition products.''?> Moreover, the low-energy shoulder in C K-edge for UHV
deposited sarcosine accounts for the decomposition products adsorbed on the surface. The
formate species, which are characterized by the " resonance at the lower photon energy than

peak C; (Chapter 3.1.1), are also expected among the decomposition products.
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Table 3.1.5. Energy of the NEXAFS spectral components in eV and their

assignment.

substrate C K-edge N K-edge

temperature C 1Is — 1* (COO™ motecute) (C1), N Is — n" (C-H) (Ny),
C 1s —> m* (C-Ogur) (Ca), N 1s — 6" (C-N) (N2,)
C1s - 6" (C-C/C-N, C-0) (C2,C3) N l1s— o (C-N, C-H) (N3)
C1, Cy, Cr, G5, N1, N2, N3

Gly, UHV

75 °C 288.4,290.0, 295.0, 300.0 399.0, 405.8, ——

250 °C 288.4,290.0, 295.0, 300.0 399.0, 407.0, 410.0

Gly, 5 mM sol.

75 °C 288.4,290.0, 294.0, 299.6 398.8,406.2, —

200 °C 288.4,290.0, 294.0, 299.6 399.0,406.2,413.0

Gly, 3.3 M sol.

25°C 288.7,291.0, 294.0, 302.0 399.0, 406.5, —

Sarc., UHV

75 °C 288.8,290.4, 294.5, 300.0 399.0, 406.8, ——

175 C

250 °C 288.6, 290.2, 294.5, 300.0 399.6, 408.0 ,415.0

Sarc., 5 mM sol.
75 °C
200 °C

288.4,290.0, 293.6, 299.4
288.4,290.0, 293.6, 299.4

398.4, 406.0, —
398.6,406.0,413.0

In the N K-edge spectra, after annealing at 75 °C one intense broad component N at about
406 eV is present for all systems. The component was assigned to the electron transition from
the N 1s level to the unoccupied molecular orbital of ¢* symmetry and referred to C-N/C-H
bonds.!'>!"® After annealing at higher temperatures, another peak N; assigned to C-H m’
resonances appears at 399—400 eV. Similarly to the glycine adlayers on ordered cerium oxide-
based films (Chapter 3.1.1), it can be assigned to the decomposition products containing

nitrogen atoms'!'? among which the methylamine species are expected too.
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Discussion

The molecular film thickness of 2.8 A for glycine deposited in UHV (Table 3.1.4)
evidences formation of the saturation monolayer on the polycrystalline surface, which is in
good agreement with the value for the glycine/CeO2(111) system (Chapter 3.1.1). The coverage
6 under assumption of the molecular agglomerate growth (Chapter 2.1.3 and Fig. 2.1.6) was
not estimated due to polycrystalline nature of the film. For the sarcosine molecules deposited
in vacuum the effective thickness is 5.1 A, the highest value among all samples. We suggest
that the molecular structure of sarcosine, together with the specific adsorption geometry,
account for this finding. The adlayers prepared from solution are characterized by effective
thickness values of 3.9 and 3.8 A for glycine and sarcosine, respectively. For the
glycine/polyCeO> system, this value is higher than that found for the saturation glycine
coverage prepared in UHV, but we suggest it accounts for both the adsorbed molecules and
impurities from solution. For sarcosine/polyCeQ3, it even increased after first annealing at 75
°C to 4.8 A, which was linked to the desorption of the impurities and molecular rearrangement
on the polycrystalline oxide surface.

The same RER value of 0.7 was obtained for all systems after molecular deposition on
polyCeO> films by both techniques, which reflects a similar chemical reaction as a result of
molecular bonding to the surface. Similarly as for the CeO2(111)/Cu(111) film, we suggest that
glycine/sarcosine is bound to the polyCeO: surface via the carboxylate group with C-C bond
parallel to the oxide lattice. Moreover, the same initial RER value of 0.7 after glycine
deposition on polyCeO; films in UHV and from solution evidences preferential molecular
adsorption independent of deposition technique and presence of impurities.

As was pointed above, the analysis of the N 1s and C 1s core levels allows to conclude
that the molecules are adsorbed on the surface in the anionic state for all systems. Analysis of
the NEXAFS data of molecular adlayers on polycrystalline cerium oxide films was used to
support and finalize the SRPES data interpretation. In other words, the electronic structure of
the molecular adlayers within the NEXAFS study was supplying information on the
unoccupied electronic orbitals, allowing for the comprehensive characterization of the systems.
The appearance of the peak Cs, defined as C-O bond formation between a-carbon atom of
glycine and oxygen anions in the oxide, was shown to stabilize the molecular adlayer on the
polyCeO: surface, likely due to the grain structure of the film. Among all considered systems,
UHYV deposited glycine adlayer on the polyCeO: film after initial desorption of weakly bound

species remains stable in the whole range of applied temperature (see Fig. 3.1.17 a). Only
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residual feature of molecular decomposition (minor component B in N 1s after 250 °C in Fig.
3.1.15 a, see also Fig. 3.1.19 a) was observed in the spectra, but it can be considered as
negligible in comparison to the other systems.

