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Nicht Glückes bar sind deine Lenze,
du forderst nur des Glücks zuviel;
gib deinem Wunsche Maÿ und Grenze,
und dir entgegen kommt das Ziel.

Wie dumpfes Unkraut lass' vermodern,
was in dir noch des Glaubens ist:
du hättest doppelt einzufordern
des Lebens Glück, weil du es bist.

Das Glück, kein Reiter wird's erjagen,
es ist nicht dort, es ist nicht hier;
lern überwinden, lern entsagen,
und ungeahnt erblüht es dir.

Du fragst: ob mir in dieser Welt
überhaupt noch was gefällt?
Du fragst es und lächelst spöttisch dabei.
Lieber Freund, mir gefällt noch allerlei:
Jedes Frühjahr das erste Tiergartengrün,
oder wenn in Werder die Kirschen blühn,
zu P�ngsten Kalmus und Birkenreiser,
der alte Moltke, der alte Kaiser,
und dann zu Pferde eine Stunde später,
mit dem gelben Streifen der "Halberstädter";
Kuckucksrufen, im Wald ein Reh,
ein Spaziergang durch die Lästerallee,
Paraden, der Schapersche Goethekopf
und ein Back�sch mit einem Mozartzopf.

Theodor Fontane
(b1819 in Neuruppin, d1898 in Berlin)
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Abstract

Even though we often do not knowingly recognize them, nanoparticles are present these days
in most areas of our daily life, including food and its packaging, medicine, pharmaceuticals,
cosmetics, pigments as well as electronic products, such as computer screens. The majority
of these particles exhibits a core-shell morphology either intendedly or unintendedly. For the
purpose of practicability, this core-shell nanoparticle (CSNP) morphology is often assumed to
be ideal, namely a spherical core fully encapsulated by a shell of homogeneous thickness with
a sharp interface between core and shell material. It is furthermore widely presumed that all
nanoparticles in the sample possess the same shell thickness. As a matter of fact, most real
CSNPs deviate in several ways from this ideal model with quite often severe impact on how
efficiently they perform in a specific application.

The topic of this cumulative PhD thesis is the accurate characterization of the actual morphol-
ogy of CSNPs by advanced X-ray analytical techniques, namely X-ray photoelectron spec-
troscopy (XPS) and scanning transmission X-ray microscopy (STXM). A special focus is on
CSNPs which deviate from an ideal core-shell morphology. In the paper from 2019 nanoparti-
cle shell thicknesses are extracted from the elastic-peak intensities in an XPS spectrum based
on an ideal particle morphology. This happens for a series of CSNP samples comprising
a poly(tetrafluoroethylene) (PTFE) core and either a poly(methyl methacrylate) (PMMA) or
polystyrene (PS) shell. The same paper as well as the paper from 2020 demonstrate for the
first time, that the analysis of the inelastic background in an XPS spectrum of CSNPs can iden-
tify and quantify the heterogeneity of the shell and the incomplete encapsulation of the core.

The result from an XPS experiment is always an average across a large nanoparticle ensemble.
Deviations from an ideal morphology within a single particle of the sample cannot be assessed
separately. As opposed to that, a spatial resolution of 35 nm enables STXM to visualize the
interior of single CSNPs which exhibit a sufficient X-ray absorption contrast between core and
shell material. In the paper from 2018 a STXM analysis is demonstrated based on the example
of the PTFE-PS CSNP samples already mentioned in the previous paragraph.

In the publication from 2021 (Ca/Sr)F2 core-shell like nanoparticle ensembles for the practi-
cal use in, among others, antireflective coatings are investigated. These nanoparticles do not
possess a sharp interface between core and shell material, which is why a shell thickness de-
termination as described in the second paragraph is inappropriate. Instead, in-depth profiles
of the chemical composition are obtained by XPS experiments based on synchrotron radiation
with variable X-ray photon energy to elucidate the internal morphology of the particles. Addi-
tionally, theoretical in-depth profiles of Ca and Sr XPS peak intensities are simulated, in order
to facilitate the interpretation of the experiments. Thus, an enrichment of CaF2 at the particle
surface was determined, which could hardly have been assessed by any other analytical tech-
nique. Because this kind of non-destructive depth profiling by XPS is very demanding, more
than usual effort is spent on gapless documentation of the experiments to ensure full repro-
ducibility.

Due to the vast diversity of nanoparticles differing in material, composition and shape, a mea-
surement procedure cannot unalteredly be transferred from one sample to another. Neverthe-
less, because the papers in this thesis present a greater depth of reporting on the experiments
than comparable publications, they constitute an important guidance for other scientists on how
to obtain meaningful information about CSNPs from surface analysis.
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Zusammenfassung

Obwohl wir sie oft nicht bewusst wahrnehmen, sind Nanopartikel heutzutage in den meisten Be-
reichen unseres Alltags präsent, unter anderem in Lebensmitteln und ihren Verpackungen, Me-
dizin, Medikamenten, Kosmetik, Pigmenten und in elektronischen Geräten wie Computermo-
nitoren. Ein Großteil dieser Partikel weist, beabsichtigt oder unbeabsichtigt, eine Kern-Schale
Morphologie auf. Einfachheitshalber wird diese Morphologie eines Kern-Schale-Nanopartikels
(CSNP) oft als ideal angenommen, d.h. als ein sphärischer Kern, der komplett von einer Schale
homogener Dicke bedeckt ist, mit einer scharfen Grenzfläche zwischen Kern- und Schalenma-
terial. Außerdem wird vielfach auch davon ausgegangen, alle Partikel der Probe hätten gleiche
Schalendicken. Tatsächlich weichen die meisten realen CSNPs in verschiedenster Weise von
diesem Idealmodell ab, mit oft drastischen Auswirkungen darauf, wie gut sie ihre Aufgabe in
einer bestimmten Anwendung erfüllen.

Das Thema dieser kumulativen Doktorarbeit ist die exakte Charakterisierung der wirklichen
Morphologie von CSNPs mit modernen Röntgen-basierten Methoden, konkret Röntgen-Photo-
elektronen-Spektroskopie (XPS) und Raster-Transmissions-Röntgen-Mikroskopie (STXM). Der
Fokus liegt insbesondere auf CSNPs, die von einer idealen Kern-Schale-Morphologie abwei-
chen. Im Artikel von 2019 werden Schalendicken von Nanopartikeln aus den elastischen Peak-
intensitäten im XPS-Spektrum unter Annahme einer idealen Partikelmorphologie abgeleitet.
Dies geschieht für eine Reihe von CSNP-Proben, welche aus einem Polytetrafluoroethylen-
(PTFE) Kern und entweder einer Polymethylmethacrylat- (PMMA) oder Polystyrol- (PS) Schale
bestehen. Sowohl dieser Artikel als auch der von 2020 zeigen erstmals, dass die Auswertung
des inelastischen Untergrunds eines CSNP-XPS-Spektrums in der Lage ist, die Heterogenität
der Schale und die unvollständige Ummantelung des Kerns zu identifizieren und zu quantifizie-
ren.

Das Ergebnis eines XPS-Experiments ist immer ein Mittelwert über ein großes Nanopartikel-
ensemble. Inwiefern ein einzelner Partikel innerhalb der Probe von einer idealen Morphologie
abweicht, kann nicht gesondert erfasst werden. Im Gegensatz dazu kann STXM mit einer
räumlichen Auflösung von 35 nm das Innere einzelner CSNPs visualisieren, sofern sie genü-
gend Röntgenabsorptionskontrast zwischen Kern- und Schalenmaterial aufweisen. Im Arti-
kel von 2018 wird am Beispiel der bereits im vorherigen Abschnitt genannt PTFE-PS-CSNP-
Proben eine solche STXM-Untersuchung demonstriert.

In der Veröffentlichung von 2021 werden Kern-Schale-artige (Ca/Sr)F2-Nanopartikel für den
praktischen Einsatz in unter anderem entspiegelnden Beschichtungen untersucht. Da hier
keine scharfe Grenzfläche zwischen Kern- und Schalenmaterial vorliegt, ist eine Schalen-
dickenbestimmung, wie sie im zweiten Abschnitt diskutiert wird, nicht sinnvoll. Stattdessen
werden mit Hilfe von XPS, angeregt mit Synchrotronstrahlung bei variabler Röntgenphotonen-
energie, Tiefenprofile der chemischen Zusammensetzung generiert, um die innere Morpholo-
gie der Partikel aufzuklären. Zusätzlich werden theoretische Tiefenprofile der Ca- und Sr-XPS-
Peakintensitäten simuliert, um die Interpretation der Experimente zu erleichtern. So wurde eine
CaF2-Anreicherung an der Oberfläche der Partikel festgestellt, die kaum mit einer anderen ana-
lytischen Methode hätte entdeckt werden können. Da diese zerstörungsfreie Bestimmung von
XPS-Tiefenprofilen sehr anspruchsvoll ist, wird noch mehr als üblich auf die lückenlose Doku-
mentation des Experiments geachtet, um vollständige Reproduzierbarkeit zu gewährleisten.

Aufgrund der enormen Vielfalt an CSNPs, die sich in Material, Zusammensetzung und Form
unterscheiden, kann eine Messmethode nicht völlig unverändert von einer Probe auf eine an-
dere übertragen werden. Nichtsdestotrotz, da die als Teil dieser Doktorarbeit präsentierten
Artikel eine deutlich ausführlichere Beschreibung der Experimente enthalten als vergleichbare
Publikationen, stellen sie eine wichtige Anleitung für andere Wissenschaftler dafür dar, wie aus-
sagekräftige Informationen über CSNPs durch Oberflächenanalytik erhalten werden können.
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1. Recent needs for the determination of the actual
morphology of core-shell nanoparticles

On 18 October 2011 the European Commission published a recommendation in which "mem-
ber states, the Union agencies and economic operators are invited to use the following defini-
tion of the term ’nanomaterial’ in the adoption and implementation of legislation and policy and
research programs concerning products of nanotechnology"[1]:

"’Nanomaterial’ means a natural, incidental or manufactured material containing particles, in
an unbound state or as an aggregate or as an agglomerate and where, for 50 % or more of
the particles in the number size distribution, one or more external dimensions is in the size

range 1 nm-100 nm."[1]

Nanomaterials are already indispensable in many industrial applications. The European Union
Observatory for Nanomaterials (EUON) lists on its website, among others, the following con-
sumer products of our daily life which frequently contain nanomaterials: Pharmaceuticals, cos-
metic products, coatings and paints as well as food and food packaging.[2] The most impor-
tant representatives are the nanoforms of titanium dioxide, silicon dioxide and aluminum diox-
ide. These substances are listed in the database of registered substances[3] of the European
Chemicals Agency (ECHA) with quantities of above 1.000.000 metric tons per year which are
produced or imported in the European Union.

Due to their size the properties of nanomaterials differ from the properties of the corresponding
bulk materials. On the one hand, this opens up new and exciting industrial applications, on
the other hand, data regarding environmental and human health risk assessment for the bulk
materials are not transferable to their nanoforms.

Companies that would like to make a substance available on the market of the European
Union in quantities of one metric ton per year or more must, according to Regulation (EC)
No 1907/2006 concerning the Registration, Evaluation, Authorization and Restriction of Chem-
icals (REACH)[4], submit a registration to the ECHA. This registration must contain, among
others, a technical dossier whose content ranges from administrative details about manufac-
turers and importers over the exact chemical identity of the substance to an assessment of the
risk for human health and the environment. Annex VI contains the data requirements for this
registration. Section 2.3 "Composition of each substance" lists those requirements regarding
the chemical identity of the registered substances. Here, Subsection 2.3.5. explicitly asks for
the confirmation of this chemical identity by spectral data.[4]

In January 2020, the REACH regulation was adapted regarding information requirements for
nanomaterials.[5] Since then, companies who would like to commercially distribute a substance
which is a nanomaterial must provide more detailed information on its properties during regis-
tration. For instance, Annex VI was supplemented by the new Section 2.4 “Characterization of
nanoforms of a substance”. Here, Subsection 2.4.4. asks for information on “Shape, aspect
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ratio and other morphological characterization: crystallinity, information on assembly structure
including e.g. shell like structures or hollow structures, if appropriate”.[4]

Both Sections 2.3 "Composition of each substance" and 2.4 “Characterization of nanoforms
of a substance" specifically demand a description of the analytical methods which were applied
to generate all submitted data. This description must be sufficiently detailed to allow full repro-
ducibility of the results (Subsections 2.3.7. and 2.4.6.).[4]

Due to the industrial success of the nanomaterials, their manufactures find themselves con-
fronted with increasing expectations and requirements both from the consumer side regarding
the quality of the product and from the regulatory side in terms of risk assessment. These
requirements can only be fulfilled if analytical techniques are available which can efficiently and
accurately characterize the properties of the nanomaterials. This PhD thesis focuses on the
characterization of core-shell nanoparticles (CSNPs) which constitute a highly relevant kind
of nanomaterials. The potential of two advanced X-ray analytical techniques for this purpose
is demonstrated, namely X-ray photoelectron spectroscopy (XPS) and scanning transmission
X-ray microscopy (STXM).

The strength of XPS lies in its superior surface sensitivity combined with an element specific
sensitivity down to 0.1 at% in the analyzed volume.[6] Because, meanwhile, the involved physi-
cal processes and quantities are very well understood, XPS spectra can be analyzed quantita-
tively with high accuracy, in order to elucidate the in-depth nanostructure of a specimen’s sur-
face. The publication of the ISO Technical Report 23173 with the title "Surface chemical analy-
sis - Electron spectroscopies - Measurement of the thickness and composition of nanoparticle
coatings" underlines the relevance of the technique from an industry perspective.[7, 8] STXM is
not only able to visualize single nanoparticles but also to perform spectroscopy revealing their
chemical composition, both at an outstanding spatial resolution of 35 nm. Since the chemistry
and thickness of the shell determine the interaction of a CSNP with its environment, control
of these two key parameters by suitable analytical techniques means control of the particle’s
performance in its specific application and its risk for environment and human health. Due to
the reasons mentioned above, XPS and STXM are perfect for this task.
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2. Introduction

2.1 Correlation between core-shell nanoparticle morphology and
properties

There are multiple reasons for an intended application of a functional shell to a nanoparti-
cle. Those include among others enhancement of the colloidal stability, protection of the core
or tuning of the particle performance in a specific use. The following collection of examples
from literature is not only meant to underline the utility of nanoparticle coatings but also to
demonstrate the strong interplay between the characteristics of this coating and the overall
nanoparticle properties. Beside the impact of the shell thickness, the impact of the heterogene-
ity of this thickness as well as the degree of encapsulation of the core by the shell material
is addressed. This cumulative thesis deals with the determination of these three nanoparticle
shell characteristics by XPS and STXM analysis. This section highlights the relevance of their
accurate determination for an efficient and controlled synthesis of engineered CSNPs for high
performance applications.

2.1.1 Purpose of nanoparticle coatings

A popular strategy for the enhancement of the colloidal stability is the attachment of poly(ethy-
lene glycol) (PEG) macromolecules to the surface of inorganic nanoparticles. A PEG shell
plays a particularly important role for biological applications, because stabilization by electro-
static repulsion, as it is for example achieved by citrate ions on the particle surface, is not
efficient in biological fluids due to their high ionic strength. As opposed to this, a PEG polymer
layer prevents the contact of the nanoparticles through a physical steric barrier. Furthermore,
this kind of polymer coating can efficiently avoid the formation of a protein corona which usually
develops by adsorption of molecules on the nanoparticle surface from the surrounding biologi-
cal liquid with often strong, undesired impact on the particle properties. Finally, the PEG layer
protects the nanoparticles from recognition by and uptake in macrophage cells extending their
circulation time in the blood, a crucial parameter for many biological applications. A detailed
discussion and many more examples for the stabilization of inorganic nanoparticles in biologi-
cal fluids are provided in a corresponding review article by Guerrimi et al.[9]

For catalytic applications of nanoparticles, thermal and chemical stability is of uppermost im-
portance. Industrial catalytic processes frequently demand elevated temperatures and, thus,
stabilization of the nanoparticles by organic molecules can become problematic. Most of them
decompose at temperatures beyond 300°C leading to a deformation and aggregation of the
nanoparticles themselves. The surface-to-volume ratio decreases and, thus, the activity of the
catalyst breaks down. Joo et al. presented the synthesis of Pt nanoparticles with a mesoporous
SiO2 shell. The authors confirmed the stabilization of the Pt core by the silica shell up to 750°C.
Simultaneously, the shell did not disturb the catalytic activity of the Pt due to its mesoporosity.
The particles efficiently catalyzed the oxidation of CO to CO2 in the temperature range from
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240-340°C. Additionally, the core-shell system kept its original morphology after this reaction
at elevated temperatures, while the corresponding nanoparticles without silica shell heavily ag-
gregated above 300°C.[10]

An example for the successful tuning of nanoparticle properties by the synthesis of a core-
shell morphology was published by Ximendes et al. They presented LaF3 nanoparticles with
a Yb3+ doped core and a Nd3+ highly doped shell for the application as nanoheaters in pho-
tothermal cancer therapy. Nanoheaters are nanoparticles which very efficiently turn light into
heat. The idea is to incorporate the particles into cancer cells or tumors and by external elec-
tromagnetic irradiation induce a temperature rise which damages the tumor cells as selectively
as possible. In order to achieve a compromise between efficient treatment of the disease and
minimum harm of the surrounding healthy tissue, the actual temperature at the location of the
nanoparticles in the body must be measured. This temperature measurement was facilitated by
the core-shell morphology mentioned above. Since the contribution of Yb3+ to the overall emis-
sion spectra decreased with temperature, the ratio between the Nd3+ and the Yb3+ intensity
could serve as a reliable and accurate indicator for the temperature at the nanoparticle loca-
tion. Ex vivo experiments demonstrated that the particles are capable of simultaneous heating
and sensing upon excitation with a single 808 nm infrared beam within a temperature range of
approximately 20 to 45°C.[11]

2.1.2 Impact of the coating thickness

Once the mechanism behind a CSNP formation is understood, the targeted synthesis of differ-
ent nanoparticle shell thicknesses is usually straight forward. Therefore, the shell thickness is
a popular parameter to finetune the overall particle properties. Yang et al. for instance demon-
strated how antibacterial activity and cytotoxicity of Au-Ag CSNPs can be adjusted by varying
the Ag shell thickness. For this purpose, they synthesized three types of particles all comprising
a constant Au core of 10 nm diameter but different Ag shell thicknesses, namely 1.5, 5.0 and
8.8 nm. The antibacterial activity of the nanoparticle was tested on E. coli (Gram-negative bac-
teria) and S. aureus (Gram-positive bacteria) suspensions. Here, the sample with the medium
Ag shell thickness displayed the greatest activity killing up to 99% E. coli and 97% S. aureus
after 24 h. Additionally, the bacterial growth in the presence of the three different CSNPs was
monitored within these 24 h and then compared with a nanoparticle free control sample. For all
CSNPs, bacterial growth was considerably retarded over the entire duration of the experiment.
Again, the nanoparticles with medium Ag shell thickness showed superior effect compared with
the thinner and thicker Ag shell samples. This was explained by a greater and faster Ag+ ion
release of this sample within 24 h. Finally, it could be shown that the use of an Ag shell on a
Au core significantly decreases the cytotoxicity towards mammalian cells and, thus, enhances
the biocompatibility compared with pure Ag nanoparticles. The thinner the Ag shell became the
lower was the observed cytotoxicity of the particles towards human cells.[12]
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The shell thickness can also have a great impact on the photoluminescence properties of core-
shell quantum dots. A quantum dot is a semiconductor nanoparticle in the size range from
1-100 nm. In contrast to the corresponding bulk material, the quantum dot exhibits discrete en-
ergy states due to its very limited number of atoms.[13] Malko et al. investigated this impact on
photoluminescence intensity, lifetime and blinking of individual CdSe-CdS core-shell quantum
dots for shell thicknesses varying between 4 and 19 monolayers of CdS. While thin and medium
shells (4-7 and 10-12 CdS monolayers) still displayed undesired photoluminescence blinking,
this effect could be completely suppressed with thick shells (15-19 CdS monolayers). This is
of particular importance for applications which depend on the emission of single quantum dots.
Furthermore, the influence of the laser excitation power was tested. Whereas particles with
thick shells exhibited a single “ON” level characterized by a narrow photoluminescence inten-
sity distribution at all applied excitation powers, the intensity distributions of particles with thin
and medium shells became increasingly complex with rising excitation power.[14]

2.1.3 Impact of the degree of encapsulation

Not every CSNP synthesis results in a complete encapsulation of the core by the shell material.
In the work of Gloag et al. who investigated Pd-Ru CSNPs as oxygen evolution reaction cat-
alyst, it became very clear that the degree of encapsulation of the core matters for the overall
performance of the nanoparticle. On the one hand, Ru nanoparticles very actively catalyze
the oxygen evolution reaction; on the other hand, they are very unstable and usually fully de-
grade after only a few reaction cycles. The authors showed that the Pd core can stabilize the
Ru while simultaneously not disturbing its catalytic activity. Four different CSNP samples were
synthesized with a constant Pd core diameter of 4.7 nm but different average shell thicknesses
of 0.3, 0.5, 0.8 and 1.2 nm. A decrease of activity by 50% was observed after 4 cycles for
the 0.3 nm, after 9 cycles for the 0.5 nm and after 5 cycles for the 0.8 and 1.2 nm samples.
Pure Ru nanoparticles lost their entire activity after just 1 cycle. The increased distance of
the catalytically active Ru atoms from the stabilizing Pd core was identified as the reason for
nanoparticles with thicker shells being less stable. Therefore, thin shells were targeted by se-
lecting a low Ru:Pd ratio during particle synthesis. However, if this ratio becomes too low, the
surface of the Pd cores was no longer fully encapsulated by Ru. For the synthesis of the 0.3 nm
shell sample, the applied ratio was below this critical threshold and an incomplete encapsula-
tion of the Pd core by the Ru shell was confirmed by energy-dispersive X-ray (EDX) mapping.
Gloag et al. assumed this to be the explanation for the inferior stability of the 0.3 nm shell
compared with the 0.5 nm shell sample. They suggested that a higher variability of the shell
thickness led to an increased surface energy and, thus, to Ru being dissolved fast during the
oxygen evolution reaction.[15]

As opposed to the previous example, incomplete coverage of the core by the shell material
can also have a positive effect as demonstrated in the work of Marelli et al. They investigated
the ability of Au-CuO CSNPs to catalyze the liquid-phase selective oxidation of benzyl alco-
hol to benzaldehyde as a function of nanoparticle morphology and composition. Four different
CSNP samples with Au/Cu molar ratios of 13/1, 4/1, 1/1 and 1/17 were synthesized as well as
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pure Au and Cu nanoparticles for comparison. Enhanced catalytic activity was observed for the
samples with molar ratios of 13/1 and 4/1 compared with all other nanoparticles. The sample
with molar ratio 1/17 and the pure Cu nanoparticles showed no catalytical activity at all. The au-
thors suggested that the superior activity of Au-rich samples was caused by a partial coverage
of the core by the shell material, whereas the entire Au core is covered by a thick CuO shell in
the case of the Cu-rich CSNPs. This hypothesis was confirmed by a combination of scanning
transmission electron microscopy (STEM)-electron energy loss spectroscopy (EELS) and high-
resolution transmission electron microscopy (TEM). Consequently, it was demonstrated that a
CuO shell improves the performance of Au nanoparticles as catalyst in the investigated benzyl
alcohol oxidation reaction provided that the coverage is incomplete and the catalytically active
Au sites remain available.[16]

2.1.4 Impact of heterogeneity of the coating thickness

One possible reason for a heterogeneous shell thickness is the displacement of the core rela-
tive to the overall CSNP center. As opposed to the examples in the previous section, the core
is still entirely covered by the shell material in this case. Nevertheless, the behavior of a CSNP
with displaced core can differ remarkably from a CSNP with identical chemical composition
and size but centered core. Schnedlitz et al. made this observation as they studied the internal
morphology of Ni-Au CSNPs as a function of temperature by in situ high-resolution TEM. Using
a synthesis method where the nanoparticles form within superfluid helium nanodroplets, they
initially generated CSNPs with the Ni core located in the center of the overall particle. These
CSNPs turned into homogeneous alloy nanoparticles within 1 min upon raising the temperature
to 400°C. At the same temperature, application of a sufficiently high beam dose from the elec-
tron microscope induced spontaneous demixing of the alloy particles. A core-shell morphology
formed with a displaced core located near the particle surface. During an observation time of
1 h neither increasing the temperature further up to the melting point nor decreasing it back
to room temperature could affect the integrity of the newly formed core-shell morphology with
displaced core. Consequently, it is thermally significantly more stable than its counterpart with
centered core. Theoretical simulations were performed, in order to elucidate the diffusion mech-
anisms within the different particle morphologies. Based on the results, the authors suggested
that a displaced core favors diffusion along the intermetallic interface, whereas diffusion along
the radial coordinate is negligible. In contrast to that, in the case of a centered core radial diffu-
sion is very pronounced which means the mobility of the Ni ions through the particle is high.[17]

The optical properties of iron oxide nanoparticles can be tuned by the synthesis of different
Au shell architectures around the same kind of core. This was demonstrated by Kwizera et al.
who synthesized Fe3O4-Au CSNPs of sphere, popcorn and star shape around an octahedral
iron oxide core leading to an increasing degree of heterogeneity of the shell thickness from
one architecture to the other. The Au shell synthesis was performed in two steps. Firstly, very
small gold nanoparticles were attached to the surface of the iron oxide cores by electrostatic
interaction. Secondly, the actual continuous Au shell was grown by reduction of Au+ ions from
an HAuCl2 solution with the small gold nanoparticles acting as seeds. The anisotropic archi-
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tectures were realized by also adding AgNO3 during the second step of the shell synthesis.
The localized surface plasmon resonance of the differently shaped CSNPs was investigated by
visible-near infrared absorption spectroscopy and found to depend on the nanoparticles’ shape.
The spherical particles exhibit a single characteristic absorption peak. The same applies to the
popcorn shaped particles, but the peak is broader and the absorption occurs at longer wave-
lengths. The spectra of the star shaped particles display two additional peaks. Furthermore,
the peaks are even more red-shifted than in the case of the spherical or popcorn shaped par-
ticles. The anisotropic popcorn and star shaped nanoparticles are promising candidates for
surface-enhanced Raman scattering applications.[18]
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2.2 Nanoparticles characterized in this thesis

2.2.1 Coated poly(tetrafluoroethylene) nanoparticles

Poly(tetrafluoroethylene) (PTFE) as a polymeric material is known for its unique properties in-
cluding a high melting point (342°C), high thermal stability, insolubility in most common solvents,
chemical inertness, a low dielectric constant (good electrical insulator), low water ad/absorptivity,
excellent weatherability, flame resistance and purity.[19] Therefore, it is a desirable additive for
high performance polymer composite materials. However, a homogeneous distribution of PTFE
in other polymer matrices is difficult to achieve due to its low surface energy causing poor ad-
hesion and wettability. The low compatibility of the two blend components does not allow for
efficient and stable composite material formation. Instead, the components demix and the re-
sulting inhomogeneous distribution of PTFE leads to a just as inhomogeneous transfer of its
properties to the overall composite material. Additionally, it results in the composite material
being opaque excluding its use for applications where transparency is required.