For all other cases (sarcosine in UHV, glycine from solution, sarcosine from solution
deposition on polyCeQO>), behavior of the molecular adlayer in course of thermal treatment is
rather similar with minor differences (see Figs. 3.1.15, 3.1.16, 3.1.19). It was shown that the
presence of water for the adlayers deposited from solution defines the main reaction path
between glycine or sarcosine and polycrystalline cerium oxide surface. First, the molecule
binds to the Ce cations via a deprotonated carboxylate group (single component C in C 1s, C1
component of the C K-edge). We do not expect a strong bonding of the amino group to the
surface at this stage (strong N2 component in N K-edge). The molecular geometry is suggested
to vary between all possible variations with C-C bond locally parallel to the oxide lattice. The
thermally induced molecular scission is observed with partial desorption of the decomposition
products. This surface chemical reaction is accompanied by the intense oxide reduction in both
surface and subsurface regions (Figs. 3.1.10, 3.1.12, 3.1.14). Moreover, as was mentioned
above, the oxide reduction is not an intrinsic property of the water/polyCeQO2 system, where the
annealing does not cause the RER change (Fig. 3.1.10 c, d). Thus, presence of the adsorbed
glycine or sarcosine on the surface can be considered as a trigger for the oxide film reduction.
This process is more pronounced for the adlayers deposited from solution, for which the
reduction is continuous and most likely due to the film saturation by the adsorbed OH™ groups
on the surface and in the subsurface region (see Fig. 3.1.12). For the UHV glycine/polyCeO-
system, the oxide reduction reached saturation after 150 °C, confirming the limited source of
the adsorbed OH" groups on the grain boundaries. We suggest that the main reason for the oxide
reduction for adlayers on polyCeO: 1s water desorption triggered by the adsorbed molecules.

The only system for which the RER behavior differs substantially after 150 °C is UHV
sarcosine/polyCeQOz, where the surface oxidation was observed, unlike all other cases (see Fig.
3.1.10 b), with simultaneous reduction of the subsurface region (Fig. 3.1.12). Again, we expect
the sarcosine molecule to bind via carboxylate group at 25 °C, forming dense adlayer (effective
thickness 5.1 A) with the molecules most likely directed upward. In course of the thermal
treatment, first of all, the rapid decrease of the component D of C 1s and further molecular
decomposition similar to adlayers deposited from solution were observed. Thus, we suggest C-
N bond scission with desorption of the CHx group accounting for the detachment of the methyl
carbon atom of sarcosine. Then the decomposition proceeds with simultaneous conversion of

oxygenated carbonaceous to purely carbonaceous species filling the oxygen vacancies on the
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CeO» grains, which is well illustrated by the intensity exchange between O 1s components in
the Figure 3.1.14 b and also by D(Ce*") and D(Ce*") behavior on the annealing temperature in
the Figure 3.1.11 b. In other words, the surface restores the oxidation state decomposing the
adsorbed species in course of the thermal treatment. Similar behavior was observed for the
glycine/CeQO1 7 system presented in the previous Chapter 3.1.1. Evidently, presence of methyl
carbon in sarcosine and different adsorption geometry do not allow for the molecule
stabilization via additional C-O bond formation as for UHV glycine/polyCeO:, which is in line
with the less pronounced Cj feature in the C K-edge.

Conclusions

The adsorption of glycine and sarcosine on polycrystalline cerium oxide films was studied
by synchrotron radiation photoelectron spectroscopy, resonance photoelectron spectroscopy,
and near edge X-ray absorption fine structure spectroscopy. The thermal stability of the
molecular adlayers was examined in the temperature range of 25 — 250 °C. The main findings
can be summarized as follow:

1. The adlayer formed by UHV deposited glycine on polyCeO: represents the most stable
molecular phase on the polycrystalline cerium oxide. The glycine molecules bound strongly to
the oxide surface via the carboxylate group with minor involvement of the amino group. The
grain structure of the film was suggested to be responsible for the additional C-O bond
formation with C-C molecular skeleton locally parallel to the oxide lattice.

2. For UHV sarcosine/polyCeO: system, the dense overlayer is formed at 25 °C with
sarcosine adsorbed via carboxylate group and the rest of the molecular skeleton directed
outward. The water desorption was responsible for the reduction of the oxide in the subsurface
region up to 150 °C. The filling of the surface vacancies throughout the decomposition of
adsorbed formate or other oxygenated species is expected to account for the oxidation of the
film on the surface in the temperature range 150 - 250 °C.

3. The stabilized or continuous reduction of the oxide surface in course of the thermal
treatment of glycine adlayers on polyCeO, films deposited in UHV or from solution,
respectively, was explained by the water desorption from the oxide. Apparently, the quantity
of the OH groups adsorbed on the boundaries of CeO> grains defines the extent of the surface
reduction after annealing. Most interestingly, we can conclude that the presence of the adsorbed
molecules is an essential condition to observed extensive water desorption, especially for the

molecular adlayers deposited from solution.
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3.2. Polycrystalline cerium oxide thin film as a sensing material

3.2.1. Polycrystalline cerium oxide based electrochemical sensor for

hydrogen peroxide

This chapter is devoted to the study of magnetron sputtered polycrystalline cerium oxide
thin film prepared on the glassy carbon substrate as an electrode (CeO2/GC) for electrochemical
detection of hydrogen peroxide. Structure and morphology of the electrode were characterized
by SEM and AFM microscopies (see Chapters 2.5.2 and 2.5.3). The 15 nm thick oxide film
was examined by SRPES and XPS techniques before and after CA measurements in low (0.05
mM) and high (8 mM) concentrations of hydrogen peroxide to estimate changes in the
oxidation state of ceria cations after interaction with the analyte. Reference measurements after
immersion in the blank working solutions (PBS with pH 7 and concentration of 10 mM) were
performed as well. More details on the CeO2/GC electrode preparation and electrochemical
measurements could be found in Chapters 2.6.1 and 2.6.3, respectively. The electrochemical
detection of hydrogen peroxide was tested with and without the use of a mediator potassium

ferricyanide.

Results — CeO2/GC cathode characterization by AFM, SEM, XPS, and RPES
The morphology and structure of the CeO: film were analyzed by AFM and SEM (Fig.

2.5.2) and combined with the photoemission analysis of the electronic structure of the oxide
surface. The polycrystalline film had a grain size between 10 and 30 nm, measured by both
AFM and SEM. The surface roughness was about 1.20 nm. The oxide stoichiometry and
oxidation state of surface and subsurface Ce cations were examined by measuring the Ce 3d
core level and VB spectra. Ce 3d photoelectrons excited by 1486.6 eV photons with kinetic
energy about 550 eV provide information about the oxidation state of Ce cations within 5-7 nm
of the surface. The shape of the Ce 3d core level (Fig. 3.2.1) corresponds well to a fully oxidized
ceria film with a minor contribution of Ce*" centers. The average oxide stoichiometry of
CeO1.96 was determined by fitting of the Ce 3d spectrum!® (for details, refer to Chapter 2.1.3).
The analysis of resonant processes in the VB spectra excited by photon energies 121.4 and
124.5 eV (for instance, see Fig. 2.1.4) provides complementary information about the oxidation

state of cerium cations in the topmost surface layer. The RER value, D(Ce*")/D(Ce*"),

75



Intensity (arb.units)

—— as prepared . 3+
— 0.01M PBS : L Ce
—— CA at0.65V, ~8 mM H,0,

TTrrryrrrr[rrrrrrrrr[rrrr TTrrr[rrrryrrrr[yrrrr[rrrrp|r
I I I I I I I I I I

920 915 910 905 900 895 890 885 880 875

Binding energy (eV)
Fig. 3.2.1. Ce 3d spectra normalized to the maxima for differently treated CeO2/GC electrodes.

estimated from RPES was equal to 1.0, confirming the presence of Ce*" cations on the electrode

£.12% the RER value is 5.5 times the ratio of cerium 3+ to 4+ cations

surface. According to Re
on the surface. Thus, the RER 1.0 can be expressed as 18 Ce*" per 100 Ce*" surface cations
(Table 3.2.1). The partial reduction of the CeO,/GC electrode was associated with the
polycrystalline structure of the oxide and with the presence of a small amount of fluorine on
the surface of the film (the usual contamination element for commercially available cerium or
cerium oxide). As the ceria film was stored in air and analyzed in UHV without cleaning, the
adventitious carbon and fluorine were detected on the surface roughly in the ratio 1.7 to 1
(Table 3.2.1). The C 1s core level is characterized by a major peak at 285.0 eV due to atomic
carbon and a small component at 289.0 eV assigned to oxygenated hydrocarbons overlapping
the Ce 4s signal. We do not expect a significant carbon signal from the underlying GC substrate
as the oxide film is 15 nm thick. We believe that the F 1s signal at 684.5 eV originates rather
from the surface than from the bulk of the CeO> film because it vanished almost completely in
the course of the electrochemical experiment and the shape of the Ce 3d core level (Fig. 3.2.1)
does not show traces of the formation of CeOxFy mixed oxide.*® The O 1s core level (not
shown here) is dominated by one peak at 529.6 eV assigned to the lattice oxygen from cerium
oxide with a small shoulder at 531.5 eV due to adsorbed oxygenated hydrocarbons and
hydroxyl groups. The immersion in PBS further reduces the surface, accompanied by
adsorption of phosphorus, sodium, potassium, and chlorine. The attenuation of the Ce 3d core

level expressed as a Ce 3d area relative to the signal of the clean oxide (see Table 3.2.1) is a
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Table 3.2.1. The RER values, the ratio of Ce’" and Ce ** cations on the surface, average
cerium oxide film stoichiometry together with the relative Ce 3d area and the ratio of

normalized (C 1s+Ce 4s) to F 1s XPS signals for the different experimental steps.

Ce0,/GC VB (RPES) n(Ce™)n(Ce™) Ce3d (XPS),  I(Cls+Ceds)/I(Fls)
RER Relative area

as prepared 1.0 18 /100 CeO1.96, 1.7/1.0
1.0

10 mM PBS 1.7 31/100 CeO1.94, 42/1.0
0.86

CA at 0.65 Vin 0.4 7 /100 CeO1.97, 6.0/1.0

10 mM PBS + 0.05

mM H,0, 0.68

CA at0.65 Vin 0.2 3.5/100 CeO1.97, 20.0/1.0

10 mM PBS + 8§ mM

H,0, 0.24

measure of thickness of the P, Na, K, and Cl adlayer formed as a result of the working electrode

interaction with PBS in the course of the electrochemical experiments.

H>O0> sensing by CeO,/GC nanostructured cathode - cyclic voltammetry

The cyclic voltammetry curves of the CeO2/GC working electrode in 200 mM PBS with
and without mediator are shown in the Figure 3.2.2 in comparison with data obtained for bare
GC. We observe that the CeO,/GC electrode has a good conductibility and a larger electro
active area compared to bare GC. The total surface area of the electrode has an important effect
on the reaction rate for heterogeneous catalysts and is bigger in the case of polycrystalline ceria
film compared to a GC electrode giving a higher CV current. Thus, the presence of the cerium
oxide promotes electron transfer without the use of a mediator. The CV curve of the CeO»/GC
electrode in the presence of the mediator indicates the further enhancement of the electron
transfer between working and counter electrodes. A difference of 270 mV between the
oxidation and reduction peaks characteristic for the mediator on CeO2/GC, close to the value
of 320 mV on GC (Fig. 3.2.2), confirms good transducer properties of the ceria electrode. The
kinetics of the electrochemical reactions on the CeO2/GC electrode was shown to be surface-
controlled and stable in the pH range from 6 to 8 (Fig. 3.2.3). With an increasing scan rate, the
CV curves, maintaining the shape, gradually increase in intensity, indicating surface-controlled

electrochemical behavior.'?! The oxidation current values observed in the CV curves do not
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Fig. 3.2.2. The CV curves of CeO2/GC and GC electrodes in 200 mM PBS with and without 2
mM K;3;Fe(CN)s.

change considerably at pH values between 6 and 8 at 25 °C; thus, the CeO2/GC electrode is
stable under these conditions.