Different strategies for surface modification of PTFE, such as sputtering or plasma treatment,
were investigated to enhance its adhesion properties. A successful alternative approach to
achieve composite materials with a perfect distribution of PTFE is their bottom-up synthesis
based on CSNPs with a PTFE core encapsulated by a shell comprising the desired matrix
polymer (see Figure 2.1). This strategy works by selecting the shell polymer such that its glass
transition temperature is lower than the melting temperature of PTFE. Where this is the case,
thermal annealing between these two characteristic temperatures exclusively causes the soft-
ening of the shell polymer which then forms a continuous matrix around the cores.[20–25]

Figure 2.1: Spherical monodisperse polymer CSNPs self-assemble to generate a three-dimensional periodic array.
Thermal annealing at a temperature below the melting temperature of the PTFE cores but above the glass transition
temperature of the shell polymer leads to the shell polymer forming a continuous matrix around the PTFE cores.
This figure was created by customizing Figure 9 from Sparnacci et al.[26]

Furthermore, spherical monodisperse polymer CSNPs can self-assemble to generate a three-
dimensional periodic array as depicted in the middle of Figure 2.1 and act as a photonic crys-
tal.[27] Photonic crystals are materials with periodic spatial composition alterations resulting in
periodic variations of the refractive index. They do not only coherently scatter incoming light,
as soon as its wavelength coincides with the length scale of periodicity of the material, they
also alter the light’s modes of propagation.[28] Since their physical properties react on external
stimuli like temperature, pH value, mechanical strain or electrical fields, photonic crystals can
be used as sensors.[29, 30] Aside from this, photocatalysis[31, 32], lasers[33, 34], displays[35,
36] and anti-counterfeiting codes[37, 38] are only a few examples among versatile applications
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of this material class.

The CSNP synthesis begins with the generation of PTFE seed particles by an emulsion poly-
merization developed by Solvay Specialty Polymers. The company successfully upscaled the
synthesis, such that it can be performed in a 400 L reactor yielding above 100 kg of nanoparti-
cles in a highly concentrated aqueous dispersion. Particle sizes as small as 10 nm diameter are
achieved.[20] In a subsequent emulsifier-free batch seeded emulsion polymerization, the PTFE
seed particles are encapsulated by a polystyrene (PS) or poly(methyl methacrylate) (PMMA)
shell yielding colloidally stable CSNP dispersions in water. Appropriately adjusting the ratio be-
tween seed particles and shell monomer leads to CSNPs with a monomodal and very narrow
size distribution, a necessary condition for their ability to self-assemble as mentioned above.
While with methyl methacrylate as shell monomer a perfectly spherical particle shape is ob-
tained, the use of styrene causes a slightly hemispherical shape of the total CSNP. The reason
is an incomplete encapsulation of the PTFE core by the PS shell.[20, 21]

No matter whether methyl methacrylate or styrene is applied, no uncoated PTFE seeds re-
main after the shell synthesis and no secondary nucleation occurs meaning that no pure PS or
PMMA particles are formed. Furthermore, particle size distributions become narrower as the
applied monomer/PTFE ratio and, thus, shell thickness increases. Sparnacci et al. suggested
that this indicates a tendency of the system to develop towards a thermodynamically favorably
smaller surface-to-volume ratio.[24, 25] This self-sharpening effect is known for latex particles
below 150 nm diameter.[39]

Due to the complete immiscibility of the PTFE in the shell monomer mixtures, the formation
of a sharp interface between core and shell is expected and intermixing between them should
be negligible. This is supported by thermogravimetric analysis (TGA) which confirms that nei-
ther the melting temperature of PTFE nor the glass transition temperature of PS or PMMA,
respectively, are affected by a change of the applied monomer/PTFE ratio.[20–22]

Three of the four publications of this cumulative thesis deal with the investigation of these
PTFE-PS and PTFE-PMMA CSNPs predominantly by XPS and STXM (cf. Sections 4.1.1,
4.1.3 and 4.3.1). These particles constitute perfect model systems to evaluate the potential of
both techniques for the determination of the actual morphology of CSNPs including deviations
from an ideal core-shell morphology: Firstly, their synthesis is already so well understood and
routinely performed that CSNP sample series with a continuous variation of the shell thickness
can be quickly provided in large amounts. Secondly, core and shell materials can be clearly
differentiated by both analytical techniques. Thirdly, shell thickness determination is possible
and reasonable, because intermixing between core and shell material is known to be negligible.

Note, that the core material in the CSNPs in the references [20] to [27] and in Section 4.1.1,
4.1.3 and 4.3.1 of this thesis is not pure PTFE. It actually is a special grade of a perfluoroalkoxy
polymer resulting from the polymerization of tetrafluoroethylene (TFE) and perfluoromethylvinyl
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ether (PFPME). However, XPS analysis revealed that the relative amount of the PFPME poly-
mer units is less than 1%.

2.2.2 Alkaline earth metal fluoride nanoparticles

The alkaline earth metal fluorides CaF2, SrF2 and BaF2 are important host materials for rare-
earth metal ion dopants. Thus, luminescent nanoparticles can be obtained with exciting poten-
tial applications as biological labels[40, 41] or as components of electronic devices including
lasers[42, 43], displays[44, 45], LEDs[46, 47] and solar cells[48, 49]. Furthermore, the undoped
particles can be applied among others as antireflective surface coatings[50, 51], inorganic fillers
in dentistry[52] or wood preservatives[53].

The fluorolytic sol-gel synthesis route constitutes a fast and easy way to generate large amounts
of these fluoride nanoparticles up to the kilogram scale. Here, anhydrous solvated hydrogen
fluoride is reacted with a suitable metal precursor in a water-free solvent at room temperature.
Either doped or undoped nanoparticles with a diameter well below 20 nm form within seconds.
The resulting highly concentrated sols are water-clear and exhibit a low viscosity. If ethylene
glycol is applied as solvent, the formation of nanoparticles succeeds even without additional
stabilizers which are expensive and possibly would have an undesired influence on the lumi-
nescence properties.[54–59]

Figure 2.2(a) shows 0.2 M sols of SrF2 nanoparticles in ethylene glycol doped with 10 mol%
Tb3+ ions (left flask) and Eu3+ ions (right flask) relative to the metal amount excited at room light.
Figure 2.2(b) shows the same flasks upon excitation with a 366 nm UV lamp demonstrating the
bright green and red luminescence of the nanoparticles. In 2017, Ritter et al. demonstrated that
the luminescence intensity of such SrF2 nanoparticles continuously increases with the doping
rate until 40 mol% for Eu3+ and until 30 mol% for Tb3+. Furthermore, simultaneous doping with
more than one kind of rare-earth metal ions is possible. Thereby, the luminescence intensity of
the particles can be significantly increased due to energy transfer processes between the two
types of rare-earth metal ions.[56]

Figure 2.2: Photographs of SrF2 nanoparticles doped with 10 mol% Tb3+ ions (left flask) or Eu3+ ions (right flask)
in ethylene glycol excited at room light (a) and at 366 nm UV light (b).[56]

Another way to enhance the luminescence properties of a lanthanide-doped alkaline earth
metal fluoride nanoparticle is to encapsulate it by a shell of the undoped matrix material.

10



Introduction / Nanoparticles characterized in this thesis

Thereby, radiation-free relaxation processes are reduced. The generation of core-shell like
morphologies is possible in one batch by performing the fluorolytic sol-gel synthesis in a step-
wise manner. For example, the encapsulation of the lanthanide-doped SrF2 nanoparticles from
Figure 2.2 by an undoped SrF2 shell leads to a considerable enhancement of fluorescence life-
time and intensity. Moreover, by synthesis of several shells in sequence the fluorescence life-
time and intensity rise even further, namely to 307% of the lifetime of the nanoparticles without
shell. The photoluminescence quantum yield is optimized from 27.3% for the particles without
shell to 39.6% for particles with three undoped shells. Furthermore, in a physical mixture of
SrF2 particles doped with Eu3+, on the one hand, and SrF2 particles doped with Tb3+, on the
other hand, the presence of the shell facilitates the independent excitation of both rare-earth
metal ions. Thus, luminescent polymer composite materials which appear in different colors
depending on the excitation wavelength can be obtained.[57]

The publication in Section 4.2.1 of this PhD thesis demonstrates how synchrotron radiation
X-ray photoelectron spectroscopy (SR-XPS) can be successfully applied to elucidate the inner
morphology of these alkaline earth metal fluoride nanoparticles. Due to the significant photo-
and Auger-emission of most lanthanides in the 0 to 700 eV binding energy range at Al Kα ex-
citation, the synthesis of undoped (Ca/Sr)F2 core-shell like nanoparticles is investigated that
serve as model systems for their lanthanide-doped counterparts. SR-XPS cannot only con-
firm the formation of a core-shell morphology, but also reveal which element is located in the
the core and which is located in the shell region. For this nanoparticle system, this is hardly
possible by any other analytical technique.
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3. Methods

3.1 Methods for core-shell nanoparticle characterization

3.1.1 Overview

Full characterization of a CSNP sample always requires information from more than one ana-
lytical technique. Therefore, the most common techniques available, beside XPS and STXM,
for a complementary analysis of chemical composition and morphology of CSNPs are summa-
rized in this section and roughly ordered according to the particle properties which are acces-
sible. The reader is referred to the recently published book “Characterization of nanoparticles:
Measurement processes for nanoparticles” for more detailed information about the manner of
functioning of each individual analysis technique.

The total diameter of CSNPs can be determined by all different kinds of electron microscopy
(EM). This thesis differentiates between transmission electron microscopy (TEM), TEM oper-
ated in scanning mode (STEM), TEM supported by electron energy loss spectroscopy (EELS)
or energy-dispersive X-ray (EDX) spectroscopy as well as scanning electron microscopy (SEM)
and SEM operated in transmission mode (T-SEM). Other analytical techniques for this purpose
are atomic force microscopy (AFM), dynamic light scattering (DLS), small angle X-ray scatter-
ing (SAXS), differential centrifugal sedimentation (DCS), nanoparticle tracking analysis (NTA)
and single particle inductively coupled plasma mass spectrometry (spICP-MS). Because EM
and AFM are imaging techniques with a spatial resolution on the nanometer scale, the size of
single nanoparticles is accessible. The others provide a size which is an average value across
a large nanoparticle ensemble. Furthermore, while AFM can be performed both in vacuo and
under atmospheric pressure, EM is usually limited to measurements in vacuo. DLS, SAXS
DCS and NTA are performed in liquid suspension. Note, that because the above mentioned
methods address different measurands, the delivered total diameters are different.

Techniques which can directly determine the coating thickness of CSNPs include low-energy
ion scattering (LEIS), time-of-flight secondary-ion mass spectrometry (ToF-SIMS), scanning
Auger microscopy (SAM) as well as all kinds of EM mentioned above apart from SEM. Further-
more, if core and shell of a CSNP sample are synthesized in two steps which can be analyzed
separately, any method listed in the previous paragraph for determining the overall size of a
CSNP can be also used for an estimation of the coating thickness.

The chemical composition of nanoparticles is accessible by EM in combination with EDX and
EELS as well as by spICP-MS, LEIS, ToF-SIMS and Auger electron spectroscopy (AES). An
X-ray diffraction (XRD) measurement can evaluate the crystallinity and purity of the sample.

In the following two Sections 3.1.2 and 3.1.3, the strengths but also the limitations of XPS and
STXM for CSNP characterization are discussed in detail. They are compared with the ability of
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modern SEM or TEM microscopes to provide similar information. Even though, nowadays the
analytical techniques available for nanoparticle characterization are manifold, these sections
are limited to the comparison with EM which is the most frequently applied technique among
them. It is underlined that, for certain CSNPs, XPS and STXM can provide information which
is not accessible by EM. However, it is also laid out how electron microscopy results often play
an important role for the correct interpretation of XPS data.

3.1.2 Comparison of electron microscopy and electron spectroscopy

Shell thickness determination

In principal, there are two different ways of nanoparticle shell thickness determination by EM:
directly or indirectly. If the investigation is performed with a TEM microscope or with a SEM
microscope operated in transmission mode and core and shell material produce a sufficiently
high image contrast, the shell thickness can be directly extracted from the micrographs of the
CSNPs. Due to the strong scattering of electrons by matter, EM transmission measurements
for CSNP coating thickness determination are usually limited to a diameter of the overall CSNP
diameter of 100 nm or less. At the same time, modern TEM instruments exhibit a spatial res-
olution down to 0.3 nm.[60] However, depending on the involved materials, the image contrast
in transmission micrographs can be insufficient to tell the core and the shell apart. In this
case, the shell thickness can be determined indirectly by subtracting an average core from an
average total CSNP radius. This is only possible, if cores and shells are synthesized in two
separate reactions, such that electron micrographs can be recorded of the cores and the entire
CSNPs independently. Consequently, the shell thickness of CSNPs forming in a single reac-
tion step cannot be accessed in this case. Since the indirect determination option involves the
comparison of average values, individual particle information about the shell thickness is lost.
Furthermore, the assumption is made that there is a core in every CSNP, in other words, that
no nanoparticles from the pure shell material are formed. Additionally, it is presumed that the
size of the cores remains unchanged during the shell synthesis and that the core is located in
the center of the CSNP.

Shell thickness determination by XPS is limited by the information depth of the method which is
a function of the electron emission angle, the investigated material and the energy of the X-rays
used for excitation. If the elastic-peaks of an XPS spectrum are analyzed, the information orig-
inates from approximately the uppermost ∼3 λ (< 10 nm for Al Kα excitation) of the surface,
where λ is the inelastic mean free path (IMFP) of the photoelectrons.[61] Opposed to this, if
the inelastic background at the lower kinetic energy side of an elastic-peak within a distance of
∼ 100 eV from the peak is evaluated, it is the uppermost ∼8 λ (< 30 nm for Al Kα excitation)
which contribute to the XPS intensity.[62] Note, that the stated depths can only be considered
approximations, because they strongly depend on the material and the excitation energy. For
more details on the XPS analysis depth the reader is referred to the corresponding subsection
of Section 3.3.2. Nanoparticle shell thicknesses must be below the information depths, in order
to be determinable with XPS. However, in contrast to direct shell thickness determination by EM
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there is no upper limit to the diameter of the entire nanoparticle, but only to the shell thickness.
In other words, XPS is capable of determining very thin coating thicknesses on arbitrarily thick
cores. At the same time, there is no lower limit to the determinable nanoparticle shell thickness.

Furthermore, for shell thickness determination by XPS based on the elastic-peak intensities
in the spectrum, the nanoparticle core must contain an element or a distinct chemical species
which is not present in the shell and vice versa. In contrast to this, the inelastic background
shape analysis is based exclusively on the photoelectrons originating from the nanoparticle
core. Therefore, here only the nanoparticle core must contain an element or a distinct chemical
species which is not present in the shell.

For shell thickness determination based on the elastic-peak intensities, principally either the
core or the total diameter has to be known in advance. This information must be obtained from
complementary techniques such as EM. The influence of this input value on the obtained shell
thicknesses becomes negligible, if the nanoparticle is large compared with the XPS information
depth.[63] However, if the nanoparticle diameter is similar or even below the XPS information
depth, the impact of this value is significant. The inelastic background shape analysis does not
require the information about core or total diameter in advance.

Consequently, the shell thickness of CSNP samples, where a distinction between core and
shell material by EM is not possible due to an insufficient image contrast, might be accessible
by XPS under the conditions discussed above. This is for example the case for the polymer
CSNPs investigated in Sections 4.1.1, 4.1.3 and 4.3.1 of this thesis. The PTFE in the nanopar-
ticle core and the PMMA or PS in the shell generate a very poor image contrast in T-SEM due to
their similar densities. However, the photoelectron peak of fluorine atoms as well as of carbon
atoms bound to fluorine in PTFE can be very well differentiated from the peaks of PMMA and
PS and, thus, shell thickness determination by XPS is straight forward for those particles which
possess a shell thickness below the XPS information depth. Indirect shell thickness determina-
tion by T-SEM and shell thickness determination by XPS are performed and compared in the
publication from 2019 in Section 4.1.1.

Detection of nonuniformities of core-shell nanoparticles

Nanoparticle shell thickness determination, for reasons of practicability, often relies on the as-
sumption of an ideal CSNP morphology (Scenario 1 in Figure 3.2), namely a spherical core
fully encapsulated by a shell of homogeneous thickness with a sharp interface between core
and shell. It is furthermore presumed that all nanoparticles in the sample possess the same
shell thickness. However, quite often real CSNP samples deviate in some way from this ideal
assumption. Such nonuniformities, for instance, include a heterogeneity of the shell thickness
or an incomplete encapsulation of the core by the shell material. Figure 3.2 depicts schematic
representations of six different scenarios that can cause a heterogeneous or incomplete shell,
respectively. Referring to the numbers in the table, instead of describing each scenario in the
text, is supposed to enhance the comprehensibility of this section.

15



It is important to keep in mind, that the experimental elastic-peak intensities in an XPS spec-
trum of a nonuniform CSNP ensemble (Scenario 2 to 4 in Figure 3.2) can be equal to the
elastic-peak intensities of a uniform CSNP ensemble with ideal morphology (Scenario 1 in Fig-
ure 3.2) depending on the atomic ratios present in the sample. This problem is illustrated in
Figure 3.1. Therefore, elastic-peak intensity analysis can always provide only an average value
for the shell thickness of a nanoparticle ensemble based on the assumed model morphology.
It cannot reveal how well the selected model morphology matches the real morphology of the
investigated CSNPs. In other words, the presence of nonuniformities can neither be proved
nor disproved. Consequently, a shell thickness obtained by elastic-peak intensity analysis is
not meaningful, as long as the applicability of the model morphology in the simulation is not
confirmed by information from a complementary technique such as EM.

Figure 3.1: Four widely different surface structures of copper in gold that give identical XPS elastic-peak peak
intensities. (a) A copper overlayer of certain thickness completely covering a gold substrate of infinite thickness, (b)
a copper island of certain thickness and width embedded in a gold surface of infinite thickness, (c) a copper layer of
certain thickness buried below a gold overlayer of certain thickness and on a gold substrate of infinite thickness (d)
a gold overlayer of certain thickness completely covering a copper substrate of infinite thickness. (Reprinted with
permission from Sven Tougaard, Surf. Interface. Anal. 1997, 25, 137-154, Copyright © 1997 John Wiley & Sons,
Ltd.)

This is different for the analysis of the inelastic background shape in an XPS spectrum. Here,
beside the shell thickness determination, information about the suitability of the assumed model
morphology can be obtained. The experimental background shape of a sample with heteroge-
neous shell thickness or incomplete shell (Scenario 2 to 4 in Figure 3.2) cannot be brought
in good agreement with a simulated background shape based on an ideal CSNP morphology
(Scenario 1 in Figure 3.2). In this case, the agreement between the experimental spectrum
and the simulation can be increased by adjustment of the model morphology such that it takes
the nonuniformities into consideration. Thereby, as opposed to the elastic-peak intensity anal-
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ysis, the presence of certain nonuniformities in a CSNP ensemble can be proved or disproved
without the need for information from complementary techniques. Thus, if a shell thickness is
extracted from the inelastic background shape, a statement can be made about how well this
value reflects the actual shell thickness in the ensemble.

core
location

core
diameter

CSNP
diameter

shell
thickness
(single NP)

shell
thickness

(different NPs)

core
encapsulation

Scenario

1 - Ideal CSNP morphology

center equal equal equal equal complete 1

2 - Polydispersity of core and shell

center varying equal equal varying complete 2a

center equal varying equal varying complete 2b

3 - Off-center cores

off-center equal equal varying equal complete 3a

off-center equal equal varying equal incomplete 3b

4 - Deviation from sphericity

center varying equal varying varying complete 4a

center equal varying varying varying complete 4b

Figure 3.2: Schematic representation of an ideal core-shell morphology and six different scenarios of deviation
from that ideality.

It must be noted at this point, that even though the inelastic background shape analysis can tell
an ideal (Scenario 1 of Figure 3.2) and a nonideal morphology (Scenarios 2 to 4 in Figure 3.2)
apart, the different kinds of nonideality cannot be separated from one another. In other words,
the background shape can be equal for the scenarios 2 to 4. For this further differentiation,
information from complementary techniques about for example polydispersity and sphericity of
cores and CSNPs are necessary. However, a statement can be made about the degree of
deviation from the ideal core-shell morphology. The more the model morphology for the sim-
ulation must be modified away from Scenario 1 in Figure 3.2, in order to bring experimental
and simulated background shape into agreement, the stronger the real sample deviates from
Scenario 1. For more details about the detection of nonuniformities and shell thicknesses of
CSNPs by analysis of the inelastic background shape in an XPS spectrum see the publications
from 2019 and 2020 in this cumulative thesis.

EM is principally capable of detecting and differentiating all the scenarios of nonuniformity
depicted in Figure 3.2. Scenario 2b, 3b and 4b can even be identified without measuring in
transmission mode, under the condition that images can be recorded of cores and CSNP in-
dependently and under the assumption that the shape of the cores remains unchanged during
the shell synthesis. For the detection of all other scenarios a transmission measurement is
required. However, depending on the involved materials the image contrast between core and
shell can be poor for the reasons discussed under “shell thickness determination” above. In
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this case, it is impossible to prove or disprove not only the presence of nonuniformities, such
as 2a, 3a and 4a, but also the presence of a core-shell morphology at all.