To explore the response of the CeO2/GC electrode to an increasing concentration of
hydrogen peroxide, the CV measurements were performed in 200 mM PBS at pH 7 with and
without a mediator (Fig. 3.2.4). The 2 mM K3Fe(CN)s redox mediator was used with the aim
to facilitate the electron transfer processes in the working solution. The H>O> was introduced
stepwise from a minimum concentration of 5 pM to a maximum total concentration of 8388
UM. A gradual increase in the anodic current upon the addition of H2O2 was observed without
clear peaks in the case of the working solution without the mediator. For the oxidation region,
the calibration curves were plotted at potential 0.65 and 0.80 V and are shown in the inset of
the Figure 3.2.4 a. Both curves increase with H>O> concentration. Notice that CeO,/GC shows
a remarkable onset potential of about 0.55-0.60 V for the H>O oxidation, which is comparable
with the most active systems for H,O» oxidation reported to date.!*? In order to study the
catalytic mechanism of hydrogen peroxide oxidation on the surface of cerium oxide, we
repeated the experiment with different H>O» concentrations in the presence of a redox mediator
(Fig. 3.2.4 b). In line with previous results, the anodic currents, measured at 0.65 and 0.8 V,
rises systematically with an increase of H2O2 concentration, and the maximum current values
reached at 0.65 and 0.8 V are similar to the case of working solution without the mediator.

Furthermore, the current increase was only negligible in the case of pristine GC, and, thus, it
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Fig. 3.2.3. The CV curves for the CeO2/GC electrode in 10 mM PBS with 81.2 uM of H20:
measured a) at different scan rates and pH 7 and b) at different pH and scan rate 50 mVs™.

was linked to the activity of the ceria cations on the electrode surface. Additionally, the
reversible oxidation at E12 of 0.2 V corresponds to H>O; reaction at the mediator centers.

The magnitude of the anodic peak at 0.33 V decreases with an increase of H>O:
concentration (see the calibration curve at 0.33 V in the inset of Fig. 3.2.4 b). This is likely due
to the competition between H>O; and the redox mediator molecules in the interaction with the
active sites on the electrode surface, which is not in favor of the latter. The CV performance of
the CeO2/GC electrode in the presence of the mediator confirms the important role of oxygen
vacancies on the CeO2/GC electrode surface in the reaction with H>O,. This statement is also

supported by the chronoamperometry results presented below.
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Fig. 3.2.4. Cyclic voltammogram of a CeO2/GC electrode as a function of H20 concentration
without (a) and with 2 mM K3Fe(CN)s (b). Insets: calibration curves plotted at potentials 0.65
Vand 0.8V (a), and at 0.33 V, 0.65 V and 0.8 V (b). The CV was measured in 200 mM PBS at

pH 7 at a scan rate 50 mVs™.

H>0; sensing by CeQ,/GC nanostructured cathode - chronoamperometry and RPES

The CeO2/GC electrode activity was characterized by chronoamperometry performed
applying a constant potential of 0.65 V versus Ag/AgCl with increasing concentration of
hydrogen peroxide (Fig. 3.2.5 a). In this case, 10 mM PBS working solution at pH 7 was used
in order to reduce the formation of cerium phosphate, which might passivate the electrode

surface and hinder the H>O, oxidation on the ceria active centers.!*> The dependence of the
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Fig. 3.2.5. a) Amperometric response of the CeO>/GC electrode at 0.65 V vs Ag/AgCl with
stepwise H>O> concentration increasing from 0 to 8 mM, in 10 mM PBS. The inset shows the
dependence of the current density versus H>O, concentration; b) Change of the D(Ce’")
resonance VB peak measured by RPES of the as-prepared (red) films and after
chronoamperometry (green) at high (~8 mM) and low (~50 uM) H>O: concentrations.

stabilized current value at each step on the H>O> concentration, i.e., the calibration curve (see
the inset in Fig. 3.2.5 a), shows the high sensitivity of the CeO2/GC electrode to the low
concentration of hydrogen peroxide. The shape of the calibration curve is typical for the
enzymatic reactions, showing a Michaelis—Menten mechanism, which confirms the enzymatic-
like activity of the working electrode.!** The region where the current density increases linearly
with H2O (0.005 — 0.460 mM) defines the first-order reaction of hydrogen peroxide on the
Ce0,/GC electrode with a sensitivity factor of ~ 0.7 pA uM™! cm™. Then, the current gradually
reaches a plateau (starting from 4.5 mM), indicating completion of the reaction between the
active sites of the electrode and H»Oo, i.e., a further increase in the H2O» concentration does
not change the reaction speed anymore, and, therefore, constitutes a zero-order reaction
mechanism. The Michaelis-Menten constant (Km) was estimated from the Lineweaver—Burk
plot. It represents the catalytic efficiency of an enzyme or enzyme-mimetic material in
conversion of H>O; into products. Thus, for hydrogen peroxide, molecules or biomaterials with
lower Km are more efficient, i.e., a lower concentration of H>O» is needed to obtain a maximum
activity of an electrode. The measured values are presented in the Table 3.2.2 and compared

with recently published results of other nanozymes and HRP.
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The top of the VB spectra of the CeO2/GC electrode after chronoamperometry at low (~50
puM) and high (~8 mM) H20: concentrations are shown in the Figure 3.2.5 b, corresponding to
the linear 0.05 — 0.46 mM and saturation 4.5 — 8.4 mM region of the calibration curve,
respectively. The corresponding RER values and the estimated ratio of surface Ce*" to Ce**
cations are shown in the Table 3.2.1. The change of the D(Ce®") peak intensity after CA
experiments evidences involvement of the Ce** cations in the H,O» oxidation on the electrode
surface. Specifically, low H,O» concentration caused a strong decrease of the Ce*" intensity,
while this peak vanished completely when saturation is reached. Thus, the plateau in
amperometric response was attributed to electrode reoxidation, i.e., the substantial decrease in
concentration of the Ce*" cations and oxygen vacancies on the surface of the working electrode.
The average cerium oxide film stoichiometry remains unchanged after CA, while the intensity
of the Ce 3d core level is strongly reduced for the H,O, saturated region where the Ce**
concentration is minimal (see Table 3.2.1). We can conclude that the less reactive the surface
becomes, the more adsorbed species are formed on the surface in a given time. The Ce 3d core
level behavior (Fig. 3.2.1) confirms the reduction of the electrode within a depth of 7 nm after

PBS treatment and then partial reoxidation after reaction with H>O».