Single particle information

EM exhibits a spatial resolution on the nanometer scale and is, thus, able to investigate the
properties of single particles in a CSNP sample. For this purpose, usually a sub-monolayer
distribution of nanoparticles is prepared on the substrate, such that the particles are clearly
separated from one another. At the same time, the higher the required spatial resolution the
smaller becomes the analysis area. Consequently, the typical number of particles in a mi-
crograph used for shell thickness determination lies between just a single particle and a few
hundred particles at maximum.

As opposed to this, the analysis area of laboratory-based XPS instruments usually covers
several hundred square micrometers. For instance, the analysis area of the XPS spectrom-
eter which is used for the laboratory-based measurements in this thesis is 300×700 µm2.
This means, the information in an XPS spectrum is standardly an average across millions
of nanoparticles, approximately four orders of magnitude more than in a typical EM image.
Therefore, XPS is referred to as an ensemble method in terms of nanoparticle characterization
in contrast to EM. Even though modern XPS spectrometers are capable of small-spot spec-
troscopy measurements with a spatial resolution of 10 µm2 and below, this is still far away from
the spatial resolution required to investigate the internal morphology of single nanoparticles.

The combination of EM which can measure single nanoparticles and XPS which collects infor-
mation from millions of nanoparticles in one spectrum can compensate for certain weaknesses
the techniques suffer from when they are applied on their own. Let’s assume a CSNP sample
is to be investigated where core and shell material can be differentiated well from one another
in EM and at the same time its shell thickness is thin enough to enable shell thickness deter-
mination by analysis of the XPS elastic-peak intensities. If the transmission micrograph from
EM confirms that a single nanoparticle in the sample exhibits an ideal core-shell morphology,
the question remains whether the entire sample equals Scenario 1 or rather Scenario 2 in Fig-
ure 3.2. If these results from EM and XPS are in good agreement with one another, it can be
concluded with high reliability that the shell thickness distribution of the nanoparticle ensemble
is narrow (Scenario 1 in Figure 3.2). However, if the agreement is poor, this is an indication that
the shell thickness varies among different particles in the sample (Scenario 2 in Figure 3.2).
For this kind of comparison, only very few particles in a single EM micrograph and one XPS
spectrum need to be recorded and analyzed.

In contrast to this, if EM investigation was used on its own to decide whether the shell thickness
of the particles within a sample varies or not, a rather large number of micrographs would need
to be recorded and evaluated with suitable image processing software. Thus, analyzing a suffi-
ciently high number of particles to reliably represent the entire sample is very time consuming.
Even if this effort is invested, the evaluated number of particles is always inferior to the number
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of particles covered by a single XPS spectrum. However, as opposed to this, the XPS elastic-
peak intensity analysis is not at all on its own capable of telling Scenario 1 and Scenario 2 in
Figure 3.2 apart.

A combination of EM with XPS as described above can also be of significance for samples
where aggregation renders the EM analysis of a sufficiently large number of single particles im-
possible. Only very few particles or even just one particle needed to be recorded by EM which is
often possible even for samples which strongly suffer from aggregation and for the XPS elastic-
peak intensity analysis, a multilayer anyway is the desired kind of particle distribution on the
substrate. More details about the specific requirements regarding sample preparation for EM
and XPS are discussed in the following section.

Note, that this kind of complementary analysis only works, if direct shell thickness determi-
nation by EM is possible as defined under “shell thickness determination” above.

Sample preparation

Both for XPS and EM measurements, sample preparation is an important issue to obtain opti-
mum results.

It should be noted, that for both techniques, purification of the nanoparticle suspensions can
be required prior to sample preparation for analysis. For XPS this is, for instance, necessary
to remove free-floating unreacted residues from the particle synthesis, such as monomer or
metal precursor, from the suspension which contain the same elements as the nanoparticles.
Once the suspension is dried on the substrate, the sample contains all nonvolatile compo-
nents of the suspension, both from the nanoparticles and from the surrounding solution. In the
XPS spectrum it is then often no longer possible to differentiate between these components
which adulterates the quantification of the nanoparticle composition. Furthermore, it is some-
times necessary to reduce the concentration of stabilizer molecules in the suspension such as
sodium citrate for gold nanoparticle synthesis. Due to the high surface sensitivity of XPS the
layer of these stabilizer molecules, that forms on top of the particles, can cause attenuation of
the entire photoelectrons from the nanoparticles. For EM, the purification of the suspension
is performed, in order to reduce the amount of organic hydrocarbons in the sample and, thus,
minimize electron beam induced deposition of carbonaceous material on the irradiated sample
surface. The resulting carbon contamination layer leads to blurring of the borders around and
within the nanoparticles. Furthermore, it impacts focusing as well as astigmatism correction
and, therefore, can lead to wrong shell thicknesses obtained from EM [64]. Common tech-
niques for the purification of nanoparticle suspensions prior to XPS or EM are centrifugation
and dialysis.

For XPS investigation, nanoparticles are usually prepared on a flat substrate, often a silicon
wafer. Standardly but not exclusively, the nanoparticles are deposited from liquid suspension
either by spin-coating or drop-casting. Here, a gapless multilayer of homogeneous thickness
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is the desired optimum nanoparticle distribution on the substrate (cf. Figure 3.3(a)). This layer
must neither be interrupted nor too thin, in order to avoid contribution of the substrate to the
XPS intensity. Due to the large analysis area of XPS in spectroscopy mode (cf. Section 3.2),
the prepared particle distributions must be homogeneous across, in the ideal case, the entire
wafer but at least across a significant fraction of it. A detailed discussion of sample preparation
for surface analysis of nanoparticles is provided in a dedicated chapter of the recently published
book "Characterization of nanoparticles: Measurement Processes for nanoparticles".[65]

The "single-sphere approximation" used for the simulation of XPS spectra suggests that the
elastic-peak intensities obtained from a dispersed powder of CSNPs equal the elastic-peak
intensities obtained from a single CSNP.[66] The validity of this approximation simplifies the
quantitative XPS analysis of CSNP samples significantly, because nanoparticles arranged in a
multilayer as described in the previous paragraph can be accurately quantified using the com-
paratively simple mathematical model of a single nanoparticle.

The preparation in the case of electrically conducting nanoparticles for XPS analysis is rather
straight forward, because differential charging and, thus, the thickness of the prepared layer
is not so critical. Here, a drop of highly concentrated suspension can be deposited on the
wafer and then dried either in air or in vacuo. This procedure is repeated at one and the same
spot on the wafer until the layer of particles appears closed by the naked eye. Whether it is
really closed on the nanometer scale will become clear in the XPS spectrum, which either still
contains signals characteristic for the used substrate or not. A control of the distribution of the
nanoparticles on the wafer before the XPS measurement by an imaging technique such as EM
is also recommended, but not necessarily required.

Sample preparation in the case of insulating nanoparticles is more challenging. If the prepared
nanoparticle layer is too thick, the positive charge caused upon photoionization cannot be ef-
ficiently compensated, not even by the charge neutralizer of the spectrometer. If this positive
charge build-up occurs inhomogeneously in the sample, it is referred to as differential charg-
ing and leads to undesired distortion of the peaks in the spectrum. Here, spin-coating is the
method of choice to obtain a sufficiently thin, uninterrupted homogeneous particle layer. How-
ever, before this ideal result is obtained, quite a few different parameters must be considered
and optimized, including the particle concentration in the suspension, the number and volume
of the deposited drops, the acceleration and the final speed of rotation, etc. The iterative opti-
mization of such a spin-coating protocol for a particular nanoparticle sample is time-consuming
and requires the repeated control of the obtained layer by imaging techniques such as EM.
However, once a protocol for a particular sample is found and all parameters are kept constant,
the control by a complementary technique is no longer required.

The "single-sphere approximation" is, however, not valid for the analysis of the inelastic back-
ground shape in an XPS spectrum.[67] In other words, the inelastic background generated by
a dispersed powder of nanoparticles can differ significantly from the background generated by
a single nanoparticle. Consequently, for an accurate quantitative analysis, the more complex
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Figure 3.3: SEM micrographs of PTFE-PS CSNPs prepared on a silicon wafer (a) as a multilayer or (b) as a
sub-monolayer. The scale bars equal 400 nm.

real geometry of the nanoparticle multilayer must be taken into consideration using suitable
simulation software. Because not all available software tools for the simulation of XPS spectra
provide this option and even if they do, this kind of simulation is quite elaborate, an attractive
alternative is the adjustment of the sample preparation of the nanoparticles. In the article from
2020 as part of this cumulative thesis, it could be shown that by preparation of a sub-monolayer
(cf. Figure3.3(b)) of nanoparticles accurate quantification of the inelastic background of CSNPs
was possible based on the model of a single CSNP.

Such a sub-monolayer can also be prepared by drop-casting or spin-coating using suspensions
with rather low particle concentration. Here, a suitable degree of coverage of the wafer surface
by nanoparticles must be generated. On the one hand, the particles must be well separated
from one another, in order to ensure the applicability of a single particle model for quantification
and; on the other hand, the degree of coverage of the wafer surface by nanoparticles must not
be too low, because otherwise the intensity from the nanoparticles is too low to be evaluable.
Preparation of this correct degree of coverage is tendentially even more challenging than the
preparation of the thin multilayer described above for insulating samples. Even if this correct
degree of coverage of the wafer surface by nanoparticles is successfully obtained, the contri-
bution of the substrate to the XPS spectrum remains significant. Therefore, the purity of the
wafer surface plays a much more important role than it does for the preparation of a nanopar-
ticle multilayer. While the existence of an uninterrupted multilayer can be reliably confirmed
in the XPS spectrum by the absence of signals from the substrate, the degree of coverage
of the wafer surface by nanoparticles in the case of a sub-monolayer distribution is harder to
estimate. Therefore, due to the strong impact of the particle distribution on the quantification
results from the inelastic background, a confirmation of the correct particle distribution by imag-
ing techniques such as EM is mandatory for a meaningful quantification.

If the shell thickness is determined directly from an EM transmission micrograph, the nanopar-
ticles must be deposited on a very thin substrate which the electrons can pass easily. Often
a carbon film with a thickness of a few nanometers is used which itself is mounted on a metal
mesh of a few micrometer thickness and a few millimeter diameter. The handling of these
sensitive substrates is a challenge of sample preparation for EM. If SEM measurements are
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performed without making use of the transmission mode, the particles can also be prepared
on a silicon wafer just like samples for XPS. Furthermore, the desired particle distribution re-
sembles the one dedicated to the XPS inelastic background shape analysis described in the
previous paragraph. On the one hand, the particles must be well separated from one another
to enable not only an accurate analysis of the nanoparticle internal morphology but also an
efficient automated evaluation of the nanoparticle size. On the other hand, the distance be-
tween them must be as small as possible such that the number of particles covered by a single
micrograph is high. This is important, because a reliable determination of the particle size
distribution requires the measurement of several hundred better several thousand particles.
However, as opposed to XPS analysis, EM analysis does not that strongly depend on the par-
ticle distribution being homogeneous over a significant fraction of the substrate. Even though,
a homogeneous distribution is certainly advantageous, in EM it is rather straight forward to find
even very small spots on the substrate which comprise single particles while the rest of the
sample is aggregated.

3.1.3 Comparison of electron microscopy and X-ray microscopy

Because both STXM and EM are imaging techniques with a spatial resolution on the nanometer
scale, both are principally capable of direct CSNP coating thickness determination, detection
of all nonuniformities shown in Figure 3.2 and accessing information from single nanoparti-
cles. Note, that this is only true for EM operated in transmission mode. Standard SEM in
secondary electron detection mode pictures only the surface of the nanoparticles and not their
interior. Therefore, it is not capable of direct coating thickness determination and its capability
of nonuniformity detection is limited to the Scenarios 2b, 3b and 4b in Figure 3.2. The sample
preparation of CSNPs for a STXM experiment is, furthermore, equal to the preparation de-
scribed in the previous section for an EM experiment.

The greatest difference between EM performed in transmission mode and STXM is the ori-
gin of the image contrast. While in EM the contrast between two materials depends on their
electron densities, image contrast in STXM is generated by a different X-ray absorption behav-
ior of the involved materials. Consequently, samples which generate a poor image contrast in
an electron micrograph can still exhibit a significantly different X-ray absorption behavior and,
thus, could still be well differentiated in a STXM image. This is for instance the case for the
PTFE-PS CSNPs investigated in Section 4.3.1 this PhD thesis. Note, that in the case of crys-
talline samples, sufficiently large difference in lattice plane spacings can also serve as indicator
for the distinction of core and shell in an electron micrograph of a CSNP.

The great strength of STXM compared with other imaging techniques is the possibility to record
X-ray absorption spectra by varying the initial X-ray photon energy. Recording a STXM image
stack, namely a series of images at several different consecutive excitation energies, means
acquiring a near edge X-ray absorption fine structure (NEXAFS) spectrum for every pixel in the
image. Such an image stack can be turned into quantitative component maps which reflect the
amount of every single component at each location in the image. Section 3.4.2 of this thesis
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contains a more detailed description of quantitative STXM analysis.

Analogous information can be obtained from electron microscopes equipped with an EDX or
EELS spectrometer. In EDX spectroscopy, X-ray fluorescence from the sample is detected
which is emitted upon irradiation with high energy electrons. The incident radiation causes
the excitation of electrons from atomic shells close to the atom core. Upon emission of these
so-called photoelectrons, the atom is in an excited state and relaxation of the atom occurs by
two competitive processes: X-ray fluorescence and Auger electron emission. The energy of
the emitted X-ray photons is characteristic for every element and, thus, can be used to identify
the elements present in the sample. Quantification of the spectra is possible, in order to obtain
the relative molar amounts of all elements in the sample. Furthermore, elemental line scans
and maps can be obtained with high spatial resolution.[68] Note, that the excitation of electrons
from atomic levels close to the atom core, the photoelectric effect, is also the basic principle
behind XPS. However, the incident radiation in EDX spectroscopy is electrons and in XPS it is
X-rays (see Section 3.2.2).

An EELS measurement option is mostly available in TEM microscopes, because these in-
struments already exhibit the required lenses to focus and guide the electrons into the EELS
spectrometer. EELS works by illuminating the sample with a monochromatic electron beam
and measuring the kinetic energy of the electrons after passing through and interacting with
the material resulting in loss features in the detected spectrum. The EELS spectrum contains
characteristic step-like features which reflect the emission of photoelectrons from core levels. It
is possible to calculate the binding energy of these photoelectrons and, thus, to identify the ele-
ment and orbital of their origin. Just like in EDX spectroscopy, EELS spectra can be quantified
to obtain the relative composition of the sample and there is the possibility to record compo-
nent line scans and maps. While EDX spectroscopy is limited to the differentiation of elements,
EELS can also distinguish different chemical environments of the same element. EDX is prefer-
entially applied to heavier elements with atomic numbers greater than 22 (titanium), while EELS
is the spectroscopy of choice when it comes to the analysis of soft matter.[69] The energy res-
olution of EELS is about 100 times higher than the energy resolution of EDX spectroscopy.[70]

Principally, STXM and EM combined with EDX or EELS can provide similar information. Both
can perform spectroscopy at very high spatial resolution but, certainly, each technique has
its advantages and disadvantages. The spatial resolution of modern TEM microscopes ex-
ceeds the spatial resolution of a state-of the-art STXM microscope by more than two orders
of magnitude. Consequently, smaller particles and smaller features within single particles can
be resolved by EM. At the same time, with 0.1 eV STXM exhibits a superior energy resolution
compared with TEM-EELS.[71] It was further found that the radiation damage of the sample per
unit of analytical information is for TEM-EELS 100-1000 times higher than for STXM.[72] STXM
and TEM-EELS are both limited to the analysis of thin samples. Consequently, CSNPs must
be not much larger than 100 nm for TEM-EELS and 200 nm for STXM, because otherwise the
intensity of the transmitted radiation, either electrons or X-ray photons, becomes too low.[60,
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73] The sample thickness is not so critical for EDX spectroscopy, because it does not measure
transmitted radiation but instead the X-ray fluorescence which is emitted from the sample bulk
and surface.

Another striking advantage of STXM is that it can principally be performed at atmospheric pres-
sure. This makes the technique particularly interesting for the investigation of wet biological
samples.[73] EM is usually limited to high vacuum or even ultra-high vacuum (UHV) conditions.
However, recently scanning electron microscopes equipped with a differential vacuum pumping
system were developed which allows for measurements at elevated pressures up to 1 bar.[74]

Finally, it must be mentioned that compared with TEM microscopes the availability of STXM
microscopes is very limited due to their dependence on synchrotron radiation. Even though the
number of synchrotron light sources and with it the number of STXM microscopes increases,
they are significantly outnumbered by the TEM microscopes which can be found in almost ev-
ery larger nano-analysis laboratory in academic and governmental research facilities as well as
in industry. The number of SEM microscopes is even greater; however, not all of them offer a
transmission measurement option. While the majority of EM microscopes are capable of ele-
mental analysis via EDX, electron microscopes equipped with EELS spectrometers are a great
deal rarer.

24



Methods / Laboratory-based X-ray photoelectron spectroscopy

3.2 Laboratory-based X-ray photoelectron spectroscopy

3.2.1 Experimental set-up

All laboratory-based XPS experiments within the scope of this PhD project were performed in
Division 6.1 at the Bundesanstalt für Materialforschung und -prüfung (BAM) (Berlin, Germany)
at an AXIS Ultra delay-line detector (DLD) spectrometer manufactured by Kratos Analytical
(Manchester, UK). Figure 3.4 shows a schematic representation and Figure 3.5 a photograph of
of this instrument. Note, that the content of Figure 3.4 is not a true to scale drawing, but instead
meant to be a comprehensive illustration of the different components’ manner of functioning.
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Figure 3.4: Schematic representation of the AXIS Ultra DLD spectrometer manufactured by Kratos Analytical
(Manchester, UK).

Within the X-ray source, electrons from a heated cathode are accelerated using a high voltage
power source towards a water-cooled Al anode. There upon, both bremsstrahlung radiation
and characteristic X-rays (Al Kα, Al Kβ, etc.) are emitted from the anode.[75] This polychro-
matic radiation hits a quartz crystal functioning as monochromator. Based on the principle of
Bragg diffraction at the crystal lattice exclusively Al Kα radiation with an energy of 1486.6 eV is
selected and guided towards the sample surface. For an accurate selection, anode, monochro-
mator crystal and sample must be arranged on a Rowland circle. The Rowland circle of the
AXIS Ultra DLD spectrometer has a radius of 250 mm. In the reported experiments, the angle
between the direction of impinging X-rays from the photon source and the axis of the energy
analyzer, abbreviated as source-to-analyzer angle, was set to 60°. The use of monochromatic
radiation is advantageous, because it prevents the appearance of X-ray satellite induced fea-
tures in the final XPS spectrum, whereas simultaneously the half width of the Al Kα radiation is
reduced from 0.9 eV to approximately 0.25 eV. This decreases the line width of the XPS signals
and, thereby, enhances the energy resolution.[76]
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Figure 3.5: Photograph of the AXIS Ultra DLD spectrometer manufactured by Kratos Analytical (Manchester, UK)
in Division 6.1 at BAM (Berlin, Germany).

In some XPS spectrometers, the area of analysis is defined by the X-ray source, or more
specifically by the diameter of the X-ray beam used for photoelectron excitation. As opposed
to that, the illuminated area of the AXIS Ultra DLD spectrometer does not equal the analysis
area. While the X-rays cover a macroscopic spot of approximately 1 mm diameter, the size of
the analysis area is controlled by a transfer lens system, a complex system of lenses and aper-
tures installed between sample and energy analyzer. Thereby, small spots down to a diameter
of ~10 µm can be investigated on the sample’s surface. The position of this spot can be ad-
justed by varying the voltage applied to the scan plates without moving the sample stage itself.
However, because the reduction of the spot size down to a few microns is of no advantage for
the analysis of nanometer-sized particles, within the scope of this PhD project the instrument
was exclusively operated in spectroscopy mode with an analysis area of 300×700 µm2. This
large spot size is realized by selecting the so-called "slot" aperture as spot size aperture in com-
bination with a fully opened iris. This mode is also referred to as hybrid lens mode, because
the magnetic immersion lens operates in addition to the electrostatic lenses for maximum sen-
sitivity.

The measurements must be performed under UHV conditions, because otherwise the pho-
toelectrons will be attenuated by the molecules in the atmosphere on their way from the sample
to the detector. Therefore, the analysis chamber, the transfer lens system and the energy
analyzer are evacuated down to a pressure of approximately 5×10-9 mbar. In order to not
only abide but also maintain this great underpressure, the outer walls of the spectrometer are
manufactured from solid steel. This steel is a specific alloy called µ-metal with high magnetic
permeability dedicated to the shielding of external magnetic fields which could distort the tra-
jectories of photoelectrons in the spectrometer. For the purpose of charge neutralization, a
thin filament is installed in close proximity to the sample surface. In order to compensate the

26



Methods / Laboratory-based X-ray photoelectron spectroscopy

positive charge of the sample which develops as a consequence of photoemission, low en-
ergy electrons are thermionically emitted from this filament. The charge balance plate guides
these electrons into the magnetic field induced by the magnetic immersion lens which finally
directs them to the area on the sample which is focused by the field of view of the spectrometer.

In the reported experiments, the angle between surface normal of the sample and energy
analyzer, referred to as electron emission angle, is always selected to be 0°. The first elec-
trostatic lens is the objective lens collecting the photoelectrons emitted from the sample and
focusing them towards the spot size aperture. The analysis area can be adjusted at this point
by selecting apertures of different diameter. The efficiency of collection and focus towards the
aperture is further enhanced by a magnetic immersion lens located below the sample. The
second electrostatic lens behind the aperture is the projector lens directing the photoelectron
beam in the energy analyzer entrance slit. The transfer lens system is further responsible for
the retardation of the photoelectrons for measuring in fixed analyzer transmission (FAT) mode.
A more detailed explanation of the principal of this measurement mode follows in the next para-
graph.

The AXIS Ultra DLD spectrometer comprises a concentric hemisperical analyzer (CHA). This
component of the spectrometer consists of two concentrically arranged hemispheres. For all
experiments performed within the scope of this PhD project, the CHA was operated in FAT
mode. In this mode, an electric potential is generated between the analyzer spheres which
remains constant during the entire acquisition of the spectrum. Electrons whose kinetic energy
equals this potential travel along the mean diameter of the analyzer and reach the detector at
its end, whereas electrons with a greater or lower energy travel along a greater or lower radius,
respectively, and hit the outer or inner sphere of the analyzer before reaching the detector. The
kinetic energy range is scanned by consecutively retarding the electrons of different kinetic en-
ergies to the selected potential of the plates, the pass energy, before they enter the analyzer.
The energy of the detected electrons is directly proportional to the analyzer transmission and
inversely proportional to the energy resolution of spectrum. Therefore, a higher pass energy
of 80 eV is selected for the acquisition of survey spectra (identification of different elements
present in the sample and quantitative XPS), while a lower pass energy of 20 eV is applied
for the acquisition of core level spectra (identification of different chemical environments of the
same element). This setting is usually applied for high-resolution XPS, more precisely, for
chemical state analysis. The major advantage of the FAT mode is a constant energy resolution
across the whole kinetic energy range of the electrons forming the spectrum.

Behind the CHA, microchannel plates (MCPs) combined with a DLD are mounted in order
to count the arriving electrons and, thus, obtain a count rate per set kinetic energy. The MCPs
are responsible for the amplification of the photoelectrons before they are sensed by the DLD.
This is a two-dimensional detector type capable not only of counting the incoming electrons
but also of identifying the XY position of their arrival on the detector. Thereby, the spectrometer
provides a parallel imaging mode, in other words, an elemental map of the analysis area can be
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obtained in one measurement rendering the need to scan the surface spot by spot redundant.
However, for the nanometer-sized particles investigated in this PhD project this imaging mode
was not used, because the achievable lateral resolution is only approximately 10 µm. In the
applied spectroscopy mode, all electrons enter and leave the energy analyzer at approximately
the same position.

3.2.2 Theoretical background

The photoeffect

If a surface is irradiated by X-rays, electrons will be emitted as soon as the energy of the
light is greater than their binding energy. Electrons which originate from so-called core levels,
i.e. orbitals close to the atom core, are referred to as core electrons. The generated corre-
sponding vacancy in the atomic shell is termed core hole. Depending on the perspective, this
phenomenon is called photoemission or photoionization, and electrons emitted from the sam-
ple in that way are called photoelectrons (see Figure 3.6). An XPS spectrometer measures the
kinetic energy of these electrons.
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Figure 3.6: Schematic representation of the photoemission process, which constitutes the basis for XPS. The
figure was created by customizing Figure 1.2 from Chapter 1 in "An introduction to surface analysis by XPS and
AES" by Watts et al.[61]

After photoemission the ionized atom relaxes from its excited state. This occurs via two com-
petitive processes: X-ray fluorescence and Auger emission. In the first case, an electron from
a higher energy level takes the place of the emitted electron. In the course of this, the electron
emits an X-ray photon whose energy is defined by the difference between the two involved
energy levels. In the second case, the electron filling the core hole does not release its energy
via electromagnetic radiation. Instead the energy is transferred to a third electron, also from
one of the higher energy levels including the valence band, which is thereupon emitted from
the atom. The third electron is referred to as Auger electron. These electrons are also useful
for surface chemical analysis. The corresponsing analytical technique is called X-ray excited
Auger electron spectroscopy (XAES). For elements with low atomic number Auger emission is
the dominant relaxation process, while for elements with high atomic number the X-ray fluores-
cence yield prevails.

28



Methods / Laboratory-based X-ray photoelectron spectroscopy

The photoelectron spectrum

An XPS spectrum comprises the intensity of the photoemission in counts/s as a function of
the kinetic energy KE of the photoelectrons in eV . Photoemission at high kinetic energies
originates from the valence band, while photoemission at lower kinetic energies originates from
orbitals closer to the atom core. The detected kinetic energy can also be transformed into the
binding energy BE, which the electrons used to possess in the atomic orbital they originate
from, via Equation 1.[61] Here, h the Planck constant in eV · s and ν the frequency of the X-ray
photons used for photoelectron excitation in 1/s. Consequently, the product hν represents the
energy of the X-ray photons in eV . W is the spectrometer work function in eV .

BE = hν −KE −W (1)

An XPS survey spectrum is composed of two major components: the elastic-peaks and the
corresponding inelastic background at the high binding energy side of every peak. On the way
from their emitter atom to the sample surface, the photoelectrons are scattered in the mate-
rial. The characteristic peaks in the spectrum originate from such electrons which experienced
exclusively elastic scattering events and, thus, retain their initial kinetic energy. The inelastic
background in the spectrum originates from such electrons which also experienced inelastic
scattering events and, thus, lost a fraction of their kinetic energy. Because the background
intensity of one peak is added to the background intensities of all other peaks at lower binding
energy, XPS survey spectra exhibit a steplike shape. As an example, Figure 3.7(a) contains an
XPS survey spectrum of PMMA nanoparticles with a minor contamination of Na.
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Figure 3.7: (a) XPS survey spectrum containing both photoelectron and Auger peaks of PMMA nanoparticles
and a minor contamination of Na. The spectrum is corrected for the spectrometer transmission function. (b) XPS
high-resolution spectrum of the C1s photoelectron peak. Both spectra were recorded at a Kratos AXIS Ultra DLD
photoelectron spectrometer with monochromatized Al Kα radiation for excitation. They are energy referenced rela-
tive to the aliphatic carbon C1s component at 285.0 eV binding energy. (c) Structural formula of PMMA.

As explained in the previous section, photoemission is always accompanied by Auger emis-
sion. Therefore, next to the peaks caused by photoelectrons the XPS spectrum contains further
peaks caused by Auger electrons. These peaks can be differentiated from the photoelectron
peaks by a change of excitation energy. For this purpose, the X-ray source of most XPS spec-
trometers is equipped with a second anode material, standardly Mg, beside Al. If the excitation
energy changes, the position of the photoelectron peaks on the binding energy scale remains
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unchanged, while the Auger electron peaks shift by the difference of initial and new excitation
energy, i.e. by 233 eV for Al Kα and Mg Kα X-rays. This principal can also be useful to avoid
that a photoelectron peak of interest coincides with an Auger electron peak.

The binding energy of the electrons in an atom unambiguously characterizes every element
in the periodic table. Therefore, the elements present in a sample can be identified by the
position of the peaks in an XPS spectrum. Al Kα photons can excite electrons with binding
energy up to 1486.6 eV. Consequently, a survey spectrum recorded with this kind of X-rays
enables the detection of all elements in the periodic table apart from H and He, because this
energy range contains characteristic transitions from all of them. The chemical environment
of an atom impacts the binding energy of its electrons. This leads to small alterations of the
position of a photoelectron peak, the so-called chemical shift, which can be used to distinguish
different chemical environments of the same element. Normally, a high-resolution spectrum
of the respective photoelectron peak is recorded for this purpose. Figure 3.7(b) shows such
a high-resolution spectrum of the C1s photoelectron peak of PMMA (cf. Figure 3.7(c)). The
analytical value of the chemical shift is the reason for the popularity of the XPS technique, in
the first place.

All nanoparticle samples investigated in this PhD project consist of insulating materials. There-
fore, photoemission leads to a positive charge build-up at the sample surface, even though
the sample holder is grounded during the XPS experiment. This leads to the formation of an
electrical potential between sample and spectrometer and to a shift of the peaks to higher bind-
ing energy. In addition, differential charging can occur, which means that the positive charge
build-up is inhomogeneously distributed across the field of view or the analysis depth lead-
ing to a distortion of the peak shape. To control this problem the spectrometer used for all
laboratory-based XPS experiments of this PhD project exhibits a charge neutralization system
which continuously bombards the sample with low energy electrons during the measurement.
Thereby, a stabilizing extra negative surface charge is established and the peaks are shifted
to lower binding energy instead. This bombardment is supposed to establish a homogeneous
distribution of the extra negative charge across the sample surface, such that the magnitude of
the negative shift of all peaks in the spectrum is equal. If this is true, the binding energy scale
can be corrected by referencing it to a photoelectron signal whose binding energy is known. In
this PhD project the binding energy referencing was always performed relative to the aliphatic
carbon C1s component at 285.0 eV.[77]

Note, that especially in the case of nanoparticle analysis by XPS, the correct sample prepara-
tion is critical in order to minimize the charge build-up in the sample. Under "Sample prepara-
tion" in Section 3.1.2 of this thesis a successful preparation of both electrically conducting and
insulating nanoparticles is described in detail.

30



Methods / Laboratory-based X-ray photoelectron spectroscopy

Spectroscopists’ notation

XPS peaks are labeled according to the Spectroscopists’ notation concept (element)nlj .[61]
The principal quantum number n with possible values 1, 2, 3, ... corresponds to the atomic shell
occupied by the electron or the period of the periodic table, respectively. l is the angular mo-
mentum quantum number with possible values 0, 1, 2, 3, ... n − 1 and defines the sub-shell or
kind of orbital. j = |s+ l| = 1

2 ,
2
3 ,

2
5 , ... is the total angular momentum quantum number. Accord-

ing to the Pauli exclusion principle, two electrons must not have fully equal quantum numbers.
Therefore, the spin quantum number s with possible values 1

2 or −1
2 distinguishes two electrons

in the same orbital whose remaining quantum numbers are equal.

All peaks in an XPS spectrum are doublet peaks apart from those caused by photoelectrons
from s-orbitals. In other words, photoelectrons from orbitals with an angular momentum quan-
tum number l 6= 0 give rise to doublet peaks. The reason for the splitting of the peaks is the
interaction of the magnetic field caused by the electrons’ motion around the atomic core with
the magnetic field generated by the electrons’ spin. This phenomenon is also referred to as
spin-orbit coupling. The relative intensity of the doublet peaks depends on the relative occupa-
tion I = 2j + 1 of the orbitals. For a p-orbital, j exhibits the values 1

2 which results in I = 1 and
3
2 which results in I = 2. Consequently, the ratio of the two components of the doublet is 1 : 2.
The area of the smaller doublet component is 50% of the area of the larger component and
33.3% of the entire doublet peak. For d-orbitals, the ratio of the two components is 2 : 3. Thus,
the area of the smaller doublet component equals 66.6% of the area of the larger component
and 40% of the entire doublet peak. f -orbitals have a doublet component ratio of 3 : 4. In this
case, the area of the smaller doublet component equals 75% of the area larger component and
42.9% of the entire doublet peak. The knowledge of these ratios of the doublet components
plays an important role for the analysis of XPS spectra by peak fitting, where these ratios are
used as constraints in the fitting process.

Quantification of spectra

The principle of qualitative XPS, intended to identify the elements present in the sample and to
distinguish different chemical environments of an atom, was described above. Beyond that, an
analysis of XPS spectra can also be performed in a quantitative manner. In order to do so, the
peak areas must be transferred into atomic concentrations (cf. Figure 3.8). Note, that a quan-
titative XPS analysis cannot provide absolute but only relative atomic concentrations adding
up to 100%. For determination of the peak areas, the inelastic background of the spectrum
must be subtracted. If only the amount of a particular element in the sample is to be quantified,
the area of the entire peak between the two selection boundaries at the low and high kinetic
energy side is counted. Opposed to that, if different chemical environments of the same ele-
ment, referring to different components within one XPS peak, are to be quantified, analysis of
the spectrum by peak fitting becomes necessary. For this purpose, a model function formed by
using Gaussian and Lorentzian components is adapted to the shape of the spectrum by means
of dedicated peak fitting software. Within the scope of this PhD project, the software Unifit 2020
was applied exclusively.[78]

31



Figure 3.8: (a) XPS survey spectrum of PMMA nanoparticles and a minor contamination of Na. The spectrum is
corrected for the spectrometer transmission function. Tabulation of relative molar amounts of all elements resulting
from quantification of the spectrum. (b) XPS high-resolution spectrum of the C1s photoelectron peak. Analysis
of the spectrum by peak fitting reveals four different components referring to four different chemical environments
of carbon. Tabulation of relative molar amounts of all elements resulting from quantification of the spectrum. Both
spectra were recorded at a Kratos AXIS Ultra DLD spectrometer with monochromatized Al Kα radiation for excitation.
They are energy referenced relative to the aliphatic carbon C1s component at 285.0 eV. (c) Structural formula of
PMMA.

It should be noted, that in this thesis the term "intensity", as long as XPS analysis is concerned,
always refers to the area below a peak and not to its height. Equation 2 displays the several
factors which influence the photoemission intensity Ii,j from orbital j of element i and which
must be accounted for to extract meaningful quantitative results. K is an instrumental con-
stant, T ( ) is the transmission function of the analyzer, Li,j(γ) is the angular symmetry factor
for orbital j of element i, σi,j is the photoionization cross section of orbital j from element i,
ni is the concentration of element i, λ( ) is the IMFP, and θ is the emission angle of the
photoelectrons.[79]

Ii,j = K · T (KE) · Li,j(γ) · σi,j · ni · λ(KE) · cosθ (2)

This formula is valid on the condition that the distribution of element i within the information
depth is homogeneous and isotropic. K reflects among other factors the solid angle of the pho-
toelectrons accepted by the analyzer, the X-ray flux and the spot size illuminated by the incident
X-rays.[79] It is assumed to remain constant over the duration of the experiment and, thus, K
cancels out as soon as relative atomic concentrations are calculated via Equation 3. The quan-
tity T ( ) represents both the transmission of the energy analyzer of the spectrometer as well
as the detector efficiency as a function of the kinetic energy of the photoelectrons. However, as
described in Section 3.2.1, all experiments within the scope of this PhD project were performed
in FAT mode. Thus, the impact of the detector efficiency can be neglected.[80] The transmis-
sion of the energy analyzer as a function of the kinetic energy of the photoelectrons is usually
provided by the manufacturer of the spectrometer. Nevertheless, its validity must be verified at
regular intervals by measuring suitable reference samples.

Li,j(γ) accounts for the anisotropy of the photoelectrons’ angular distribution for orbitals with
an angular quantum number l �= 0. If exclusively peaks caused by s-orbitals are analyzed,
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Li,j(γ) becomes redundant due to the spherical geometry of these orbitals. However, for all
other types of orbitals, the anisotropy also vanishes if the source-to-analyzer angle equals the
magic angle 54.7°.[81] Since the difference between the source-to-analyzer angle of 60° used
in all experiments within the scope of this PhD project and the magic angle is well below 10%,
the impact of asymmetric angular distributions of the orbitals on the peak intensity was consid-
ered negligible. σi,j is the probability of a photoelectron being emitted from the atom at a given
photon energy. It depends on the element i, the orbital j and the excitation energy hv. For
excitation by Al Kα X-rays, tabulations of these photoionization cross sections σi,j are available
in literature for the majority of elements.[82–85]

The IMFP λ(KE ) can be calculated based on several material properties for the respective
KE of the photoelectrons. It is discussed in greater detail in the Section 3.3.2. Equation 2
can be solved for the concentration ni of element i, because all other quantities can either be
measured or calculated. The relative molar amounts of all elements in the sample can then be
obtained via Equation 3.[79]

%ni = 100 ·
(

ni∑
ni

)
(3)

Sometimes not all peaks in the spectrum are of interest for the quantification, but instead only
the relative amounts of different chemical species of the same element should be quantified.
The identification of the relative amounts of the different chemical environments of carbon C-H,
C-C, C=O and C-O within a PMMA sample as indicated in Figure 3.8 is such a situation. In
this case, the ratio of the component peak areas within the carbon signal equals the ratio of
the different carbon species within the analysis depth without the need for the correction terms
discussed above. The reason is that the binding energy of the core electrons in the carbon
atoms is only weakly affected by the different chemical environments. A similar binding energy
leads to a similar kinetic energy of the photoelectrons according to Equation 1, in other words
the peaks appear very close to one another in the spectrum. Therefore, the IMFP λ(KE ) and
the transmission function of the energy analyzer T (KE) can be neglected. Furthermore, all
involved photoelectrons originate from the same element i and kind of orbital j. Consequently,
the photoionization cross section σi,j is equal for all of them and can be omitted. The same
applies to Li,j .

Instead of an individual assessment of each term except ni,j in Equation 2 either by measure-
ment or calculation, it is common practice to summarize them all to one so-called sensitivity
factor. Such empirical sensitivity factors are determined by measuring suitable reference sam-
ples of known composition and a tabulation for the majority of elements is usually provided by
the manufacturer for a specific instrument. Of course, the most accurate quantitative results are
expected, if the sensitivity factor determination is performed at the exact same instrument with
the exact same conditions shortly before the actual experiment. Empirical sensitivity factors
are applied for quantification of XPS spectra in Section 4.2.1 of this thesis.

If the information depth of the experiment is larger than the shell thickness but smaller or simi-
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lar to the radius of the CSNP, the assumption of the homogeneous distribution of the elements
within the information depth is particularly inaccurate. Therefore, this default quantification pro-
cedure is not recommended for this kind of samples. Even though the quantitative analysis
of samples using more complex model morphologies, i.e. in-depth distribution of their compo-
nents, is challenging, nowadays software tools are available for this purpose. These tools are
discussed in greater detail in Section 3.2.3 below.

3.2.3 Tools for quantitative core-shell nanoparticle analysis

During the past ten years, surface analytical scientists have quite successfully begun to develop
methodologies for the accurate quantitative analysis of CSNPs by XPS. The greatest chal-
lenges which needed to be addressed include the naturally heterogeneous distribution of the
components within a CSNP, the uneven surface of a pile of nanoparticles which differs signifi-
cantly from a flat surface, the impact of different purification and sample preparation procedures
on the results as well as the deviation of real CSNPs from an ideal core-shell morphology. The
latter is one topic of this PhD thesis. The achievements in the field of CSNP investigation by
XPS have recently been summarized in the ISO Technical Report 23173:2021 “Electron spec-
troscopies - Measurement of the thickness and composition of nanoparticle coatings”.[7, 8]

The approaches available nowadays for the quantitative analysis of XPS data aiming on chemi-
cal composition and morphology of CSNPs can be roughly divided into the following categories:
(i) Numerical modeling of spectra, (ii) use of empirical formulae and (iii) simulation of spectra by
specialized software. Option (i) and (iii) principally involve the calculation of a theoretical XPS
intensity ratio based on a certain model input morphology such as an ideal core-shell morphol-
ogy. Such a theoretical intensity ratio is then compared with the experimental intensity ratio of
the corresponding signals representing core and shell material.

Numerical modeling refers to a calculation of a theoretical intensity ratio from a CSNP by com-
bining a mathematical description of the particle geometry with formalisms accounting for the
attenuation of the photoelectrons in the material. One possibility is writing a script which treats
a CSNP as being composed of many infinitesimal columns, while each column is then treated
as a stack of planar layers (cf. Figure 3.9). Ratios of the photoelectron intensities from core and
shell material of each column are predicted independently and summed up in the end to obtain
the photoelectron intensity ratio of the entire CSNP. Certainly, writing such a script requires
profound understanding of the physical processes and quantities related to photoelectron at-
tenuation in a material. Principally, it is possible to account for deviations of the nanoparticles
from an ideal core-shell morphology by adjusting the geometry calculation in the script accord-
ingly. An example from literature for the application of numerical modeling is the work of Kalbe
et al. from 2016 who determined coating thicknesses of CdSe-CdS CSNPs.[86] Furthermore,
the Annex of the aforementioned ISO Technical Report 23173:2021 provides a sample script
for this kind of numerical modeling.

By fitting of data resulting from either numerical modeling as described in the previous para-
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Figure 3.9: Schematic representation of the principle behind numerical modeling to treat a CSNP as being com-
posed of many infinitesimal columns each treated as a stratified layer.

graph or from a simulation software, it is possible to develop an empirical formula describing
the relationship between CSNP coating thickness and relative XPS intensities from core and
shell material. In 2012, Alexander G. Shard from the National Physical Laboratory (NPL) pub-
lished the so-called TNP formula for CSNP coating thickness determination, which is the most
frequently applied empirical formula until now.[63] The great advantage is that the application
of this formula requires no broad knowledge about the theoretical principles behind XPS. A
disadvantage is that the application of this simple formula does not provide any possibility to
account for deviations of the nanoparticles’ morphology from an ideal core-shell model. The
required input parameters are the core diameter, the intensities of peaks in XPS spectra char-
acteristic for species in core and shell material, the effective attenuation lengths (EALs) of the
photoelectrons from species in core and shell material and, ideally, XPS intensities from pure
reference samples of core and shell material. In 2016, Shard and coworkers further extended
their formula to core-shell-shell systems.[87] Also in 2016, an elaborate interlaboratory study
was performed by the NPL where twenty different academic, governmental and industrial labo-
ratories participated. All participants investigated the same CSNP samples and were asked to
apply the TNP formula for coating thickness calculation.[88] Here, it could be shown that when
sample preparation and data analysis were preformed in compliance with well established pro-
tocols, the agreement among the participants was approximately 10%. Among others, deter-
mination of the intensities from pure reference materials was identified as a major source of
uncertainty.

Use of dedicated software for the simulation of theoretical XPS intensity ratios is also an effi-
cient and user friendly way of quantitatively analyzing CSNPs, even though familiarizing oneself
with handling the software takes time. There is more than one software available for the the-
oretical simulation of XPS intensities. The most popular one is Simulation of Electron Spectra
for Surface Analysis (SESSA) which is based on Monte Carlo calculations of electron trajec-
tories via the ‘trajectory reversal’ model.[89] The main menu of this program is depicted in
Figure 3.10. It is available free of charge on the website of the National Institute of Standard
and Technology (NIST).[90] SESSA is specialized on the simulation of the elastic-peak intensi-
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ties but simulating entire XPS spectra including the inelastic background is also possible. At the
beginning of a simulation, the user can choose from different pre-defined input morphologies
ranging from a standard "planar" surface over "spheres" and "islands" to "layered spheres". The
latter option equals an ideal core-shell morphology and is the usual choice for the analysis of
a CSNP sample. Figure 3.11 shows the submenu for sample morphology definition. The user
can further choose between the simulation of a single sphere or a regular two-dimensional ar-
ray of spheres. Beside, the possibility to use pre-defined input morphologies, it is possible to
externally define and then insert more elaborate morphologies. This means, with some effort
deviations of real CSNPs from an ideal core-shell morphology can be accounted for. SESSA
simulations were performed as part of the publications in the Sections 4.1.1 and 4.3.1 of this
PhD thesis.

Figure 3.10: Main menu of the SESSA software.

Even though, the software exhibits a comprehensible user interface through which almost all
necessary parameters can be defined, analysis of samples as complex as CSNPs require the
control of the program via the command line interface (CLI) (third icon from the right in Fig-
ure 3.10). CSNP coating thicknesses are determined by keeping the core diameter constant
and varying the shell thickness in regular intervals. The resulting series of theoretical core and
shell XPS intensity ratios must be compared with the corresponding experimental intensity ra-
tio. Because each shell thickness requires an individual simulation, it is not practical anymore
to perform each simulation consecutively via the user interface, as soon as a large number of
different shell thicknesses is required. This would not only take hours, but it would also be very
error-prone.

Instead an input script which contains all required simulations must be written and imported
in SESSA’s CLI. After this import, SESSA follows the script, in other words, the simulations are
performed one after the other without the user taking any further action. Such a SESSA input
script has the following structure. A header defines all variables of the experiment from the ini-
tial sample morphology over the material properties to the instrument parameters. The header
also identifies the XPS signals of interest. After the header, several short blocks of commands
follow, each block for one simulation. From one block to the next, only the value for the shell
thickness is varied. Depending on how many different shell thicknesses are required, it is rea-
sonable to write a short extra program in a programming language of choice which produces
these blocks via a while-loop. Such a self-made program for generating a SESSA input script
for CSNP coating thickness determination is provided in Section 4.1.2 of this thesis.
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Figure 3.11: Submenu of the SESSA software for defining the sample morphology.

Experimental data cannot be imported into SESSA for a comparison of theory and experiment.
Instead, SESSA produces output files which contain all simulation results. Because every sim-
ulation representing a specific shell thickness produces a new output file with the two XPS
intensities of core and shell material, it is reasonable to also write a short extra program which
summarizes the SESSA output in a single text file and simultaneously calculates the intensity
ratio. Such a self-made program for sorting the SESSA output is provided on page 191 of this
thesis.

The “single-sphere approximation”, introduced under "Sample preparation" in Section 3.1.2,
allows for the analysis of a multilayer of CSNPs by a simulation based on the model of a single
nanoparticle and without the need to include several nanoparticles with a certain arrangement
relative to one another in the simulation. As already mentioned in the previous paragraph, a
single "layered sphere" is a pre-defined input morphology in SESSA. This option has been
selected for the SESSA simulations in the two publications in Section 4.1.1 and 4.3.1 of this
PhD thesis. Note, that the validity of the “single-sphere approximation” is limited to the analysis
of the elastic-peak intensities. It is no longer valid for the analysis of the inelastic background
in XPS spectra.[67]
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Figure 3.12: Main menu of the QUASES software.

Quantitative analysis of XPS spectra is usually based on the analysis of the elastic-peak inten-
sities. As opposed to this, the quantitative analysis of the inelastic background of XPS spectra
is not yet common practice, although surface analytical scientists already performed quite a lot
of research in this field, as well.[91–96] There even is an extensive software package called
QUASES commercially available which is specialized on the analysis of the inelastic back-
ground of XPS spectra.[97] The main menu of QUASES is shown in Figure 3.12.

In contrast to SESSA it is possible to import experimental spectra into QUASES and perform a
comparison of theory and experiment directly in the software by fitting. Using the "Islands (Ac-
tive substrate)" pre-defined input morphology, CSNP coating thicknesses can be determined
by identifying the topmost depth location of atoms from the core material. An ideal core-shell
morphology is simulated by selecting a single overlayer ("Island") which completely covers
the substrate (cf. Figure 3.13(a)). Furthermore, it is quite simple to account for deviations of
nanoparticles from ideality, such as the heterogeneity of the shell and the incomplete encap-
sulation of the core by the shell material. This can be done by selecting overlayers of different
thickness which cover the substrate to certain degrees (cf. Figure 3.13(b)) or by selecting
only one overlayer which only partly covers the substrate (cf. Figure 3.13(c)). While photoelec-
trons from both core and shell material are evaluated for CSNP coating thickness determination
based on the elastic-peaks, only the photoelectrons from the core material are evaluated in a
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QUASES analysis of the inelastic background. The input parameters for the analysis are the
IMFP of the photoelectrons and the inelastic scattering cross section. QUASES offers several
approximate “standard cross sections” specific for certain material classes. However, importing
an experimental reference spectrum of the pure core material for the optimization of the cross
section yields more accurate results.