Table 3.2.2. Comparison of the Michaelis-Menten constant (Km) for hydrogen peroxide
between CeO,/GC, other nanozymes and HRP.

Catalyst Km, mM Reference
RF CeO2/GC 1.02 This work
CeO2 NPs 64.60 135
CeO/NT-TiO2  0.04 136
H,TCPP-CeO, 0.254 137

NPs

CeO> NPs 0.278 137
LaNiOs 90.05 138
Au/Ce0»- 1.93 139
chitosan film

Fe;04 154 140

HRP 370 140,141
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Discussion

The CeO,/GC electrode acts as a catalyst in the oxidation of H,O» under applied voltage.
To understand the enzymatic-like activity of ceria, it is important to characterize the active
centers on the electrode surface and the reaction mechanism of the H>O; oxidation. According
to the published data on CeO> NPs, the active centers responsible for the anti-oxidation
behavior are proposed to be mainly determined by surface Ce sites that can coordinate the
oxygen species.!'¥> Apparently, for the CeO,/GC electrode, the possible active centers, i.e.,
the sites where the reaction occurs, are Ce*" and Ce*" cations and oxygen vacancies. In our
experiments, the as-prepared CeO: electrode surface is partially reduced, i.e., we have a
polycrystalline ceria film with a mixture of Ce*" and Ce*" cations on the surface. The RPES
analysis shows that immersion in PBS and CV cycling further reduces the electrode surface.
Once the hydrogen peroxide is introduced into the working solution under applied voltage,
ceria acts as a nanozyme - adsorbing H20O> promotes the electrochemical reaction by sharing
its electrons. We assume that the oxidation mechanism of H>O> on the CeO,/GC electrode can

be expressed by the reaction'**:

H202 =0, + 2H" + 2¢, Eq.9

Here, apart from the electrochemical current increase connected with the formation of
electrons (2¢7), a pH change to lower values is expected. As the detected pH change was minor
and in the opposite direction, we conclude that we observed more complex behavior, such as a
catalase-like activity of cerium oxide.”!3*144146 The mechanism of the reaction might be

expressed by the equations (10) and (11), summarized by the net reaction (12):

2Ce** + Ho0, => Ce** + Ce**-Oaas + H20 + 2¢° Eq. 10
Ce** + Ce*"-Ougs + H202 => 2Ce*" + H,0 + O, + 2¢€ Eq. 11
2H,0, => O, + 2H,0 Eq. 12

where Ce*"-O,q4s denotes adsorbed oxygen species, which transforms the Ce*" cations with
nearby vacancy into Ce*" sites. The produced electrons form the current increase in the
electrochemical data, and they are accommodated by cerium cations. As a result, we obtained
a solution enriched by O2 (note that experiments were carried out in an oxygen-free solution).
This oxygen may react with vacancies and be a primary reason for the ceria surface deactivation

in its reaction with H>O,. The formation of free radicals is unlikely, but we do not have a direct
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Fig. 3.2.6. Schematic illustration of the electrochemical reaction of H20:2 on the CeO>/GC
electrode surface.

proof, as in the published data.!*® Thus, the electrode surface is oxidizing during the
electrochemical reaction of H>O> on the surface of cerium oxide. The reaction stops when no
Ce’" centers are available for the reaction. Moreover, immersion in the working solution and
CV cycling reduces the electrode surface and offers a way to regenerate the Ce** active centers.
The schematic illustration of the electrochemical reaction of H2O; on the CeO2/GC electrode
surface is shown in the Figure 3.2.6. The suggested reaction mechanism agrees well with the
phase diagram of hydrogen peroxide decomposition in water,'* where the region of pH 7 and
voltage 0.65 V corresponds to a double instability of H>O»: reduction to H>O and oxidation to
Oa.

The typical Michaelis-Menten curve and Km parameter of 1.02 mM for the oxidation of
H>0, on CeO2/GC indicates increased affinity of H>O» for the surface of cerium oxide as
compared (see Table 3.2.2) to CeO2 NPs (64.60 mM)'¥, Au/CeO,-chitosan composite films
(1.93 mM)'* and HRP enzyme (3.70 mM)'“%!#! "underlining the advantage of polycrystalline
surface morphology of the working electrode. The absence of a H>O; oxidation peak suggests
that the CeO matrix acts as a good electron acceptor and confirms the direct electron exchange
via the ceria surface. As suggested in previously published works,!3%!3® we link it to the
presence of the Ce>" cations on the electrode surface. We conclude that the hydrogen peroxide
reaction on the ceria electrode is managed via efficient adsorption of oxygenated species on
the Ce*" cations or oxygen defects and direct electron transfer through Ce*" and Ce*" redox
centers. The observed linear response as a function of H>O; concentration indicates that the
CeO2/GC electrode can be efficiently used for H>O> detection over the concentration range