Islands Active substrate

(a) (b) (c)

Figure 3.13: Schematic representation of three available input morphologies using the "Islands (Active substrate)"
analysis option in QUASES. The "Active substrate" represents the nanoparticle core and the "Islands" the nanopar-
ticle shell. (a) A single overlayer ("Island") which completely covers the substrate, (b) two overlayers with distinct
thicknesses covering different fractions of the substrate, (c) a single overlayer incompletely covering the substrate.

The problem is, that the "single-sphere approximation" is not valid for the analysis of the inelas-
tic background but there is currently no possibility to simulate a more complex geometry such
as a multilayer of nanoparticles with QUASES. This problem was solved in Section 4.1.1 of this
thesis by adjusting the sample preparation. Instead of a multilayer, a sub-monolayer distribu-
tion of particles was prepared. It was found that with this sub-monolayer particle distribution
reasonable results for CSNP coating thicknesses could be obtained.
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3.3 Synchrotron radiation-based X-ray photoelectron
spectroscopy

Synchrotron radiation is light generated by electron accelerators which are large and highly
elaborate research facilities. By the time of writing this PhD thesis, there were approximately
70 such facilities in operation or under construction worldwide.[98] Due to this limited number
and the complexity of the instrumentation the generated light is efficiently shared, which means
scientists apply for beamtime at the light sources which suit their demands. Usually, applica-
tions are accepted biannually, but the time frames and application conditions vary among the
facilities. Standard allocated beamtimes range from one day to two weeks, while measurements
can be conducted 24/7 if necessary, in order to make as much use of the light as possible. Be-
cause scientists sometimes travel far for this rare opportunity of measuring with synchrotron
radiation, most light sources provide accommodations and canteens for their guests.

Electrons accelerated in synchrotron radiation sources are stored in a storage ring. The so-
called synchrotron radiation is light produced by the electrons moving through bending mag-
net, wiggler or undulator devices being part of that storage ring. The light is transferred through
beamlines to particular experimental setups located at their end, the so-called endstations.
These experimental setups are normally installed permanently, and users apply for beamtime
not only at a specific synchrotron radiation source but also for a specific endstation. However,
sometimes users even bring their own experimental setup with them and attach it temporarily to
the beamline for the duration of their stay. There are beamline scientists employed permanently
by the synchrotron facility who support the users with their expertise during the preparation and
the actual conduction of their experiments.

3.3.1 Experimental set-up

The SR-XPS experiments in this PhD thesis were exclusively performed using the dedicated
experimental setup at the endstation of the HE-SGM beamline of the BESSY II synchrotron
radiation source (Berlin, Germany). The instrument was manufactured by PREVAC (Rogów,
Poland). It is capable of both, XPS and NEXAFS spectroscopy measurements. Figure 3.14
shows a schematic representation and Figure 3.15 a photograph of the endstation. The beam-
line covers the photon energy range from 100 to 800 eV and with the installed monochromator
system it is possible to extract a certain wavelength from this range according to the require-
ments of the particular experiment. The light is linearly polarized to an extent of 91%.

The samples on silicon wafers are mounted on stainless steal sample holders which are specif-
ically designed for the work at the endstation. In the analysis chamber, the sample holders are
orientated vertically to the ground such that the sample faces the beam and, thus, the wafers
must additionally be fixated by copper plates. These plates exhibit slits for the exposure of
the sample by the X-rays. There are plates with different slit sizes available. The thinner the
slit the more efficient is the neutralization of positive charges caused by photoionization during
the measurement. Figure 3.16 shows such a sample holder where the silicon wafer is already
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Figure 3.14: Schematic representation of the experimental setup of the XPS spectrometer at the HE-SGM beamline
at the BESSY II synchrotron radiation source.

covered by the circular copper plate with a slit.

Six samples can be inserted simultaneously in the first chamber of the instrument, the load
lock. This chamber is needed as a transition in order to facilitate the introduction and removal
of samples while keeping the UHV in the distribution and analysis chamber. As soon as the
vacuum in the load lock reaches 1×10-6 mbar, the valve to the distribution chamber can be
opened. There is a rotatable transport arm within the distribution chamber which can be used
to move the sample to any location within the instrument under UHV. It is crucial to ensure
that at no time two valves within the instrument are opened simultaneously. The reason is the
protection of the UHV of approximately 5×10-10 mbar within the analysis chamber and, thus, of
the high voltage NEXAFS and XPS detectors and electron energy analyzers.

There is also a location for sample storage available in the distribution chamber. Furthermore,
two exits lead to the analysis and the preparation chamber. In the preparation chamber, the
samples can be treated either before or between measurements to study the influence of dif-
ferent surrounding conditions of the surfaces. Available treatments include cooling and heating
between 100 and 2000 K, sputtering as well as different gas atmospheres. However, neither
the mentioned storage location nor the preparation chamber were used within the scope of this
PhD thesis and, therefore, non of them is shown in Figure 3.14.

The analysis chamber is the location where the actual measurement takes place. A R3000
concentric hemispherical analyzer for XPS manufactured by Scienta Omicron (Uppsala, Swe-
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Figure 3.15: Photograph of the XPS spectrometer at the HE-SGM beamline at the BESSY II synchrotron radiation
source.

den) and a self-built double channel plate detector for NEXAFS spectroscopy are connected
to the chamber. The latter can be operated either in partial electron yield (PEY) or total elec-
tron yield (TEY) mode. The channel plate detector is not depicted in Figure 3.14, because
no NEXAFS measurements from the HE-SGM beamline are part of this PhD thesis. Instead,
high-resolution XPS core-level spectra were recorded in FAT mode at a pass energy of 50 eV
and a step size of 0.1 eV.

Once the sample is placed in the analysis chamber, it can be moved transitionally in three differ-
ent directions and rotated along two different axes not only to ensure the optimum illumination
of the surface but also to enable angle resolved measurement. For all XPS measurements in
the PhD thesis, the photoelectron emission angle (angle between photoelectron emission and
sample surface normal) was 0° and the source-to-analyzer (angle between incident X-rays and
energy analyzer) was 45°. No variation of the emission angle was performed. Just like in the
preparation chamber, the temperature in the analysis chamber can be varied. Here, a range
between 30 and 2000 K is available.
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Figure 3.16: Photograph of a silicon wafer on a stainless steel sample holder covered by a circular copper plate
with a slit.

3.3.2 Theoretical background

Generation of synchrotron radiation

Synchrotron radiation is highly intensive and polychromatic light which is emitted by relativistic
electrons deflected by a magnetic field. It exhibits a continuous wavelength spectrum between
the far infra-red to the hard X-ray region.[99] The two major components of a synchrotron ra-
diation source are the storage and the booster ring. Both rings must be operated under UHV
conditions, in order to avoid the attenuation of the electrons by scattering at gas atoms. The
electrons orbit within the booster ring and, here, their speed is raised continuously almost until
the speed of light. This is realized by magnets arranged around the booster whose magnetic
field is increased synchronously with the electrons’ energy. This principal is the origin of the
term "synchrotron". Eventually, the electrons are injected into the larger storage ring, as soon
as they have obtained the required relativistic energy. The storage ring does not really ex-
hibit a circular shape, but instead consists of alternating linear and curved sections. In regular
intervals specialized devices are installed which cause acceleration of the electrons in a mag-
netic field and, thereby, the electrons emit synchrotron radiation. These devices are, on the
one hand, bending magnets which are located at the curved sections of the ring or, on the
other hand, wigglers or undulators which can be found at the linear sections. The electromag-
netic radiation is then guided through so-called beamlines to endstations where it can finally
be used for different experimental methods. The beamlines are equipped with different kinds
of monochromators, in order to extract a single wavelength required by a particular experiment
from the broad synchrotron spectrum.[100]

Bending magnets are devices installed at the curved sections of the storage ring. They bend
the path of the electrons and, thus, keep them on their orbit within the ring. The strength of their
magnetic field is often approximately 1 Tesla. However, liquid helium cooled superconducting
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Figure 3.17: Schematic representation of the electromagnetic radiation (printed in light blue) produced by a bending
magnet (a), a wiggler (b) and an undulator (c). The figure was created by customizing Figure 3.16 from Chapter 3
in “Introduction to synchrotron radiation: Techniques and applications” by Philip Willmott.[101]

magnets can achieve fields strengths of around 5 Tesla. The larger the strength of the magnetic
field at a given storage ring energy the more its spectrum is extended towards the hard X-ray
regime. Because the radiation emitted by a bending magnet spans a relatively wide angle (see
Figure 3.17(a)), usually more than one beamline can be supplied with light by one magnet.[101]

The linear sections of the storage ring are equipped with wigglers and undulators, which are
both so-called insertion devices. They consist of a series of inversely poled magnets which
induce an oscillation of the electrons in the storage ring plane. The difference between a wig-
gler and an undulator is merely the extent to which the electrons are deflected from their initial
path. In the case of a wiggler, the amplitude of oscillation is large enough such that the light
cones generated at every curve do not overlap (see Figure 3.17(b)). Consequently, the overall
intensity of the obtained light is the sum of the single cone intensities. The electromagnetic
spectrum produced by a wiggler is similar to the one produced by a normal bending magnet.
However, the intensity of the light is higher by a factor of 2N with N being the number of os-
cillation periods in the wiggler. In the case of an undulator, the amplitude is smaller such that
overlapping of the light cones occurs (see Figure 3.17(c)). This causes interference of the light
from the different cones. Therefore, the obtained electromagnetic spectrum differs from the one
produced by bending magnets and wigglers. Constructive and destructive interference lead to
regularly separated, narrow bands in the spectrum. The spectrum contains one fundamental
frequency as well as its higher harmonics. Furthermore, the light from undulators is partially
coherent, its intensity is even greater than from wigglers and the X-ray spot size is significantly
smaller.[98, 101]
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The X-ray photoelectron spectroscopy analysis depth

The analysis depth in XPS is not equal but instead far smaller than the distance by which the
initial X-rays penetrate the sample. The light penetrates the sample several micrometers and
photoelectrons are emitted from all atoms within this depth. However, due to the strong scat-
tering of electrons by matter only the electrons from the uppermost few nanometers reach the
surface, are emitted from the sample and, thus, can be captured by the detector. Therefore,
the analysis depth of an XPS experiment is usually below 10 nm. All electrons from greater
depths lose their entire kinetic energy before reaching the surface and, therefore, cannot leave
the sample.

While traveling through a material, the photoelectrons interact with the atoms either by elas-
tic or inelastic scattering. When an electron is elastically scattered, it is deflected from its initial
path but its kinetic energy is conserved. As opposed to this, when an electron is inelastically
scattered, it loses some of its kinetic energy but continues on its initial path. The average
distance an electron travels through a material before it is inelastically scattered is called the
inelastic mean free path (IMFP). The length of the IMFP depends both on the photoelectrons’
kinetic energy KE and on the properties of the material they travel through. Within the scope of
this PhD thesis, Equation 4, known as the TPP-2M formula, was used for the theoretical calcu-
lation of the IMFP.[102] More precisely, the software "NIST Electron inelastic-mean-free-path
database" was used, where the equation is implemented.[103]

λ =
KE

E2
p [β · ln(γKE)− (C/KE) + (D/KE2)]

(4)

with β = −0.10 + 0.944/(E2
p + E2

g )1/2 + 0.069ρ0.1

γ = 0.19ρ−0.50

C = 1.97− 0.91U

D = 53.4− 20.8U

U = Nνρ/M = E2
p/829.4

Ep = 28.8(Nνρ/M)1/2

Here, λ is the IMFP of the photoelectrons, Ep the free-electron plasmon energy, ρ the density
of the material, Nν the number of valence electrons per atom for an element or molecule, M
the atomic or molecular weight, and Eg the bandgap energy.

For light elements, elastic scattering is weak and can be neglected. In this case, it is a rea-
sonable assumption that the electrons travel through the material on straight lines. Within the
scope of this so-called "straight-line approximation" the probability of photoelectrons to con-
tribute to the XPS intensity decreases exponentially with the depth of the atoms they originate
from. This exponential decay of photoelectron intensity I along the surface normal with depth
d is described by Equation 5, the Beer-Lambert relationship, and is presented schematically in
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Figure 3.18: Schematic representation of the exponential decay of the probability of photoelectrons from depth d
to contribute to the XPS intensity for three different IMFPs. The figure was created by customizing Figure 1.6 from
Chapter 1 in "An introduction to surface analysis by XPS and AES" by Watts et al.[61]

Figure 3.18.[61]

I = I0exp(−d/λ) (5)

Here, I0 is the photoelectron intensity generated by a uniform, infinitely thick sample. If the
electrons are emitted from the sample at an angle θ relative to the surface normal, Equation 5
must be adjusted as follows:

I = I0exp(−d/λcosθ) (6)

In surface analysis with XPS, the term analysis depth is not unambiguous and needs to be
defined more precisely. Throughout this PhD thesis, the z95 information depth according to
Equation 7 is stated as the analysis depth of all experiments. It is a definition from the Termi-
nology Standard for surface chemical analysis developed by ISO TC 201 and refers to the depth
where 95% of the photoelectrons which contribute to the XPS intensity originate from.[104, 105]

z95 = 3λcosθ (7)

If elastic scattering cannot be neglected, the IMFP must be replaced by a quantity called the
effective attenuation length (EAL). The EAL is approximately 10% smaller than the IMFP.[6,
61]

Advantages of synchrotron light for X-ray photoelectron spectroscopy

While an X-ray source in a standard laboratory-based XPS spectrometer provides one or two
different energies, namely Al Kα radiation with 1486.6 eV and Mg Kα with 1253.6 eV, a syn-
chrotron radiation source provides a continuous energy spectrum between 1 eV and several
GeV. Consequently, depending on the particular beamline design higher or lower excitation en-
ergies are available in SR-XPS than in standard laboratory-based XPS. This corresponds to
higher and lower available analysis depths, respectively. Furthermore, the accessible spectral
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range is extended, in other words, electrons with a great deal higher binding energies can be
excited.

Another advantage of synchrotron radiation is its superior intensity. Due to the larger num-
ber of available photons the number of photoelectrons and, thus, the signal to noise ratio in
SR-XPS is higher. Therefore, it is possible to select lower pass energies and, thus, obtain su-
perior energy resolution compared with standard laboratory-based XPS. Consequently, using
SR-XPS, the differentiation between chemical species might be possible which otherwise can-
not be told. Better signal to noise ratio also enables shorter acquisition times which might be
of interest for time-resolved measurements.

However, the greatest strength of synchrotron radiation regarding XPS analysis is the tunability
of the excitation energy. Varying the excitation energy means adjusting the kinetic energy of
the photoelectrons, their IMFP and, thus, the analysis depth of the experiment. Consequently,
depth profiles of the chemical composition of the sample can be recorded.

CSNP morphology determination does not necessarily require an XPS measurements at dif-
ferent analysis depths. As discussed in Section 3.2.3, CSNP morphology determination is
also possible based on a pair of intensities of chemical species from core and shell material
from a standard laboratory-based XPS measurement, meaning at only a single analysis depth.
However, analysis of the composition recorded at different analysis depths by XPS based on
variable synchrotron radiation provides a higher reliability of the obtained internal morphology
of the particle. The elastic-peak intensities at just a single analysis depth are rather ambigu-
ous in the sense that they can originate from different in-depth nanostructures of a surface (cf.
Figure 3.1). In contrast to that, a profile reflecting the development of the intensities with the
analysis depth is much more specific regarding the in-depth nanostructure of its origin.

3.3.3 Non-destructive depth-profiling

Destructive depth-profiling involves removal of the sample surface in layers. This is realized
by sputtering with an ion beam whose energy is between a few hundred and a few thousand
electron volts, for instance Ar ions.[106] After the removal of every layer, an XPS spectrum is
recorded. In this way, depth-profiles of the chemical composition can be obtained which are not
restricted to the XPS analysis depth. However, destructive depth profiling is problematic for the
analysis of nanoparticles, which can melt under the ion beam due to poor thermal contact with
the substrate.[107]

There are two ways of non-destructive depth-profiling available in XPS. The first and most
common one is angle resolved XPS, which refers to a variation of the emission angle θ in
Equation 6. An emission angle of 0° yields the maximum possible analysis depth, while in-
creasing of the angle leads to a rise of surface sensitivity of the measurement. The second one
is energy resolved XPS, which refers to a variation of the excitation energy. According to Equa-
tion 1, the excitation energy is directly proportional to the kinetic energy of the photoelectrons.
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Consequently, if the excitation energy is increased, the kinetic energy increases and with it the
analysis depth of the experiment.

Because standard laboratory-based XPS spectrometers provide at maximum two different exci-
tation energies, the possibilities for energy resolved XPS are very limited. Here, angle resolved
XPS is the method of choice for most samples. However, angle resolved XPS is not applicable
to nanoparticles which too significantly deviate from a planar surface. Therefore, the genera-
tion of XPS depth profiles of nanoparticles at standard laboratory-based spectrometers is not
practical. Instead, a synchrotron light source as described above can provide X-rays with the
required variable energy. Within the scope of this thesis, such measurements performed with
an XPS spectrometer installed at a beamline of a synchrotron light source are referred to as
synchrotron radiation X-ray photoelectron spectroscopy (SR-XPS).

A depth profile of a nanoparticle sample recorded by SR-XPS can prove or disprove the pres-
ence of a core-shell morphology on the condition, that the analysis depths are selected carefully
relative to the average nanoparticle size. In an optimum case, the nanoparticle radius is greater
than the maximum XPS analysis depth. Consequently, the radius of the nanoparticles should
be known from a complementary analytical technique such as EM, in order to reasonably plan
the SR-XPS experiment and also to accurately interpret its results.

There are different depth-profiling options available. Which option is applied depends on the
goal of the experiment, the sample under investigation and the skills of the experimentalist.
Option 1, the simplest way of depth-profiling by SR-XPS, is the comparison of component
peaks within one and the same core level spectrum, referring to different chemical environ-
ments of one and the same element. In Section 3.2.2 it was already explained why in this sit-
uation no correction terms are required, but that the ratio of the component peak areas equals
the molar ratio of the corresponding chemical species within the analysis depth.

If the core level spectra of different elements are compared with one another, the situation
becomes more complex. Option 2 is a depth profile comprising different elements whose pho-
toelectron signals differ no more than approximately 50 eV in binding energy. In this case, the
peak areas must be corrected only for the photoionization cross-sections.

These photoionization cross sections σi,j depend on the photon energy. The publications with
tabulations of σi,j already cited in Section 3.2.2 contain values for various photon energies.
These data must be interpolated, in order to obtain the cross sections for all applied photon
energies. Additionally, for an experimental setup with a source-to-analyzer angle significantly
different from the magic angle 54.7°, an asymmetry correction of the photoionization cross
sections must be performed, in order to take the anisotropy of the photoelectrons’ angular dis-
tribution for orbitals with an angular quantum number l 6= 0 into consideration.

Another factor which cannot be neglected is the polarization of synchrotron radiation in con-
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trast to the unpolarized radiation generated by an X-ray tube in an laboratory-based XPS spec-
trometer. Because the photoionization cross section σi,j is sensitive to the kind and degree of
polarization of the initial radiation, Cooper et al. have published special formulae to determine
asymmetry corrected photoionization cross sections for unpolarized, linearly polarized and par-
tially polarized synchrotron light.[108] The degree of linear polarization of the synchrotron ra-
diation at the HE-SGM beamline is 91% and the asymmetry corrected photoionization cross
sections were calculated according to the formula for linearly polarized synchrotron light.

Option 3 is a depth profile including core level spectra of different elements with a substan-
tially larger binding energy difference than 50 eV. This is usually the case, if all peaks in the
spectrum, namely all components in the sample, should be included in the analysis. In a
laboratory-based XPS experiment, where the excitation energy cannot be adjusted, peaks with
substantial binding energy difference must be corrected for all factors described under "Quan-
tification of spectra" in Section 3.2.2. However, the variability of the excitation energy at a
synchrotron light source opens up new possibilities. Different excitation energies can be used
for every peak such that the detected photoelectrons of the elements under investigation all
have the same kinetic energy in the end. This makes the correction for the transmission func-
tion T (KE ) and the IMFP λ(KE ) redundant.

This so-called "constant kinetic energy XPS"[104] is the recommended approach, in order to
obtain accurate results form depth-profiling Option 3. It works by selecting a series of kinetic
energies corresponding to different analysis depths. For instance, the paper presented in Sec-
tion 4.2.1 of this PhD thesis contains a depth profile with kinetic energies of 100, 200, 300
and 400 eV. For this purpose, all signals of interest were measured at four different excitation
energies such that the kinetic energies of the photoelectrons equal the predetermined values.
Consequently, in order to record a depth profile comprising x different analysis depths, ax dif-
ferent excitation energies must be sequentially selected by the monochromator with a being the
number of XPS signals included in the depth profile.

In contrast to Option 1 and Option 2, Option 3 involves the comparison of signals recorded
at very different photon energies. Therefore, the intensity of the synchrotron radiation must be
taken into account. This intensity depends, on the one hand, on the number of photons trans-
mitted by the monochromator which is a function of photon energy and, on the other hand, on
the actual ring current. Nowadays most synchrotron light sources are operated in top-up mode.
This means that the ring current and, thus, the intensity of the light provided is held constant
by regularly injecting new electrons. However, if the synchrotron light source is not operated in
top-up mode, the intensity of the generated light decreases continuously.

If the experimentally determined relative molar amounts of different chemical species of the
same element (Option 1) or of different elements (Option 2 and Option 3) change with the
analysis depth, there is an enrichment of some components in the core region and of others in
the surface region of the nanoparticles. Whereas, if the ratio remains constant while changing
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the analysis depth, the different species are homogeneously distributed within the particles.
Consequently, the presence of a core-shell morphology can be proved or disproved by the
three analysis options described above. However, all three options are so far based on the
standardly made assumption for XPS quantification, that all components are homogeneously
distributed within the analysis depth. Therefore, they cannot reveal details about the nanoparti-
cle morphology, such as whether there is a sharp interface between core and shell material or
whether there is intermixing of core and shell material, instead.

This question can only be answered by either information from complementary techniques or
by more advanced quantitative analysis of the SR-XPS depth profiles by one of the approaches
described in Section 3.2.3, namely (i) numerical modeling of spectra, (ii) use of empirical for-
mulae and (iii) simulation of spectra by specialized software. In Section 4.2.1 of this PhD thesis,
a SR-XPS depth-profile of (Ca/Sr)F2 core-shell like nanoparticles is quantitatively analyzed by
the software SESSA. XPS intensities for a series of model input morphologies are simulated,
in order to better understand the in-depth distribution of Ca and Sr within the nanoparticles.
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3.4 Scanning transmission X-ray microscopy

3.4.1 Experimental set-up

All STXM experiments within the scope of this PhD project were preformed using the dedicated
experimental setup at the endstation of the HERMES beamline of the SOLEIL synchrotron radi-
ation source (Saint-Aubin, France). Figure 3.19 shows a schematic representation of beamline
and endstation while Figure 3.20 is a photograph of the used STXM microscope.

Plane-grating
monochromator

Slits

Fresnel zone plate

Sample

Raster scan

Computer

Storage
ring Photomultiplier

tube detector

Order sorting aperture

Synchrotron radiation
from undulator

Figure 3.19: Schematic representation of the experimental setup of the STXM microscope at the HERMES beam-
line at the SOLEIL synchrotron radiation source. The figure was created by customizing Figure 1(a) from Hitchcock
et al.[71]

STXM usually depends on X-ray light generated by a synchrotron storage ring. More details
about the generation of synchrotron light can be found in Section 3.3.2 above. The synchrotron
radiation used for the experiments at the HERMES beamline is generated by electrons from the
storage ring passing through one of two APPLE II undulators (HU42 and HU64), one for low and
one for high photon energies (not shown in Figure 3.19). Together they cover the energy range
between 70 and 2500 eV. By extraction of a certain photon energy using a suitable monochro-
mator system, the wavelength of the incident light can be tuned within this range according to
the requirements of the specific experiment. The HERMES beamline exhibits a plane-grating
monochromator which can be used with two different types of gratings, a variable line spacing -
variable groove depth (VLS-VGD) or a multilayer grating. Two VLS-VGD gratings are available,
a Ni-coated one with 450 lines/mm and a Rh-coated one with 600 lines/mm, which combined
cover the energy range between 70 and 1600 eV. The multilayer grating consists of Cr/B4C with
a 4 mm period and covers the energy range from 1000 to 2500 eV. Since only the C K-edge
was analyzed within the scope of this PhD project, the instrument was exclusively operated
in its low energy configuration with the HU64 undulator and the Ni-coated VLS-VGD grating.

51



Downstream of the monochromator, the X-rays are guided and focused by mirrors (not shown
in Figure 3.19) towards a set of slits which serve as illumination source for the Fresnel zone
plate (FZP).[109]

Figure 3.20: Photograph of the STXM microscope at the HERMES beamline at the SOLEIL synchrotron radiation
source.

The FZP is the most critical component of the instrument, since it determines the spatial resolu-
tion of the STXM experiment. It is a diffractive image forming lens able to focus the X-ray beam
down to a diameter on the nanometer scale. Under optimum conditions and with the best FZPs
currently available, a spatial resolution of 18 nm can be realized.[73] The manner of functioning
of FZPs is explained in greater detail in Section 3.4.2 below. Before the X-rays hit the sample,
they pass an order sorting aperture which blocks the undiffracted zeroth order light as well as
light of diffraction order greater than one. Exclusively the first order light is allowed to pass the
order sorting aperture. The zeroth order light usually exhibits a 5-20 times higher intensity than
the first-order focused radiation.[110]

The sample is deposited onto a thin X-ray transparent substrate, for instance a Si3Ni4 film
on a silicon frame, which itself is mounted within the beam path by attaching it to an aluminum
sample holder. For optimum spatial resolution, this sample holder is positioned at the focal
point of the FZP. An image of the sample can now be generated by scanning it point by point
by the focused X-ray beam with a given step size. The step size equals the pixel size in the
resulting image. The required nanometer precision of this movement is realized using a piezo-
electronic scanning system with interferometry-based control. In this thesis, the sample was
scanned with a step size of 5 nm. The piezo stage is mounted on a coarser motor driven stage
to enable motions beyond the range of the piezo stage. The transmitted X-rays are finally de-
tected by a photomultiplier tube installed behind the sample. On the one hand, it is possible
to keep the photon energy constant and record an entire image revealing the X-ray absorption
behavior of the sample at this particular photon energy; on the other hand, the photon energy
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can be varied to acquire an X-ray absorption spectrum of either a single spot on the sample
or all pixels in an image. The principal of X-ray absorption spectroscopy, also referred to as
NEXAFS is explained more extensively in Section 3.4.2.

FZP and sample are surrounded by an analysis chamber. Because both the initial and the
analyzed radiation in STXM are X-ray photons, the method does not depend on UHV condi-
tions. It is even possible to perform experiments at atmospheric pressure. However, for the
experiments within the scope of this PhD project, the analysis chamber was pumped down to
a medium vacuum of 10-3 mbar using a scroll pump. The principal reason for the vacuum is
the reduction of carbon contaminations on the sample which are particularly problematic when
measuring at the C K-edge.

3.4.2 Theoretical background

The Fresnel zone plate

If not indicated otherwise, the information about FZPs in this section is extracted from Chap-
ter 9 in “Soft X-rays and extreme ultraviolet radiation: Principles and applications” by David
Attwood.[111]

A FZP is a lens which focuses the light based on the principle of diffraction. It consists of
circular alternating opaque and transparent zones whose width decreases gradually from the
center to the outermost zone. The relationship between total diameter D, the number of zones
N and the outermost zone width ∆r is given by Equation 8.

D = 4N∆r (8)

The decreasing width of the zones leads to a diminishing of the diffraction angle and, thus,
enables the focus of the diffracted light in one point, the focal point of the lens. The distance
between this point and the FZP is the focal length f defined by Equation 9. This equation
indicates that the relationship of the focal length is linear to the number of zones, squared to
the outermost zone width and inverse to the wavelength of the initial X-rays λ.

f =
4N(∆r)2

λ
(9)

The principal of focusing via diffraction of the light only works properly, if the initial radiation is
monochromatic. The relative spectral bandwidth ∆λ/λ of the beamline must be smaller or equal
to the reciprocal number of zones in order to achieve spatial resolution limited by the diffrac-
tion through the zone plate (see Equation 10). Typical FZPs exhibit around 800 zones.[110]
Depending on the selected parameters, the HERMES beamline can provide resolving powers
(E/∆E) between 7000 and 15000. This equals a ∆E of 40 meV at the C K-edge at 285 eV.[109]

∆λ

λ
≤ 1

N
(10)
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Furthermore, the spatial resolution which can be achieved by the FZP under ideal conditions
can be approximated by Equation 12. This equation is based on the Rayleigh criterion which
states that two point sources are just still resolvable, if the distance between their Airy intensity
patterns in the image plane of the FZP equals the radius of their first minimum rnull (see Fig-
ure 3.21).[112] It becomes clear that the dimensions of the generated Airy intensity patterns
including rnull depend on the numerical aperture NA of the FZP as well as on the wavelength
of the incident X-rays. When the Rayleigh criterion is considered as resolution limit, the dip
of intensity between the two Airy patterns is 26.5% of their maximum intensity. Note, that the
transformation in Equation 12 is only valid for NA� 1 (small NA approximation).

NA =
λ

2∆r
(11)

Rayleigh resolution = rnull =
0.61λ

NA
= 1.22∆r (12)

Rayleigh
criterion

r = 0.61 /NAnull λ

r

Figure 3.21: Airy intensity patterns in the image plane of the FZP lens generated by two quasi-monochromatic point
sources demonstrating the Rayleigh criterion. The figure was created by customizing Figure 9.14(b) from Chapter 9
in “Soft X-rays and extreme ultraviolet radiation: Principles and applications” by David Attwood.[111]

FZPs are fabricated by writing the desired structure of the zone plate with a narrow electron
beam in a recording medium such as a PMMA layer. The polymer layer itself is previously de-
posited onto a Si3Ni4 membrane which also serves as support for the final lens. At the locations
illuminated by the electron beam, the chemical bonds of PMMA are broken. These damaged
regimes of the polymer layer are chemically removed after the writing process, while the intact
regimes remain and yield a template for the FZP fabrication. The actual lens material, for in-
stance gold or nickel, is then electroplated into the gaps of the PMMA template and, eventually,
the entire polymer layer is removed by rinsing with acetone.

For the experiments within the scope of this PhD thesis, a gold FZP on a Si3Ni4 support was
used, manufactured at the Laboratory for Micro- and Nanotechnology of the Paul Scherrer In-
stitute (Villigen, Switzerland). Its diameter was 240 µm and its thickness 120 nm. Furthermore,
it exhibited an outermost zone width of 30 nm yielding a spatial resolution of approximately
37 nm according to the Rayleigh criterion.

54



Methods / Scanning transmission X-ray microscopy

Near edge X-ray absorption fine structure spectroscopy

This section contains a brief introduction to the principle of NEXAFS spectroscopy. The pro-
vided information originates from G. Hähner.[100] A specimen is illuminated with monochroma-
tized X-ray photons whose energy is continuously varied. This variation is achieved by selection
of the desired wavelength from the polychromatic radiation of a synchrotron light source using
a suitable monochromator system. The resulting spectrum indicates the change of the X-ray
absorption cross section of the specimen as a function of the photon energy.
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Figure 3.22: Explanation of the origin of features in a K shell NEXAFS spectrum based on the electronic structure
of a diatomic molecule. The figure was created by customizing Figure 3 from G. Hähner.[100]

NEXAFS spectroscopy considers the photon energy range from just below the ionization thresh-
old until approximately 50 eV above it. Figure 3.22 shows a schematic representation of a
spectrum resulting from the X-ray absorption of K shell (1 s atomic orbital) electrons of two co-
valently bound atoms. The figure also illustrates the origin of the observed features by relating
them to the electronic structure of the molecule. Generally, the NEXAFS spectrum has a step-
like shape around the ionization potential and, therefore, is also referred to as absorption edge.
Sharp resonances occur as soon as the excitation energy is equal to the energy difference
between the K shell and an empty molecular orbital. In other words, core electrons from the K
shell are excited to these empty molecular orbitals. At the low energy side of the edge, such
a resonance is generated by the excitation into the empty π∗ orbital. The σ∗ molecular orbital
has a higher potential energy than π∗. Therefore, the resonance is found at higher photon en-
ergies, frequently even above the edge. Furthermore, electron transitions to Rydberg orbitals
are responsible for relatively weak but sharp signals located between the π∗ resonance and
absorption edge.

In the case of light elements, the major reason for the absorption of X-rays is photoioniza-
tion. The phenomenon of photoionization is already described extensively in Section 3.2.2 of
this thesis. The resulting core holes are filled either radiatively by emission of X-ray fluores-
cence or non-radiatively by emission of Auger electrons. Both can be detected to determine
the extent of absorption and, thus, the intensity of the spectrum. In other words, by default
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detection in NEXAFS spectroscopy is performed indirectly.

Beside fluorescence or Auger electron detection, a NEXAFS spectrum can also be directly
acquired by capturing the transmitted X-ray intensity at a STXM microscope. This is the way
the spectra in this PhD thesis were measured. The possibility to obtain this spectroscopic in-
formation in combination with superior spatial resolution on the nanometer scale is the major
strength of the STXM technique. If the same area on the sample is imaged at several con-
secutive photon energies (image stack acquisition) with STXM, a NEXAFS spectrum for every
single pixel in the image is obtained.

3.4.3 Image processing

After the STXM experiments, further data processing is required to obtain quantitative informa-
tion from the images. Usual processing steps include drift correction, transformation into optical
density and noise reduction by Fast Fourier Transform cleaning. Within the scope of this PhD
thesis, these actions were performed using the software aXis2000 (Analysis of X-ray Images
and Spectra 2000) by Adam P. Hitchcock which is dedicated to the analysis of STXM data.[113]

As already mentioned in the previous section, recording a STXM image stack means recording
a NEXAFS spectrum of every single pixel. In other words, every image reflects the absorption
behavior of the specimen at a certain photon energy or a certain point in the NEXAFS spectrum,
respectively. It is possible to transform such a stack into quantitative component maps using
for instance singular value decomposition (SVD). [114] For this purpose, the different chemical
components in the sample must be known and NEXAFS spectra of pure reference samples
must be available. These can then be used to fit the spectra in the stack which naturally are
a superposition of the absorptions from all different materials in the specimen. If this analysis
is successful, the resulting component maps reflect the amount of every single component at
each point in the image. This kind of quantification can also be performed with aXis2000.[73]

However, within the scope of this PhD thesis, no entire image stack across a whole absorp-
tion edge was performed. Instead, images of CSNPs were recorded only at two energies of
maximum core and maximum shell material absorption, respectively. Thereby, the X-ray beam
induced damage to the particles is supposed to be reduced significantly.
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3.5 State of the art regarding core-shell nanoparticle
characterization

3.5.1 Laboratory-based X-ray photoelectron spectroscopy

The tools available nowadays for quantitative CSNP analysis by XPS are already extensively
discussed in Section 3.2.3 of this thesis. The current section contains a selection of examples
from literature where these tools are applied to very different nanoparticle systems with indus-
trial relevance.

Numerical modeling following the principle of infinitesimal columns described in Section 3.2.3
of this thesis was performed by Kalbe et al. The authors introduced an analysis approach both
for core-shell and core-shell-shell nanoparticle morphologies and presented their calculations
in great detail and very comprehensively. The validity of the approach was demonstrated at the
example of CdSe-ZnS quantum dots with 5.2 nm diameter stabilized with a mixture of hexa-
decylamine and trioctylphosphine. The obtained ZnS overlayer thickness was compared with
the results from the TNP formula and from the SESSA software. The agreement between the
presented and the two established methods was remarkable. For this particular material com-
bination, four different elastic-peak intensity ratios, namely S/Se, Zn/Cd, S/Cd and Zn/Se, are
available for shell thickness determination. The authors performed the analysis with all of them
and found that the ratios Se/Se and Zn/Se provided different results than Zn/Cd and S/Cd. Pos-
sible explanations were discussed including an excess of Cd e.g. from synthesis residues or
deviations of the actual CSNP morphology from the ideal core-shell model. However, this ob-
servation shows that a single pair of elastic-peak intensities in XPS is not reliable on its own.[86]

An example for the application of the TNP formula is the work of Belsey et al. who deter-
mined the thickness of different protein coatings on gold nanoparticles. Five gold nanoparticle
samples were investigated with nominal sizes of 10, 20, 40, 60 and 80 nm. The applied or-
ganic coatings consisted of either immunoglobulin G (IgG), bovine serum albumin (BSA) or a
short peptide called CAG4 whose amino acid sequence is CGGGNPSSLFRYLPSD. Beside
the thickness and composition of the different organic coatings, the authors also determined
the average number of protein molecules on a single particle’s surface. The XPS results were
consistent with the results from the liquid-based particle sizing techniques DLS and DCS.[115]

Castner and coworkers performed an extensive complementary analysis of a nonuniform Au-
Ag CSNP sample with STEM and XPS supported by the SESSA software. Because nonuni-
form particle morphologies are not implemented in SESSA by default, the authors presented
a workaround. They simulated theoretical XPS intensities for a large range of different coating
thicknesses based on an ideal core-shell model and, subsequently, normalized the results by
the shell thickness distribution extracted from the STEM investigation. Thereby, good agree-
ment between the experimental and the theoretical composition of the nanoparticles could be
obtained. This kind of analysis was possible due to the excellent material contrast between
core and shell material in the STEM micrographs. The goal of the work was to find out which of
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the following two kinds of nonuniformity leads to a greater discrepancy between theoretical in-
tensities based on the ideal core-shell model and the experimental intensities: off-center cores
(Scenario 3a in Figure 3.2) or the nonsphericity of the overall nanoparticle (Scenario 4a in Fig-
ure 3.2). The off-center cores were found to have the greater impact.[116] Castner and cowork-
ers also published a short and comprehensive review article about quantification of nanoparticle
coating thicknesses.[117]

Another demonstration of the application of the SESSA software for nanoparticle coating thick-
ness determination is the work of Weigert et al. Here, ultrabright oleic acid-stabilized CdSe-CdS
quantum dots were investigated by a combination of XPS and high-resolution TEM. This paper
clearly demonstrates how the two techniques can well complement and support one another
leading to a deeper understanding of the nanoparticles’ composition and morphology than it
could be achieved with each technique on its own. TEM provides reliable information about
the CdSe core radius as well as about how well the morphology of the nanoparticles matches
an ideal core-shell morphology. Based on this knowledge, XPS can, for instance, determine
the thickness of the oleic acid overlayer which cannot be detected in the TEM micrographs.[118]

The work of Chudzicki et al. is noteworthy, because the authors not only analyzed the XPS
elastic-peak intensities, but also successfully simulated the inelastic background of CSNPs
with SESSA. In this context, the important observation was made that the validity of the "single-
sphere approximation" is limited to the analysis of the elastic-peaks. In this paper, the thickness
of 16-mercaptohexadecanoic acid (C16COOH) self-assembled monolayers on 14 nm diameter
gold nanoparticles was determined. The same CSNPs had already been characterized by
Techane et al. but with an older version of SESSA.[119] Chudzicki et al. obtained results in
good agreement with Techane et al., however, with remarkably lower effort due to the new func-
tions of a later SESSA version.[67]

Cant et al. also performed an analysis of the XPS inelastic background of CSNPs, both quali-
tatively and quantitatively. Here, the same series of PTFE-PMMA and PTFE-PS CSNPs, which
are in the focus of Section 4.1.1, 4.1.3 and 4.3.1 of this thesis, were investigated by XPS and a
range of complementary techniques. The theoretical XPS intensity ratios were calculated by nu-
merical modeling following the principle of infinitesimal columns described in Section 3.2.3. In
this case, the authors included deviations from an ideal core-shell morphology in their calcula-
tions. Thereby, reasonable agreement with the experimental intensity ratios could be achieved.
In contrast to the publications as part of this PhD thesis, Cant et al. particularly focused on the
explanation of the nonuniform morphologies of the particles by detailed consideration of the
surface energy of the materials. The conclusion is that the nonuniformity can be predicted and
that even the degree of encapsulation of the core by the shell material can be estimated.[120]

Furthermore, two examples for the investigation of nanoparticles at elevated pressure in a
special near-ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) spectrometer are
presented. NAP-XPS represents an important alternative to conventional XPS which is lim-
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ited to the measurements under UHV conditions and, thus, to the analysis of nanoparticles in
a dry state. This is of particular interest for nanoparticles with applications in biomedicine or
heterogeneous catalysis. Kjærvik et al. presented a straightforward experimental set-up for the
measurement of nanoparticles in liquid suspension with NAP-XPS. The authors successfully
acquired high-quality XPS spectra of Ag nanoparticles coated with an organic stabilizer sus-
pended in water as well as (Ca/Sr)F2 core-shell like nanoparticles suspended in ethylene glycol.
The latter nanoparticles are also examined in Section 4.2.1 of this PhD thesis.[121] Another
example is the work of Luo et al. who investigate Ni-Cu alloy nanocrystals which catalyze the
selective hydrodeoxygenation of 5-hydroxymethylfurfural to 2,5-dimethylfuran. The NAP-XPS
investigation allowed for the analysis of the particles chemical composition as a function of dif-
ferent reaction conditions, namely different gas atmospheres and temperatures.[122]

In contrast to the literature published so far, the Sections 4.1.1 and 4.2.1 of this PhD thesis
provide a step by step description for other scientists how to use SESSA for CSNP coating
thickness determination based on the XPS elastic-peak intensities. This also includes self-
written programs for the generation of SESSA input scripts and for the sorting of SESSA output
files which render the quantitative analysis of CSNPs with this software much more efficient
and, thus, more accurate. The reader is further sensitized for the fact that the analysis of the
elastic-peak intensities based on an ideal core-shell model relies on information from comple-
mentary analytical techniques, in order to justify the applicability of this model. In other words, it
is underlined that the analysis of just a single pair of elastic-peak intensities by SESSA cannot
identify whether the nanoparticles in the sample deviate from ideality or not. As opposed to this,
it is demonstrated that the analysis of the inelastic background from CSNPs with QUASES can
identify and quantify the heterogeneity of the shell thickness and the incomplete encapsulation
of the core by the shell material. Finally, coating thicknesses are for the first time extracted
exclusively from the XPS inelastic background of CSNPs.

3.5.2 Synchrotron radiation-based X-ray photoelectron spectroscopy

Due its simplicity and efficiency, depth-profiling Option 1 defined in Section 3.3.3 is quite pop-
ular and a correspondingly large number of examples can be found in literature.[123–127] For
instance, Winkler et al. used the superior energy resolution of SR-XPS to differentiate dif-
ferent chemical environments of sulfur in the S2p core level spectrum of CdS semiconductor
nanoparticles. By recording the spectra at different photon energies, the authors could further
determine that certain sulfur species were located in the core and others at the surface of the
nanoparticles.[128] Another example is the work of Cored et al. where the authors investigate
the internal morphology of Ru nanoparticles coated with RuC serving as a catalyst for CO2

and H2 activation. By recording the Ru3d5/2 signal at two different photon energies, it could be
confirmed that RuC is located at the surface of the particles and metallic Ru in the core, which
helped understanding the catalytic activity of the particles.[129]

Examples from literature for depth-profiling Option 2, namely the comparison of core level
spectra from different elements within a narrow binding energy window, are the works of Abel
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et al. and Xu et al.[130, 131] In the first paper, NaYF4-NaGdF4 CSNPs were synthesized and
the authors applied depth-profiling by SR-XPS to confirm the core-shell morphology. For this
purpose, the core level spectra of Y3d and Gd4d, which exhibit a binding energy difference
of only 15 eV, were recorded at different photon energies. Because the Y/Gd ratio increased
with the analysis depth, it was successfully confirmed that the surface region of the particles is
enriched with Gd and the core region with Y.

Tao et al., Haverkamp et al. and Dong et al. investigated CSNPs by depth-profiling Option 3 in
combination with the "constant kinetic energy XPS" approach.[132–134] In the first paper, the
authors analyzed the internal morphology of a Rh0.5Pd0.5 and a Rh0.5Pt0.5 nanoparticle cata-
lyst with SR-XPS. Here, the photoelectron signals Rh3d, Pd3d and Pt4f were consecutively
recorded at photon energies such that their kinetic energy equaled 350, 540 and 1180 eV. The
resulting Rh/Pd and Pd/Pt depth profiles revealed a core-shell character of the particles. The
authors further exposed the Rh0.5Pd0.5 particles to different gas atmospheres and successfully
monitored reversible changes of their internal morphology.

As discussed in Section 3.3.3, SR-XPS depth-profiles can also be analyzed in a more advanced
quantitative manner, in order to extract details about the internal morphology of a CSNP sam-
ple, such as the shell thickness or the nature of the interface between core and shell. This was
for example realized within a series of publications from a collaboration between the Institute of
Physical Chemistry of the University of Hamburg and the HASYLAB at the DESY synchrotron
light source. Here, the authors used numerical modeling with a self-written script and assumed
an ideal core-shell morphology of the nanoparticles.[135–138] For details about the calcula-
tion of the theoretical XPS intensity ratios the reader is referred to the dissertation of Holger
Borchert.[139] In the first of these publications, Borchert et al. investigated InP nanoparticles
with a ZnS and trioctylphosphine ligand shell. In the shell thickness calculation, the core radius
of 19 Å was kept constant while the thicknesses of the two shells were varied. The experimental
depth profiles could be reproduced very precisely with shell thicknesses of 8.9 Å for ZnS and of
12.3 Å for the organic ligands.

Finally, Doh et al. did not only analyze SR-XPS depth profiles quantitatively, they further
demonstrated that such a depth profile can provide information about the internal morphol-
ogy of nanoparticles which cannot be obtained based on a single standard laboratory-based
XPS measurement.[140] In their very extensive and comprehensive paper, the authors analyze
three model CSNP systems Au-Fe2O3, Pt-Fe2O3 and Rh-Fe2O3. They record Fe/Au, Fe/Pt
and Fe/Rh depth profiles using the "constant kinetic energy XPS" method and, subsequently,
use numerical modeling based on an ideal core-shell morphology to reproduce the experimen-
tal data. The Supporting Information contains details about the calculation including a flow
chart with the structure of the applied Python program. While the fitting of the Au-Fe2O3 and
Pt-Fe2O3 CSNPs works well with this model morphology, it does not work for the Rh-Fe2O3

nanoparticles. By adjusting their model such that the shell consists of a mixture of iron and
rhodium oxides, an accurate fit could finally be achieved. However, if only one pair of peak
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intensities from a laboratory-based XPS experiment would had been analyzed, agreement with
the ideal core-shell model would most probably have been achieved and the deviation of the
actual morphology of the particles would not have been discovered. Further examples for the
quantitative analysis of the internal morphology of CSNPs by SR-XPS include Sapra et al.,
Santra et al. and Bernadi et al.[141–143]

If reviewing the literature regarding CSNP investigation by SR-XPS, publications with sufficient
information about the experimental conditions and the data analysis to fully reproduce the re-
sults are rare. Given that acquisition and quantitative analysis of a non-destructive depth profile
by SR-XPS is a very complex undertaking, the lack of detail in many publications is particularly
problematic for scientists from other areas than surface science. Therefore, the publication in
Section 4.2.1 of this thesis contains a step by step description for other scientists how to acquire
a depth profile of the XPS elastic-peak intensity ratios from a CSNP sample and how to use
SESSA for its quantitative analysis. This includes all required complete SESSA input scripts as
well as detailed instructions for their application. This is the first time, that a depth profiles of the
chemical composition including several different analysis depths are simulated using SESSA.