0.005 — 0.460 mM.
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Nanostructured cerium oxide is widely used as an electrode material in electrochemistry,
which is usually prepared by chemical methods, for instance, by deposition from
solution,!718:20.24283L135,136 The ceria electrode was shown to provide an enhanced electron
communication between the working solution and the cathode during electrochemical
deactivation of H>O», independently of the absence or presence of enzymes/mediators. In
agreement with our work, the published data report the oxidation of the CeO; particles on the
electrode surface in the course of the H2O; electrochemical reaction, often confirmed by red
shift of UV-vis features. Our findings are in line with the work of Pirmohamed et al.'*? They
confirmed the catalase mimetic properties of nanoceria and affirmed that this catalytic reaction
is not equivalent for all nanoceria preparations correlating with the presence of cerium cations
in the 3+ state. The authors closely linked the change in Ce*" cation concentration at the NPs
surface with their improved catalytic activity versus H>O». It was even shown that immersion
in PBS led to an improved catalase mimetic activity of cerium oxide NPs.'*> The only
significant difference with respect to our results is the conclusion regarding oxidation of NPs
after immersion in PBS, deduced from the red shift of UV-vis features, while we demonstrated
the surface reduction of ceria films. Whether this discrepancy relates to the cerium oxide
morphology (NPs versus thin films) or to different techniques of analysis (UV-vis versus
RPES) it is not clear. Another closely related work is Ref.,'” where the working electrode with
CeO2 NPs was tested as an enzyme-free H>Oz sensor in the 0.5 pM — 5.0 mM range. The higher
EC signals were generated on the electrode with the lowest Ce**/Ce*" ratio, in agreement with
our results. The absolute Ce**/Ce*" values cannot be directly compared because of difference
in the applied surface characterization techniques. The linearity range 5 — 460 uM for our
CeO2/GC electrode is higher compared with 0.1 pM — 0.1 uM for the CeO> NPs based electrode
from Ref.,!” most likely due to insufficient experimental cleanliness in the latter case. The
recent work of Li et al.'#’ is an example of the application of ceria NPs deposited by magnetron
sputtering on TiO> used for tissue engineering and regenerative medicine. In general,
introduction of an implant into the body initiates an inflammatory cascade due to cell and tissue
damage, which is closely related to a local increase of reactive oxygen species formation, such
as superoxide and hydrogen peroxide. This work confirmed the importance of the Ce**/Ce**
ratio for the new bone formation adjacent to the inorganic implant on the base of cerium oxide.
Specifically, the manipulation of valence states of ceria NPs appeared to provide an effective
modulation of the balance of anti-inflammatory and pro-inflammatory processes and create an

anti-inflammatory microenvironment.'*” Summarizing, the morphologically different ceria
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electrode, i.e., the compact polycrystalline CeO> film in the present work is suitable as an
electrode for the electrochemical detection of hydrogen peroxide. The CeO»/GC electrode
showed catalytic activity versus H>O», due to available oxygen vacancies and high specific
area. Thus, cerium oxide in the form of thin films provides the outstanding properties of ceria

NPs, offering a compact polycrystalline electrode material for sensing devices.

Conclusions

Polycrystalline cerium oxide films are proposed for electrochemical detection of hydrogen
peroxide. The electrode was characterized by photoelectron spectroscopy and microscopy. The
CeO2/GC electrode surface was formed by compact polycrystalline cerium oxide with the
cerium cations in both 4+ and 3+ states. The sensor was tested in PBS solution at 25 °C in the
H>O> concentration range from 5 uM to 8 mM. The CeO2/GC exhibited high sensitivity and
linear response in the low H202 concentration range. The sensor sensitivity was estimated to
be 0.7 pA uM! cm™. The detection limit is below 5 uM of H,0,. We conclude that H>O:
molecules are bound to the oxygen vacancies in the vicinity of Ce®" cations on the surface of
the electrode. Thus, ceria absorbs H2O> and coordinates the electrochemical reaction by sharing
its electrons. The enzymatic properties of the polycrystalline CeO2/GC electrode were
confirmed. The results bring important knowledge and direct proof of the Ce®" cations role in

H>0: sensing by cerium oxide electrodes.
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3.2.2. Nanostructured cerium oxide electrode applied for

electrochemiluminescent detection of sarcosine

This chapter reveals preliminary results on the polycrystalline cerium oxide thin films (15
nm thick, deposited on the glassy carbon substrate) use as an electrode for
electrochemiluminescent (ECL) detection of sarcosine. Preparation and characterization of
morphology and structure of the cerium oxide electrode (CeO2/GC) were done in the same way
as in the previous Chapter (for details, see Chapter 2.6.1). Details on the electrochemical
measurements are disclosed in the Chapter 2.6.3.

Recently, Valenti et al. has proposed a synergetic ECL supramolecular sensor of sarcosine

t.4 As it was mentioned in the Chapter 2.4, the

in urine by using sarcosine as a co-reactan
luminophore activity of polypyridine ruthenium complexes (in particular Ru(bpy)s;**) in ECL
measurements is substantially enhanced in combination with amine molecules (in particular
TPrA).!*%14 It was shown that the tertiary amines are the most effective, e.g., they provide the
highest ECL intensity and have the lowest limit of detection (LOD).!**!*! Since sarcosine is a
secondary amine, it can also be potentially used in the ECL systems interacting with Ru(bpy)s>*
and assisting in light emission. Mechanism of the co-reactant oxidation-reduction reaction for
generation of the excited (Ru(bpy)s)*"* species using amines is briefly described in the Chapter
2.4. Valenti et al. have shown that sarcosine can be used as a co-reactant, but it 1s 30% less
efficient than TPrA.* In this chapter of the thesis, we compare CeO./GC and bare GC
substrates employed as a working electrode for ECL detection of sarcosine in aqueous solution

(PBS, pH 7) and show the advantage of the polycrystalline cerium oxide nanostructured film

in comparison to the flat glassy carbon substrate.

Results

The structure and morphology of the cerium oxide film were characterized using SEM and
AFM microscopies. The surface roughness was estimated to be 1.20-1.30 nm and the grain size
between 10-30 nm. The oxidation state and stoichiometry of the cerium oxide on the surface
and in the subsurface layers were examined by RPES and XPS techniques by measuring the
Ce** and Ce** resonances in the VB region and Ce 3d core level spectra. The obtained results
showed a minor contribution of the Ce*" cations within the measured thickness range.

In order to estimate the electrocatalytic behavior of the CeO./GC electrode, the CV

experiments with CeO,/GC and bare GC working electrodes were conducted in pure 200 mM
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Fig. 3.2.7. Cyclic voltammogram recorded in TPrA 30 mM and Ru(bpy)s** 10 uM solution on
GC (red) and GC/CeQ: (blue) electrode, in PH 7 phosphate buffer and scan rate of 100 mV/s,
potential range: 0 to 1.4 V.

PBS and in the presence of mediator - 2 mM potassium ferricyanide (see Chapter 3.2.1).
Obtained voltammograms repeated the results shown in the Figure 3.2.2, revealing that
CeO2/GC electrode has a higher electroactive surface area compared to bare GC. It is caused
by the polycrystalline morphology of the cerium oxide thin film. The results confirm that high
catalytic activity of cerium oxide leads to faster electron transfer kinetics. The peak-shape
profile of the voltammogram measured in the solution with the mediator is typical for a planar
diffusion condition.

In order to estimate efficiency of the CeO2/GC electrode for ECL measurements, it was
first tested using Ru(bpy)s*>" as luminophore and TPrA as co-reactant. Since the oxidation of
both luminophore and co-reactant happens before 1.4 V,!>? potential range from 0 to 1.4 V was
chosen for the measurements. Obtained results of the CV experiment for CeO,/GC are shown
in the Figure 3.2.7 and compared with the results obtained for bare GC. We observed that the
Ce02/GC electrode produces a higher current density of the Ru(bpy);*" oxidation peak
compared to the bare GC electrode. Good conductivity of CeO; gives it the ability to act as a
conducting agent between the Ru(bpy)s>" and the GC electrode surface facilitating the electron-
transfer in the ECL reaction. These results confirm compatibility of the CeO2/GC electrode
with the Ru(bpy);**/TPrA co-reactant ECL system.
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Fig. 3.2.8. ECL signal obtained in chronoamperometry mode for 10 uM Ru(bpy)s** complex in
200 mM PBS on the CeO»/GC electrode with (gray) and without (red) 5 mM sarcosine as amine

co-reactant measured at 1.4 V.

Sarcosine is a secondary amine (the amino group is directly bonded to two carbon atoms
of any hybridization) and can be potentially used as a co-reactant in the ECL experiments,
providing sufficient effectivity in the light generation. Sarcosine shows an irreversible
oxidation peak at 1 V,*® and, thus, satisfies the energy requirements for generating the excited
state of the chromophore. Its ability to act as a co-reactant for ECL generation has been tested
according to the “oxidative-reduction” mechanism in 200 mM PBS using 10uM Ru(bpy);** on
CeO2/GC electrode. The preparation step was done at 0 V since no electrochemical processes
occur at this potential. The Figure 3.2.8 shows the ECL intensities obtained on CeO2/GC
electrode before and after the addition of SmM sarcosine as co-reactant. Evidently, the addition
of sarcosine causes a significant improvement in signal intensity, confirming that sarcosine acts
as a good co-reactant for the generation of the ECL.

In order to evaluate the sensing ability of the CeO2/GC electrode to different concentrations
of sarcosine using ECL, the experiment was conducted in 10 pM Ru(bpy)s>* PBS solution with
stepwise addition of sarcosine, starting from 50 uM and increasing molecular concentration up
to 5 mM. The measurements were performed in the CA mode. The concentration range of
sarcosine in the study was chosen in accordance with values of sarcosine that appears in urine

medical tests used for early diagnosis of PCa, i.e., 270 uM in healthy people and from 1.34 to
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Fig. 3.2.10. The ECL signal intensity as a function of sarcosine concentration measured in 10

uM Ru(bpy)s** PBS solution on bare GC and CeQ:/GC electrodes.

1.91 mM in patients with PCa.'>* The same measurements were repeated with the bare GC
electrode for comparison and estimation of the CeO,/GC electrode efficiency. The Figure 3.2.9
shows the ECL intensity profile of different concentrations of sarcosine in the working solution
taken on bare GC (left) and CeO2/GC (right) electrodes. The results reveal a direct dose-
response correlation between sarcosine concentration and ECL signal intensity. It is worth to

note that on the CeO2/GC electrode the intensity decay is slower than on the bare GC, pointing
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to the higher sensitivity of the polycrystalline cerium oxide film in reaction with sarcosine. The
ECL peak intensity as a function of sarcosine concentration on CeO2/GC and bare GC
electrodes is shown in the Figure 3.2.10. The error bare is a standard deviation (n=3) and is
equal to 0.00065 and 0.0012 for CeO2/GC and bare GC electrodes, respectively. The LOD

parameter was calculated from the obtained calibration lines using the following formula:
Lop = KX S/ Eq. 13

where K equals 2 (confidence level of 92.1%) or 3 (confidence level 98.3%), S, is the standard
deviation of the blank solution, and m is the calibration sensitivity (slope of the calibration
curve). Under the optimized experimental conditions, the LOD was found to be 45.9 and
578.7 uM for CeO2/GC and bare GC electrodes, respectively, lying in the range of detection
used in clinical assays. It confirms that GC electrode modified with polycrystalline cerium

oxide thin film is more suitable for detection of small concentrations of sarcosine.