3.5.3 Scanning transmission X-ray microscopy

The origin of image contrast of STXM and TEM was already extensively discussed in Sec-
tion 3.1.3. Due to a different origin of contrast, STXM might be able to visualize the different
components within a nanoparticle and, thus, to elucidate its internal morphology where EM fails
to do so. An example from literature is the work of Burke et al. who performed a STXM investi-
gation of CSNPs which can be used for organic photovoltaic device fabrication. The nanoparti-
cles with an average diameter of 52 nm consisted of an equal ratio of poly(9,9-dioctylfluorene-
co-N,N-bis(4-butylphenyl)-N,N-1,4-phenylenediamine) (PFB) and poly(9,9-dioctylfluorene-co-
benzothiadiazole) (F8BT) which cannot be told apart in an EM image. Due to the characteristic
difference in the C K-edge X-ray absorption spectra of the two polymers, it was possible to
differentiate them in the STXM images. Thus, the authors could identify a core-shell morphol-
ogy of the particles with an enrichment of F8BT in the core and an enrichment of PFB in the
shell region.[144] Another example is the work of Chen et al. who presented a new versatile
synthesis route for epoxy nanoparticles coated with PMMA with an average total diameter of
382 nm. The epoxy core and the PMMA shell also do not generate sufficient image contrast
to be differentiated in an EM image. However, C=C bonds in the aromatic rings incorporated
in the epoxy cores and the C=O bonds in the ester functions of the PMMA shell cause very
characteristic features in the C K-edge NEXAFS spectra of the two materials. Owing to these
characteristic features, the authors could successfully visualize the core-shell morphology in
the STXM images.[145]

If quantification of the components within a sample is not of interest but only their identifica-
tion and location, it is not necessary to generate an entire component map as described in
Section 3.4.3. Instead it might be sufficient to use the superior spatial resolution of the STXM
technique to acquire single NEXAFS spectra from particular regions of interest only. This strat-
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egy was for instance applied in two publications by Sham and coworkers.[146, 147] In their
first paper, solid nanoparticles between 8 and 50 nm and hollow spheres between 100 and
170 nm diameter were synthesized by illumination of a dichromate solution by gamma radia-
tion. NEXAFS spectra of the Cr L2,3-edge as well as the O K-edge taken from different regions
of interest revealed that both the solid particles and the hollow sphere consist of Cr(OH)3. Their
second paper deals with hollow SiO2 spheres with diameters between 125 and 350 nm. The
authors recorded NEXAFS spectra of the O K-edge from individual spheres, in order to confirm
that all of them consist of SiO2.

As already discussed in Section 3.4.3, STXM images can be transformed into quantitative com-
ponent maps reflecting the amount of every single component at each point in the image. This
kind of quantitative STXM analysis was extensively performed by Belcher and coworkers. Here,
nanoparticles with diameters of approximately 120 nm composed of poly(3-hexylthiophene)
(P3HT) and phenyl C61 butyric acid methyl ester (PCBM) were investigated to optimize them
for a use in organic photovoltaic devices. In a first publication, the authors performed a STXM
analysis of the nanoparticles, in order to reveal the influence of annealing and of the P3HT
molecular weight on the nanoparticles’ internal morphology. The analysis was based on STXM
images of the nanoparticles recorded at photon energies around the C K-edge. Component
maps were then obtained by fitting of every NEXAFS spectrum in each point with reference
NEXAFS spectra from pure P3HT and PCBM using the SVD method. This quantitative ap-
proach did allow not only for the identification of different particle morphologies, such as core-
shell or homogeneous blend, but also for the determination of the relative amounts of P3HT
and PCBM in core and shell domains of single nanoparticles.[148] In a second publication, the
polymer to fullerene ratio was varied and the same analysis strategy was applied to determine
the influence of this parameter on the particle morphology.[149]. Furthermore, a third publica-
tion deals with the change of the nanoparticle internal morphology induced by the exchange of
the P3HT component by poly[4,8-bis(2-ethylhexyloxy) benzo(1,2-b:4,5-b’)dithiophene-alt-5,6-
bis(octyloxy)-4,7-di(thiophen-2-yl)(2,1,3-benzothiadiazole)-5,5’-diyl] (PSBTBT).[150]

The probably most important strength of STXM is the possibility to perform experiments un-
der atmospheric pressure, whereas TEM measurements must be performed in high vacuum
or even UHV conditions. The atmospheric pressure has several advantages. Firstly, samples
which are not vacuum compatible can be investigated. Secondly, samples can be analyzed
under more realistic conditions regarding their potential applications than UHV. Additionally,
by filling the analysis chamber with pure helium gas, the carbon contamination of the sample
during the measurement is reduced. Such a helium atmosphere was generated by Koprinarov
et al. for a STXM investigation of polydivinylbenzene-55 (DVB55) microspheres coated with
poly(DVB55-co-EDMA) with EDMA being ethylene glycole dimethyl acrylate. The diameter of
the spheres was approximately 4 µm. They were embedded in epoxy resin and, subsequently,
cut into sections of 50 to 100 nm thickness for the STXM measurements. Component maps
based on the absorption around the C K-edge revealed information about composition, core-
shell morphology and porosity of the spheres.[151] Zhou et al. measured carbon nanotubes
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with 60 to 100 nm width whose surface was covered by 11 nm diameter SnO2 nanoparticles
with STXM also under a dry helium atmosphere. The morphology and individual components
of the coated nanotubes were clearly visible in the STXM component maps of the sample. The
authors also performed STXM measurements of the coated nanotubes under water vapor, in
order to testify the potential of this nanomaterial as humidity sensor.[152] Finally, measure-
ments of nanoparticles in liquid suspension were performed by Fujii et al. Here, the swelling
and deswelling of cross-linked microgel particles consisting of poly(4-vinylpyridine) (P4VP) and
SiO2 was investigated. In aqueous suspension, they exhibit a hydrodynamic diameter of ap-
proximately 230 nm in their non-swoolen state at pH 10 and of approximately 620 nm in their
swoolen state at pH 2.5. At pH 10 the pyridyl nitrogen atom is protonated and at pH 2.5 it is not.
Therefore, the position of the peak corresponding to the N1s to π∗ transition in the NEXAFS
spectrum, which is sensitive to the chemical state of the N atoms, can already serve as a probe
for the swelling of the particles without visualization of the microgels.[153]

In Section 4.3.1 of this PhD thesis, a simple approach for determining the dimensions, namely
shell thickness, core and total diameter, of individual CSNPs by STXM is presented. The
generation of quantitative component maps usually requires the acquisition of an image stack
composed of a large number of images across the entire absorption edge. In this case, the
radiation dosage during data acquisition and, thus, the danger of X-ray induced damage to the
sample becomes an issue. Therefore, the approach presented in this thesis is based on only
two STXM images recorded at two predefined photon energies selected to deliver a maximum
absorption contrast. This approach is recommended for the analysis of samples consisting of
soft matter which are prone to X-ray radiation damage. Suitable CSNPs must exhibit a suffi-
ciently high X-ray absorption contrast and a sharp interface between core and shell material.
The validity of the approach is demonstrated at the example of STXM images of PTFE-PS
CSNPs recorded at the C K-edge.
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4. Results

4.1 Laboratory-based X-ray photoelectron spectroscopy
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ABSTRACT: Core−shell nanoparticles (CSNPs) have become indispensable in
various industrial applications. However, their real internal structure usually
deviates from an ideal core−shell structure. To control how the particles perform
with regard to their specific applications, characterization techniques are required
that can distinguish an ideal from a nonideal morphology. In this work, we
investigated poly(tetrafluoroethylene)−poly(methyl methacrylate) (PTFE−
PMMA) and poly(tetrafluoroethylene)−polystyrene (PTFE−PS) polymer
CSNPs with a constant core diameter (45 nm) but varying shell thicknesses
(4−50 nm). As confirmed by transmission scanning electron microscopy (T-
SEM), the shell completely covers the core for the PTFE−PMMA nanoparticles, while the encapsulation of the core by the shell
material is incomplete for the PTFE−PS nanoparticles. X-ray photoelectron spectroscopy (XPS) was applied to determine the
shell thickness of the nanoparticles. The software SESSA v2.0 was used to analyze the intensities of the elastic peaks, and the
QUASES software package was employed to evaluate the shape of the inelastic background in the XPS survey spectra. For the
first time, nanoparticle shell thicknesses are presented, which are exclusively based on the analysis of the XPS inelastic
background. Furthermore, principal component analysis (PCA)-assisted time-of-flight secondary-ion mass spectrometry (ToF-
SIMS) of the PTFE−PS nanoparticle sample set revealed a systematic variation among the samples and, thus, confirmed the
incomplete encapsulation of the core by the shell material. As opposed to that, no variation is observed in the PCA score plots
of the PTFE−PMMA nanoparticle sample set. Consequently, the complete coverage of the core by the shell material is proved
by ToF-SIMS with a certainty that cannot be achieved by XPS and T-SEM.

■ INTRODUCTION

Often the encapsulation of nanoparticles by a shell material is
indispensable not only for the preparation of the particles but
also for tuning their properties. Chemical composition and
thickness of this shell determine the interaction of the particles
with their environment. Therefore, valid control of these two
parameters means control of the particles’ performance in their
specific applications. Moreover, realistic nanoparticle samples
most likely deviate in some way from an ideal core−shell
structure (spherical core fully encapsulated by a shell of
homogeneous thickness). The real structure is normally much
more complex and, therefore, the information from more than
one analytical technique is required for a comprehensive
description in most cases. In this paper, we demonstrate how
the combined application of X-ray photoelectron spectroscopy

(XPS), time-of-flight secondary-ion mass spectrometry (ToF-
SIMS), and transmission scanning electron microscopy (T-
SEM) can be used to elucidate the complex internal structure
of polymer core−shell nanoparticles (CSNPs).
Poly(tetrafluoroethylene) (PTFE) nanoparticles are highly

interesting additives for advanced polymer composite materials
with applications in building, automotive, and aerospace
industries. Their intrinsic properties include thermal stability,
chemical inertness, flame resistance, and a low dielectric
constant.1 However, low compatibility and adhesion lead to
agglomeration of the PTFE nanoparticles in a corresponding
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Publication 1

polymer matrix. The application of a poly(methyl methacry-
late) (PMMA) or polystyrene (PS) coating onto the
nanoparticles prevents this agglomeration and, thus, facilitates
the synthesis of composite materials with a homogeneous
distribution of PTFE.2,3 All CSNPs investigated in this paper
consist of a PTFE core and a PMMA or PS shell. All samples
have the same average core diameter of 45.4 nm but different
shell thicknesses varying between 3.9 and 50.8 nm (sizes from
T-SEM). The first set comprises four samples and will, in the
following, be referred to as PTFE−PMMA(1)−(4), whereas
the second set comprises six samples and will, in the following
be, referred to as PTFE−PS(1)−(6). Here, increasing Arabic
numbers correspond to increasing nanoparticle shell thickness.
Furthermore, the uncoated core (pure PTFE) as well as pure
PMMA and PS particles have been measured as references.
These will, in the following, be referred to as PTFE-Ref,
PMMA-Ref, and PS-Ref.
XPS is a powerful tool for the investigation of nanoparticles

due to its high sensitivity and an information depth of below
10 nm at Al Kα excitation. In recent years, there has been
considerable effort in the XPS community to extract structural
information from XPS spectra of CSNPs, including numerical
methods,4 formulaic methods,5−7 as well as modelling and
simulation software.8−10 In the current paper, the shell
thickness of the particles is calculated by quantitative analysis
of the XPS spectra in two different ways: first, by the software
SESSA v2.0,9 analyzing exclusively the elastic-peak intensities
and, second, by the QUASES software package,10 analyzing the
inelastic background signal relative to the peak intensity. While
very different surface structures can result in equal elastic-peak
intensities in XPS, it is always advisable to additionally look at
the shape of the inelastic background of the spectra.11−13 A few
publications exist where the coating thickness of real CSNP
samples is determined based on the analysis of the
experimental elastic-peak intensities via SESSA v2.0;4,14−16

however, only a single publication by Chudzicki et al. has
already addressed the analysis of the inelastic background in
the experimental spectra of CSNPs.14 The authors first
determine the internal structure of gold nanoparticles with
an organic coating based on the analysis of elastic-peak
intensities via SESSA v2.0. The obtained internal structure is
subsequently used to simulate entire theoretical survey spectra
(elastic peaks + inelastic background), which accurately match
the experimental survey spectra. As opposed to that, in the
current paper, we present, for the first time, nanoparticle
coating thicknesses determined exclusively based on the
inelastic background signal of experimental CSNP spectra.
Moreover, Chudzicki et al. suggested that the single-sphere
approximation is true when only the elastic-peak intensities are
analyzed. As soon as the inelastic background is of interest, this
approximation is no longer valid. They solved this problem by
simulating a more complex particle morphology (array of
dispersed CSNPs) for the inelastic background analysis than
the one they used for the elastic-peak intensity analysis
(periodic monolayer of CSNPs). Contrary to this, in the
current paper, the sample preparation is adjusted. For the
analysis of the elastic-peak intensities via SESSA v2.0, a densely
packed multilayer of particles is prepared, while for the analysis
of the inelastic background via the QUASES software package,
a submonolayer distribution is prepared. Finally, in the SESSA
v2.0 simulation, an ideal CSNP model with homogeneous shell
thickness is applied, while in the QUASES software package, a

model with two differently weighted shell thicknesses is
selected.
A detailed T-SEM analysis provides shell thicknesses that

serve as reference values for the shell thicknesses determined
by XPS. This T-SEM analysis is validated by a certified
reference material (CRM) in the form of spherical,
monodisperse PS nanoparticles enabling the traceability to
the length scale.
The even lower information depth of ToF-SIMS (usually

between 2 and 5 nm17) compared with that of XPS is exploited
in this work to differentiate a complete encapsulation of the
PTFE core by the PMMA shell from an incomplete
encapsulation by the PS shell. Principal component analysis
(PCA) of the ToF-SIMS spectra turned out to be a very
straightforward method to clearly distinguish between the two
scenarios. In addition, in the scores plot of the PTFE−PS
sample set, a systematic variation can be observed as the
amount of PS relative to PTFE at the nanoparticle surface
increases with increasing shell thickness.

■ MATERIALS

PTFE-Ref. The PTFE nanoparticles (Hyflon MFA 100 LS
latex) suspended in water with a concentration of 337 mg/mL
were kindly supplied by Solvay Specialty Polymers. It is a
special grade of a perfluoroalkoxy polymer resulting from the
polymerization of tetrafluoroethylene (TFE) and perfluor-
omethylvinyl ether (PFPME). Less than 1% of the polymer
units are PFPME comonomers.2

PMMA-Ref. The PMMA nanoparticles suspended in water
were purchased from Bangs Laboratories, Inc. (Fishers,
Indiana) under the product name PP02N. A concentration
of 102 mg/mL is stated by the manufacturer.

PS-Ref. The PS nanoparticles suspended in water were
synthesized by emulsion polymerization under an argon
atmosphere. A 400 μL aqueous solution of the radical starter,
potassium persulfate (PPS) (0.148 mmol), was added to a
mixture of 5200 μL of surfactant sodium dodecyl sulfate (SDS)
(0.042 mmol) and 1300 μL of styrene monomer (11.36 mmol)
in an aqueous solution at 70 °C. The reaction mixture was
stirred at 350 rpm for 4 h at 70 °C. After cooling to room
temperature, the particle suspension was diluted sixfold. To
remove large chunks, the suspension was centrifugated two
times at 15 000g for 2 min and the supernatants were collected.
For all further experiments, the combined supernatant was
used after three further centrifugation and washing steps at
21 000g for 1 h for removing the SDS and PPS containing
supernatant. The final concentration was 2 mg/mL.

PTFE−PMMA(1)−(4) and PTFE−PS(1)−(6). The CSNPs
suspended in water were synthesized by emulsifier-free batch
seeded emulsion polymerization in the presence of the PTFE-
Ref seed particles.3 Using varying ratios of PTFE-Ref seeds and
monomers, different shell thicknesses were generated. The
exact ratios are listed in Section 1 of the Supporting
Information. All CSNPs were obtained according to the
following general procedure. The polymerizations were carried
out in a 1 L five-neck jacketed reactor at 75 °C equipped with a
condenser, a mechanical stirrer, a thermometer, and inlets for
nitrogen and monomers. The appropriate amount of PTFE
latex was introduced into the reactor containing 500 mL of
deionized water at room temperature with a stirring rate of 300
rpm. The mixture was purged with nitrogen, and nitrogen was
flowed during the entire polymerization procedure. The
mixture was then heated to 80 °C, and the appropriate
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amount of monomer was added. After an additional 15 min
equilibration time, an aqueous PPS solution (10 mL, 0.74
mmol) was added, and the mixture was reacted for 24 h. The
obtained suspensions were purified from the unreacted
monomer by repeated dialysis using a membrane with
molecular weight cutoff at 12.4 kDa.
PS-ST-0.1. This PS nanoparticle size standard was

purchased from the company microparticles GmbH (Berlin,
Germany) under the product name, PS-ST-0.1, and is a CRM
traceable to the length scale. The certified average particle
diameter is 107 nm with a measurement uncertainty of ±2 nm.

■ METHODS

Sample Preparation for XPS (SESSA v2.0) and ToF-
SIMS. Silicon wafers (1.0 × 1.0 cm2; 100 crystal orientation)
were purified by consecutive sonication in 2% aqueous
Hellmanex III solution, isopropyl alcohol, and ethanol. After
drying the wafers using a nitrogen spray gun, their surface was
treated for 20 min using a UV ozone cleaner UVC-1014 (185
and 254 nm wavelength UV radiation source) manufactured by
NanoBioAnalytics (Berlin, Germany). A 40 μL drop of the
original undiluted nanoparticle suspension was deposited onto
the wafer and then spin-coated using a SPIN150i-NPP single
substrate spin processor manufactured by SPS Europe (Putten,
Netherlands). The following spin-coating program was
applied: step (1), acceleration with 500 rpm/s to 1000 rpm
kept for 5 s; step (2), acceleration with 1000 rpm/s to 2000
rpm kept for 3 min. The same samples were used first for ToF-
SIMS and then for XPS measurements. For the XPS
measurements, a new location on the sample different from
the ToF-SIMS measurement location was selected.
Sample Preparation for XPS (QUASES). The original

suspensions were diluted by a factor of 50 for samples PTFE−
PS(1), PTFE−PMMA(1), and PTFE−PMMA (2) and by a
factor of 100 for samples PTFE−PS(3) and PTFE−PS(4).
Apart from that, the sample preparation procedure was the
same as the one described in the previous paragraph.
XPS Measurements. All measurements were performed

with an AXIS Ultra DLD photoelectron spectrometer
manufactured by Kratos Analytical (Manchester, U.K.). XPS
spectra were recorded using monochromatized Al Kα radiation
for excitation, at a pressure of approximately 5 × 10−9 mbar.
The electron emission angle was 0°, and the source-to-analyzer
angle was 60°. The binding energy scale of the instrument was
calibrated following a Kratos Analytical procedure, which uses
ISO 15472 binding energy data.18 Spectra were taken by
setting the instrument to the hybrid lens mode and the slot
mode providing an analysis area of approximately 300 × 700
μm2. Furthermore, the charge neutralizer was applied. Survey
spectra were recorded with a step size of 1 eV and a pass
energy of 80 eV, and high-resolution spectra were recorded
with a step size of 0.1 eV and a pass energy of 20 eV.
ToF-SIMS Measurements. All sample measurements were

performed without further pretreatment on a ToF.SIMS IV
instrument (ION-TOF GmbH, Münster, Germany) of the
reflectron type, equipped with a 25 keV bismuth liquid metal
ion gun (LMIG) as a primary ion source mounted at 45° with
respect to the sample surface. The LMIG was operated at 0.5
μA emission current in the so-called “high current bunched”
mode (high mass resolution, low lateral resolution). Bi3

2+ was
selected as the primary ion by appropriate mass filter settings.
To improve the focus of the primary ion beam, the pulse width
of the Bi3

2+ (25 keV) ion pulse was reduced to 22.3 ns and the

lens target was adjusted to obtain a sharp image on a
structured sample (e.g., silver cross) in the secondary electron
mode. For samples with very intense signals, the primary ion-
beam pulse was reduced to 2.0 ns to achieve a count per shot
rate of less than 1. The primary ion current was determined
using a Faraday cup located on a grounded sample holder.
Operation conditions with these settings comprised a target
current of 0.48−0.35 pA for the selected primary ion. The total
primary ion dose density was set to 1 × 1012 ions/cm2 ensuring
static SIMS conditions. Scanning area for analysis was 150 ×

150 μm2 with 128 × 128 pixels. The vacuum in the analysis
chamber was in the range of 10−9 mbar during all
measurements.
All ToF-SIMS spectra were acquired in positive ion mode

with five different scanning areas per sample. The mass scale
was internally calibrated using a number of well-defined and
easily assignable secondary ions. For samples without PTFE
fragments in the spectra, CH2

+, C3H4
+, and C5H2

+ were taken.
When PTFE fragments were measured, C2F3

+ was taken as an
additional peak for calibration. The error in calibration for all
spectra was kept at around 10 ppm.

PCA. PCA was performed using the Solo+ Mia toolbox
(v7.5.2, Eigenvector Research Inc.), which was run under
MATLAB (v7.9.0.529, MathWorks Inc.). The peak list
creation strategy to perform PCA was carried out by selecting
over 400 peaks in the mass range of 0−350 m/z for all samples.
Each peak was normalized to the sum of the selected peak
intensities to correct for variations in the total secondary ion
yields between different spectra. The data were then mean-
centered.

Sample Preparation for T-SEM (PTFE-Ref). The original
suspension was diluted with ultrapure water by a factor of
10 000. The suspension was filtered using a syringe filter
purchased from General Electric Healthcare (Chicago) with a
fiberglass membrane and a pore size of 1.2 μm. A 6−10 nm
thick carbon film on a 3.05 mm diameter and 10−12 μm thick
copper transmission electron microscopy grid of 200 lines/in.
purchased from PLANO GmbH (Wetzlar, Germany) was
purified for 30 min in a UV/ozone cleaner as identified above.
A 5 μL drop was applied onto the carbon film of the copper
grid and spin-coated using a spin-coater as identified above.
The following spin-coating program was applied: step (1),
acceleration with 500 rpm/s up to 1000 rpm kept for 10 s; step
(2), acceleration with 500 rpm/s up to 5000 rpm kept for 10 s;
step (3), acceleration with 500 rpm/s up to 10 000 rpm kept
for 1 min.

Sample Preparation for T-SEM (PMMA-Ref, PS-Ref,
PTFE−PMMA(1)−(4), PTFE−PS(1)−(6), PS-ST-01). The
original suspensions were diluted with ultrapure water by a
factor of 1000 in the case of PTFE−PS(2) and by a factor of
50 in the case of all other samples. The suspensions were
filtered using the same kind of syringe filter previously
described. A 2 μL drop was applied onto the same kind of
copper transmission electron microscopy grid previously
described.

T-SEM Measurements. Measurements were performed
using an SEM Zeiss Supra 40 equipped with a high-resolution
cathode (Schottky field emitter) and using a dedicated sample
holder in combination with the available secondary electron
detector, as described in detail elsewhere.19 The detailed
instrument settings are summarized in Table S34. The image
processing software, ImageJ 1.52e, was applied for further
analysis of the T-SEM micrographs.20
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■ RESULTS AND DISCUSSION

Transmission Scanning Electron Microscopy. T-SEM
micrographs of the CSNP samples shown in Figure S16
confirm the increase of the shell thickness both from PTFE−
PMMA(1) to (4) and from PTFE−PS(1) to (6). In
accordance with previous investigations of equivalent CSNP
systems, the T-SEM micrographs additionally reveal in the case
of the PTFE−PMMA sample set a complete and in the case of
the PTFE−PS sample set an incomplete encapsulation of the
core by the shell material.2,21 The reason is the inability of the
PTFE seeds to fully penetrate the monomer droplets in the
styrene−water emulsion during synthesis. As an example,
Figure 1 depicts the T-SEM micrographs of the samples with

the smallest and the largest diameter of both nanoparticle
sample sets. For all six PTFE−PS samples, the PTFE cores are
exposed at the nanoparticle surface (indicated by the purple
arrows in Figure 1). Consequently, the amount of PS relative
to PTFE at the nanoparticle surface increases with increasing
thickness of the shell.
Nanoparticle dimensions [total diameter (⌀CSNP), core

diameter (⌀core), and shell thickness (dshell)] were extracted
from the T-SEM micrographs using the software, ImageJ
1.52e.20 A stepwise analysis procedure can be found in Section
3.1.2 of the Supporting Information. The analyzed particle
diameter is the Feret diameter defined as the longest distance
between any two points along the selection boundary.22 To
optimize the quality of the T-SEM micrographs for all samples,
PTFE−PMMA(1)−(4), PTFE−PS(1)−(6), and PTFE-Ref,
six different settings of the scanning electron microscope were
applied. These settings are summarized in Table S34. To verify
that the combination of T-SEM instrument settings and
subsequent ImageJ 1.52e analysis yields reliable results, a CRM
(PS-ST-0.1, traceable to the length scale) manufactured by the
microparticles GmbH (Berlin, Germany) was measured at the
same six instrument settings and analyzed using one and the
same ImageJ 1.52e procedure. Due to its similarity in size and
material to the investigated CSNPs, the PS-ST-0.1 standard is
considered appropriate for validation. The 10 measurements of
the CRM reveal mean particle diameters in very good
agreement with the mean particle diameter certified by the
manufacturer with a maximum deviation of 4.0 nm (see Table
S35 and Figure S20). Thus, the approach for traceable size
measurement used in this study could be successfully validated.
The nanoparticle dimensions obtained from T-SEM

measurements are summarized in Table 1. The particle size
distribution histograms of all CSNPs as well as the naked cores
PTFE-Ref could be very accurately fitted with normal
distributions (see Figures S17−S19). Mean diameters ⌀ and
standard deviations σ in Table 1 are characteristic quantities of
these normal distributions. Because there is no material
contrast for core and shell, it is impossible to extract the
shell thickness directly from the T-SEM micrographs. Instead,
it is determined indirectly by subtracting the average core
radius from the average total radius. Measurement uncertain-

Figure 1. T-SEM micrographs of selected PTFE−PMMA and
PTFE−PS CSNP samples with the smallest and the largest average
diameter for each set. Purple arrows indicate the location of holes in
the PS shell. All scale bars equal 100 nm.