Conclusions

Polycrystalline cerium oxide thin films prepared by magnetron sputtering on the glassy
carbon substrate (CeO,/GC) were studied as an electrode for ECL detection of sarcosine, while
the sarcosine molecule was used as a co-reactant in oxidative-reduction mechanism with the
Ru(bpy)s*>" luminophore. Obtained results revealed that modification of the bare glassy carbon
electrode by polycrystalline cerium oxide film increases the electrode’s electroactive area and
enhances its catalytic properties. The CeO2/GC electrode was successfully applied for rapid
and sensitive detection of different concentrations (50 — 5000 uM) of sarcosine in PBS (PH=7).
Ce02/GC was shown to be a more efficient electrode material for ECL applications compared
to the commercial GC electrode. LOD of CeO2/GC electrode was estimated to be 45.9 uM that
makes it suitable for sarcosine detection in the concentration range used in clinical assays for

PCs diagnostics.
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4.

Summary and conclusions

The presented work covers two approaches in research related to the cerium oxide thin

films applications in biosensing systems: a fundamental study of molecular adsorption on

various cerium oxide surfaces by means of UHV surface science techniques, and more applied

study of polycrystalline cerium oxide thin films as a working electrode material in

electrochemical sensing of hydrogen peroxide and sarcosine.

The objective of the first part was to increase the knowledge on cerium oxide interaction

with biological environment, starting with the simplest case — amino acid molecules. The

smallest proteinogenic amino acid glycine and its derivative sarcosine, also known as N-

methylglycine, were chosen as model molecules. The information on bonding of glycine or

sarcosine to cerium oxide, in general, was not available in the scientific literature up to date.

The most important findings are:

1))

2)

Glycine was deposited in vacuum on four cerium oxide-based oriented surfaces of
different stoichiometry and oxidation states prepared on Cu(111) and W(110) single-
crystals. The results revealed that the appearance of the Ce*" cations on the surface does
not influence the adsorption chemistry of the molecule compared to the fully oxidized
cerium oxide, but the oxygen vacancies play an important role in the glycine bonding
to the oxide surface and stability of the molecular adlayer in course of thermal
treatment. For all oxides, the glycine molecules adsorb via deprotonated carboxylic
group. However, while on CeO; and CesWO12 glycine lies almost parallel to the surface
due to attraction of the amino group by the oxygen anions of the oxide, on the reduced
cerium oxides, CeO;.7 and Ce>03, the situation is different. In this case, glycine binds
to the surface with the carboxylate oxygens incorporated into the vacancies sites and
the amino group is directed out of the surface. Interaction between glycine and the
cerium tungstate surface is the weakest compared to other systems, with complete
desorption of the molecule after 250 °C annealing. The molecular bonding to other
oxide films becomes stronger with increasing concentration of the oxygen vacancies on
the surface. Decomposition of glycine was observed on the reduced surfaces with
formation of adsorbed formate, which further decomposes at higher temperatures, and
stable methylamine-like species inducing partial reoxidation of the oxide films.

On the polycrystalline cerium oxide thin films, glycine and sarcosine molecules were
deposited by evaporation in vacuum and from aqueous solution. Molecules deposited

in vacuum adsorb via carboxylate oxygens with neutral amino group. The molecular
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adlayer deposited from solution contains the minor contribution of glycine in the
zwitterionic form with carboxylate group bound to the oxide surface. The most stable
molecular adlayer was obtained for glycine deposited in vacuum. It was explained by
formation of additional C-O bond between a-carbon of the molecule and oxygen cations
on the surface, caused by flat adsorption geometry of glycine and grain structure of the
oxide film. Sarcosine deposited in vacuum on the polycrystalline cerium oxide surface
adsorbs in a tilted geometry with amino group directed outward, creating a dense
adlayer. Annealing of the system induces decomposition of the molecule with following
reduction of the oxide up to 150 °C (caused by water desorption), and reoxidation after
treatment in the temperature range 150 - 250 °C (due to refilling of the vacancies by
oxygen after decomposition of oxygenated products). It is worth to note that deposition
of the molecules from solution causes continuous reduction of the oxide, likely
accompanied by water desorption. Such behavior was not observed either for the

molecules deposited in vacuum or for the pure water adlayer.

The goal of the second part of the thesis was to investigate if the polycrystalline cerium
oxide thin film on glassy carbon substrate could be used as an electrode for electrochemical
detection of hydrogen peroxide and electrochemiluminescent detection of sarcosine. Summary
of the obtained results is the following:

3) The polycrystalline cerium oxide electrode was proposed and tested for hydrogen
peroxide detection in a range from 5 uM to 8 mM in PBS at pH 7 at room temperature.
The linear response was observed in a low H20O2 concentration diapason. The limit of
detection was estimated to be below 5 uM of H20O: with the sensitivity of 0.7 pA uM-
"em™. For the first time, the electrochemical study was combined with the RPES and
XPS characterization of the CeO: electrode. The surface analysis of the working
electrode before and after chronoamperometry at low and high concentrations of H>O»
demonstrated that under applied potential the hydrogen peroxide molecules adsorb on
the oxide surface interacting with the oxygen vacancies on the grain edges near the Ce**
cations. This reaction is followed by O: enrichment of the working solution and
reoxidation of the cerium oxide. Thus, the catalase enzymatic properties of cerium
oxide in the form of polycrystalline film for H>O> oxidation were confirmed. Activity
of the electrode terminates when the surface is completely oxidized. However, it was
shown that immersion of the electrode into working solution and CV cycling is a

potential route to the electrode reactivation. This part of the results was published in
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4)

the Journal of Applied Surface Science in 2019. Since then, the paper has been cited
12 times, revealing the increasing importance of the topic nowadays.

For sarcosine detection using the ECL technique, the sarcosine molecule was used as a
co-reactant couple for Ru(bpy)s;*>" luminophore with compact polycrystalline cerium
oxide film as a working electrode. The electrode was tested in PBS at pH 7 at room
temperature in a range of sarcosine concentrations from 50 uM to 5 mM. The electrode
showed a linear response in this concentration range. The limit of detection of the
electrode was estimated to be 45.9 uM. Thus the CeO2/GC electrode was shown to be
suitable for sarcosine detection in the concentration range used in clinical assays for

PCs diagnostics.
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