Table 1. Comparison of Nanoparticle Sizes from T-SEM with the Shell Thicknesses from XPSa

SESSA v2.0 QUASES

sizes from T-SEM dshell (nm) dshell1 (nm)/dshell2 (nm)

⌀CSNP (nm) σCSNP (nm) dshell (nm) C 1s(PMMA / PS)

C 1s(PTFE)

C 1s(PMMA / PS)

F 1s(PTFE)

O 1s(PMMA)

C 1s(PTFE)

O 1s(PMMA)

F 1s(PTFE)
F 1s + FKLL

PTFE−PMMA(1) 60.4 8.7 7.5 ± 6.8 6.3 ± 0.5 4.7 ± 1.0 6.7 ± 1.4 4.7 ± 1.0 1.5 ± 0.5/10.5 ± 1.0

PTFE−PMMA(2) 86.0 8.6 20.3 ± 7.0 12.5 ± 0.5 9.4 ± 1.5 12.5 ± 2.0 9.2 ± 1.5 4.0 ± 1.0/13.0 ± 1.5

PTFE−PMMA(3) 112.9 6.2 33.8 ± 6.1

PTFE−PMMA(4) 143.8 9.6 49.2 ± 7.4

PTFE−PS(1) 53.2 9.7 3.9 ± 7.3 2.6 2.0 0.5 ± 0.2/8.5 ± 1.0

PTFE−PS(2) 64.1 7.8 9.4 ± 6.7 4.0 2.7 0.5 ± 0.2/10.0 ± 1.0

PTFE−PS(3) 77.6 6.7 16.1 ± 6.3 4.9 3.6 0.5 ± 0.2/12.0 ± 1.0

PTFE−PS(4) 88.5 6.3 21.6 ± 6.2 6.3 4.3

PTFE−PS(5) 109.9 4.2 32.3 ± 5.7 8.3 5.5

PTFE−PS(6) 146.9 3.9 50.8 ± 5.7 12.1 7.0

⌀core (nm) σcore (nm)

PTFE-Ref 45.4 9.9

a
⌀CSNP and ⌀core are the nanoparticle diameters, while σCSNP and σcore are the standard deviations of the normal distributions used to fit the particle
size distribution histograms (see Figures S17−S19). dshell is the shell thickness.
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ties between 5.7 and 7.3 nm have been calculated for the shell
thicknesses from T-SEM. A detailed explanation of the
uncertainty estimation can be found in Section 3.3 of the
Supporting Information.
Among the PTFE−PS samples, σCSNP continuously

decreases with increasing ⌀CSNP. In other words, samples
with larger shell thickness exhibit a lower polydispersity. This
self-sharpening effect of the particle size distributions can be
explained by competitive growth mechanisms during the
emulsion polymerization, which have been described in the
literature for latex particles with diameters below 150 nm.23

The system develops toward the thermodynamically more
favorable lower surface-to-volume ratio by small nanoparticles
growing faster than large nanoparticles. The same tendency is
expected to be observed among the PTFE−PMMA samples;
however, this is not the case. Instead, σCSNP remains rather
constant among different values of ⌀CSNP. An explanation
could be that the total particle diameter range covered by the
PTFE−PMMA samples is smaller than the range covered by
the PTFE−PS samples. Furthermore, the primary electron
beam causes slight deformations of the PMMA shell in contrast
to the PS shell, which could lead to a broadening of the particle
size distributions. Previous investigations of equivalent
polymer CSNP samples have shown that no secondary
nucleation occurs during the growth of the PMMA or PS
shell onto the PTFE cores. This means that no pure PMMA or
PS particles, but exclusively CSNPs, should be present.24

X-ray Photoelectron Spectroscopy. Survey Spectra of
PTFE−PMMA CSNPs. The XPS survey spectrum of PTFE−
PMMA(1) shown in Figure S8 contains signals from all
constituents of the nanoparticles: carbon, oxygen, and fluorine.
By optimizing the sample preparation, it was possible to
generate a closed nanoparticle multilayer of homogeneous
thickness and, thus, to avoid the appearance of signals from the
silicon wafer in the spectrum. This is important for a

quantitative analysis of the nanoparticle XPS spectra. Signals
from the native oxide layer and potential carbon contami-
nations on the silicon wafer would coincide with the O 1s and
C 1s signals from the nanoparticles and, in the worst case,
render their analysis impossible. If no Si 2p signal is detected in
the spectrum, the C 1s and O 1s peak areas can be assigned to
the nanoparticles exclusively. In the survey spectra of PTFE−
PMMA(2) and PTFE−PMMA(3) no silicon can be detected
either, while the survey spectrum of PTFE−PMMA(4)
contains a minor Si 2p signal caused by gaps in the
nanoparticle multilayer on the substrate (see Figure S8).
The increase in the PMMA shell thickness from sample

PTFE−PMMA(1) to (4), which was already observed in the
T-SEM micrographs, is confirmed by the decrease of the F 1s
signal in the XPS survey spectra. The F 1s photoelectrons from
the core material PTFE are inelastically scattered while passing
through the PMMA shell and, thus, the signal intensity is
attenuated. While the F 1s signal of PTFE−PMMA(1) is very
intense, the signal from PTFE−PMMA(2) is small [decrease
of 85% compared to PTFE−PMMA(1)] and in the survey
spectra of PTFE−PMMA(3) and (4) it is already close to the
detection limit. Even though for samples PTFE−PMMA(2)−
(4) the average shell thickness calculated from T-SEM
micrographs is significantly larger than the z95 XPS information
depth25 of F 1s photoelectrons in PMMA at Al Kα excitation
(7.7 nm), the F 1s signal is detectable for all of them.
Combined with the assumption of a complete coverage of the
core by the shell material based on T-SEM analysis, this
indicates a heterogeneity of the shell thickness. This result is
most likely caused by a displacement of the PTFE core relative
to the CSNP center.

Survey Spectra of PTFE−PS CSNPs. The XPS survey spectra
of PTFE−PS shown in Figure S9 also contain signals from all
constituents of the nanoparticles, carbon, and fluorine;
however, additionally a minor oxygen signal is observed,

Figure 2. XPS high-resolution spectra of samples PTFE−PMMA(1) and PTFE−PS(1) together with chemical structures of the core material
PTFE and of the two different shell materials PMMA and PS. The colors indicate which carbon, oxygen, and fluorine atoms belong to which signal
in the C 1s, O 1s, and F 1s XPS spectra. Red lower-case letters identify chemical species in the PMMA molecule that lead to different signals in the
XPS C 1s and O 1s spectra. The spectra are background-subtracted and the binding energy axis is calibrated with respect to C 1s(C−H) at 285.0
eV. A full set of spectra for both sample sets is given in Sections 2.3−2.8 of the Supporting Information.
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which probably originates from synthesis residues. None of the
survey spectra from the PTFE−PS samples shows any signals
from the silicon wafer. The increase of the relative amount of
PS at the nanoparticle surface with increasing shell thickness
from PTFE−PS(1) to (6) is confirmed by the continuous
decrease of the F 1s signal relative to the C 1s signal in the
survey spectra.
Even though the shell thicknesses calculated from T-SEM

are larger than the z95 XPS information depth of F 1s
photoelectrons in PS (7.5 nm), a clear F 1s signal is detectable
for all samples, PTFE−PS(1)−(6). The shell thicknesses from
T-SEM of samples PTFE−PS(5) and (6) are almost equal to
the shell thicknesses of samples PTFE−PMMA(3) and (4).
Nevertheless, the F 1s signals in the PTFE−PS survey spectra
are much more intense, which is consistent with the scenario of
the core encapsulation by the PMMA shell being complete and
the encapsulation by the PS shell being incomplete. The
heterogeneity of the shell thickness and its origin already
discussed for the PTFE−PMMA nanoparticles apply here as
well.
Shell Thickness Determination by SESSA v2.0. The shell

thickness of CSNPs can be estimated from the ratio of specific
component peak intensities characterizing core and shell
materials. In the case of PMMA, the peak area C 1s(PMMA)
is the combined area of the four signal components C(a),
C(b), C(c), and C(d) in Figure 2. The peak area O
1s(PMMA) is the combined area of the two signal components
O(e) and O(f) in Figure 2. The peak area C 1s(PS) is the
combined area of the main component C(C−H, C⎔C)
together with the areas of the four π−π* satellite signals. For
the PTFE−PMMA nanoparticle samples, the following four
peak intensity ratios are available: C 1s(PMMA)/C 1s(PTFE),
C 1s(PMMA)/F 1s(PTFE), O 1s(PMMA)/C 1s(PTFE), and
O 1s(PMMA)/F 1s(PTFE). For the PTFE−PS nanoparticles,
only two peak intensity ratios are available: C 1s(PS)/C
1s(PTFE) and C 1s(PS)/F 1s(PTFE). The experimental
elastic-peak intensity ratios (corrected for the spectrometer
transmission function) are compared with theoretical peak
intensities simulated using the software SESSA v2.0.9 This
software is capable of predicting theoretical elastic-peak
intensities and also the entire XPS survey spectra, assuming a

perfect spherical CSNP (layered spheres) morphology of given
dimensions. Based on the corresponding material properties
(such as density, valence electrons, and energy band gap) as
well as database values, including the inelastic mean free path
(IMFP) of the photoelectrons and the photoionization cross
section of the orbitals, SESSA v2.0 uses an efficient Monte
Carlo code to generate the trajectories of the electrons
between their origin and the detector through the material. To
simplify the simulation and save computation time, in this
work, the electron trajectories were assumed to be straight
lines (neglect of elastic-scattering effects) and the single-sphere
approximation was applied.26 The difference between shell
thicknesses from simulations using the “straight-line approx-
imation” and from simulations considering elastic-scattering
effects is well below 10% (see Figure S12). For all SESSA v2.0
simulations in this work, a fixed core diameter of 45.4 nm has
been used, which is the value determined by T-SEM.
However, for the investigated nanoparticle systems, a

variation of ±10 nm of the SESSA v2.0 input for the core
diameter does not have an impact on the shell thicknesses
obtained (see Figure S12). This is equal to the standard
deviation of the PTFE-Ref particles determined by T-SEM.
The complete input parameters as well as the sample input
scripts can be found in Sections 2.10.1−2.10.3 of the
Supporting Information.
The green and blue curves in Figure 3 represent the peak

intensity ratios simulated by SESSA v2.0 as a function of the
nanoparticle shell thickness. The shell thickness was varied in
0.1 nm steps. The bright green and blue regions around the
simulated curve indicate a variation of the IMFP of the
photoelectrons by ±10%. For the intensity ratios C 1s-
(PMMA)/C 1s(PTFE) and C 1s(PS)/C 1s(PTFE), the
IMFPs cancel each other out and, therefore, no bright green
or blue regions are displayed around the corresponding plots in
Figure 3. The filled and empty symbols identify the
intersection of the simulated curves with the experimental
peak intensity ratios. The abscissa value of such a symbol is the
shell thickness determined for the specific sample. The upper
red error bars indicate a variation of the shell peak intensity by
+10% and by the core peak intensity by −10%, while the lower

Figure 3. Comparison of simulated XPS peak intensity ratios as a function of the nanoparticle shell thickness obtained using SESSA v2.0 displayed
together with experimental data for samples PTFE−PMMA(1)−(2) and PTFE−PS(1)−(6).
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red error bars indicate a variation of the shell peak intensity by
−10% and the core peak intensity by +10%.
SESSA v2.0 for the PTFE−PMMA CSNPs. In the case of the

PTFE−PMMA sample set, shell thicknesses could only be
determined for the first and second samples. For the third and
fourth samples, the peak intensities from the core material
were already too small to be analyzed. The results from SESSA
v2.0 are summarized in Table 1 together with the uncertainties
caused by peak fitting and IMFP estimation. For the result
from C 1s(PMMA)/C 1s(PTFE), the uncertainty is smaller
because the IMFP of the photoelectrons does not play a role.
For both samples, a tendency can be observed that the peak
intensity ratios C 1s(PMMA)/C 1s(PTFE) and O 1s-
(PMMA)/C 1s(PTFE) yield larger shell thicknesses than the
ratios C 1s(PMMA)/F 1s(PTFE) and O 1s(PMMA)/F
1s(PTFE). On the one hand, the intensity ratios with C
1s(PTFE) are in almost perfect agreement with each other
and, on the other hand, the ratios with F 1s(PTFE) are in
almost perfect agreement with each other. Because the larger
values are closer to the T-SEM results, they are assumed to be
more accurate than the smaller ones. The correction for the
spectrometer transmission function could be an explanation for
the shell thicknesses from C 1s(PMMA)/F 1s(PTFE) and O
1s(PMMA)/F 1s(PTFE) being too low. Consequently, more
accurate results can be obtained from ratios of photoelectron
intensities with similar or equal kinetic energies.
All shell thicknesses from SESSA v2.0 are smaller than those

from T-SEM. However, in the case of PTFE−PMMA(1), the
shell thicknesses from T-SEM and SESSA v2.0 agree within the
range of the error. For PTFE−PMMA(2), this is only the case
for the results based on the peak intensity ratios C
1s(PMMA)/C 1s(PTFE) and O 1s(PMMA)/C 1s(PTFE),
while a maximum difference of 2.6 nm remains for the results
based on the intensity ratios C 1s(PMMA)/F 1s(PTFE) and
O 1s(PMMA)/F 1s(PTFE). If the model of an ideal CSNP
with a homogeneous shell thickness is applied in the analysis of
nanoparticles with a heterogeneous shell thickness, XPS must
necessarily yield a lower average thickness than T-SEM. The
reason is the exponential relationship between the photo-
electron intensity ratio and shell thickness (see Figure 3). In
other words, the degree of photoelectron attenuation is lower
in a thinner shell than that in a thicker shell.15

SESSA v2.0 for the PTFE−PS CSNPs. In the case of the
PTFE−PS sample set, shell thicknesses could be calculated for
all six samples because intense photoelectron signals from the
core material were detected in every case. Here, a significant
deviation of the shell thicknesses by SESSA v2.0 compared
with T-SEM is expected because the model of a perfect
concentric CSNP applied in the SESSA v2.0 simulation
strongly deviates from the real sample. The expected deviation
is also the reason for not stating uncertainties for the shell
thicknesses in Table 1. Due to the incomplete encapsulation of
the core by the shell material, the SESSA v2.0 simulations
clearly underestimate the real shell thicknesses. The under-
estimation is more distinct for the C 1s(PS)/F 1s(PTFE)
intensity ratio than for C 1s(PS)/C 1s(PTFE), which is
consistent with the results for the PTFE−PMMA sample set
discussed above. Both relative and absolute deviation from the
T-SEM results increase with increasing shell thickness. These
results demonstrate the severe errors that occur when XPS
spectra are quantified assuming a wrong morphology of the
sample.

Shell Thickness Determination by QUASES. A significant
fraction of the photoelectrons is scattered inelastically while
passing through the sample toward the detector. This fraction
causes tails on the high binding energy side of the elastic peaks
and, thereby, forms the so-called inelastic background of an
XPS spectrum. Because very different surface nanostructures
can result in equal elastic-peak intensities in XPS, it is always
advisable to additionally look at the shape of the inelastic
background of the spectra.11−13,27 Because its shape strongly
depends on the nanostructure of the surface, it is possible to
extract overlayer thicknesses from the inelastic background.
The shell thickness determination by analysis of the inelastic

background28 for both the PTFE−PMMA and PTFE−PS
samples was done with the QUASES software package.10 In
this software, experimental XPS spectra can be loaded and
compared with theoretical spectra simulated based on user-
defined in-depth concentration profiles. The heterogeneity of
the shell thickness was taken into account by selecting the
“Islands (Active Substrate)” analysis option provided by the
software, which combines two different shell thicknesses dshell1
and dshell2 covering different fractions cov1 and cov2 of the
nanoparticle core. A more detailed explanation of the input
structure can be found in Figure S14. The shell thickness was
determined as the topmost depth location of F-atoms in the
PTFE core. The analysis was applied to the full 220 eV energy
range of the FKLL Auger and F 1s peaks (see Figure 4). The

three-parameter universal cross section29 (C = 900 eV2 and D
= 1200 eV2) was used, which was optimized by the analysis of
a spectrum from the naked cores PTFE-Ref (see Figure S13).
Furthermore, an IMFP = 2.39 nm was estimated with the
QUASES-IMFP10 calculator, which is based on the TPP-2M
formula.30 The best fit of the background in the regions below

Figure 4. XPS spectra from PTFE−PS(1) and PTFE−PMMA(1) in
the energy region of the FKLL Auger and F 1s peaks. The black plots
are the experimental spectra after smoothing and subtraction of the
inelastic background caused by photoelectron signals at higher kinetic
energies. The purple lines are the fits from the QUASES software
package. The green plots are the spectra after subtraction of the
QUASES fit.
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the two peaks was used as a criterion to determine the depth
distribution of F-atoms.
As already mentioned, a different preparation procedure was

applied to samples for the QUASES analysis than to samples
for the SESSA v2.0 analysis. This was necessary because both
analyses are based on the model of a single nanoparticle.
However, the “single-sphere approximation” is valid only as
long as the elastic-peak intensities are investigated and is no
longer accurate as soon as the inelastic background is
analyzed.14,26 This approximation suggests that the elastic-
peak intensities obtained from a dispersed powder of CSNPs
equal the elastic-peak intensities obtained from a single CSNP.
Therefore, the preparation of samples with closed multilayer
particle coverage for the SESSA v2.0 analysis seemed justified.
However, to ensure a high similarity between the model
structure and the real sample and, thus, to ensure the accuracy
of the obtained shell thicknesses, a submonolayer particle
coverage was prepared for the QUASES analysis. In other
words, single particles were separated by a distance of several
particle diameters. Due to the resulting strong contribution of
SiO2 from the uncovered part of the substrate to the XPS
spectrum, the O 1s inelastic background could not be analyzed
by QUASES.
Figure 4 shows the analysis of the PTFE−PMMA(1) and

PTFE−PS(1) samples as an example, while further analyses of
PTFE−PMMA(2) and PTFE−PS(2)−(3) can be found in
Figure S14. The shell thicknesses dshell1 and dshell2 are stated in
Table 1 together with the associated measurement uncertain-
ties.
QUASES for the PTFE−PMMA CSNPs. The quality of the

QUASES fit was significantly improved by the assumption of
two differently weighted overlayer thicknesses compared with
only a single thickness (see Figure S15). This confirms the
heterogeneity of the shell thickness for the PTFE−PMMA
sample set, which was already assumed during the qualitative
analysis of the XPS survey spectra. The ability to differentiate a
nonideal from an ideal structure is a clear advantage of the
inelastic background analysis.
It is expected that the average shell thicknesses from SESSA

v2.0 and from T-SEM are located between the two shell
thicknesses from QUASES. This is the case for sample PTFE−
PMMA(1). However, for sample PTFE−PMMA(2), the shell
thickness from T-SEM exceeds the maximum shell thickness
from QUASES. Both shell thicknesses dshell1 and dshell2 increase
from sample PTFE−PMMA(1) to PTFE−PMMA(2). This is
consistent with a complete encapsulation of the core by the
shell material.
QUASES for the PTFE−PS CSNPs. The model with two

thicknesses is also suitable to cope with the analysis of the
PTFE−PS samples with incomplete encapsulation of the core
by the shell material (see Figure S15). In the case of the PS-
coated samples, only dshell2 increases from PTFE−PS(1) to
PTFE−PS(3), while dshell1 remains constant at 0.5 nm. This is
consistent with the exposure of the PTFE core independent of
the shell thickness, which was observed in the T-SEM
micrographs. Because this sample set deviates even more
strongly from an ideal CSNP than the PTFE−PMMA sample
set, the deviation between the SESSA v2.0 and the QUASES
results is larger, as well. For samples PTFE−PS(1) and PTFE−
PS(2), the shell thicknesses from SESSA v2.0 and T-SEM are
located between the two shell thicknesses determined by
QUASES. However, for sample PTFE−PS(3), the value from
T-SEM is larger.

Comparison of XPS and T-SEM. For sample PTFE−
PMMA(1), the results from T-SEM, SESSA v2.0, and
QUASES relative to one another are reasonable taking into
account the underlying assumptions of each method. However,
for sample PTFE−PMMA(2), the deviation between XPS and
T-SEM becomes more severe. This deviation can probably be
explained by the heterogeneity of the particle shell as follows.
The indirect calculation of the shell thickness by T-SEM

yields an average value for a nanoparticle ensemble. As long as
the shell thickness does not exceed the XPS information depth,
XPS also yields an average value, representing all particles in
the analysis area. In this case, the position of the particles
relative to the detector does not play a role (scenario 1 in
Figure 5). This situation applies to sample PTFE−PMMA(1).

This issue is less critical for the analysis of the inelastic
background because the analysis depth is ∼8 × IMFP in
contrast to ∼3 × IMFP for the analysis of the elastic-peak
intensities.28 However, as soon as the shell thickness becomes
larger than the XPS information depth, some particle cores are
not detected any more depending on the position of the
nanoparticle relative to the detector (scenario 2 in Figure 5).
This is the case for sample PTFE−PMMA(2). This effect must
necessarily lead to an even stronger underestimation of the
shell thickness compared with the T-SEM results. This
underestimation occurs for both the SESSA v2.0 and the
QUASES results because the shell thickness of PTFE−
PMMA(2) partly exceeds even the information depth of the
inelastically scattered electrons. The two different scenarios
explained above can similarly be applied to explain the
deviation of T-SEM and QUASES for sample PTFE−PS(3).

Time-of-Flight Secondary-Ion Mass Spectrometry.
The same samples measured with XPS for the SESSA v2.0
analysis were investigated by PCA-assisted ToF-SIMS. The
datasets comprise spectra of five different measurement spots
on the wafer of each sample. The full peak list was used for the
PCA except for 23Na+ and 39K+. Both serve as counterions for
either radical starters or surfactants during polymer synthesis.
Consequently, differences in the score plots of the PCA
analysis caused by these ions are not of interest for the analysis.
The score plots and the PC1 loadings of both sample sets are
depicted in Figure 6. All ToF-SIMS spectra together with the
PC2 loading plots can be found in Section 4 of the Supporting
Information.

Figure 5. Schematic representation of samples PTFE−PMMA(1) and
(2). For PTFE−PMMA(2), the shell thickness exceeds the z95 XPS
information depth depending on the position of the particle relative to
the detector.
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T-SEM suggests a full encapsulation of the core by the shell
material for all PTFE−PMMA samples; therefore, the ToF-
SIMS spectra should be very similar if not equal, as static ToF-
SIMS usually only detects the uppermost layers with an
information depth between 2 and 5 nm.17 For the PTFE−PS
samples, T-SEM suggests an incomplete encapsulation of the
core by the shell material, whereas the amount of PS relative to
PTFE at the nanoparticle surface increases with increasing
shell thickness. Therefore, a distinct difference is expected
between the ToF-SIMS spectra of the particles from this
sample set. Both assumptions are confirmed by the score plots
of the PCA. The PTFE−PMMA samples all cluster at almost
the same value, while the PTFE−PS samples clearly show a
continuous variation along PC1.
The corresponding loading plots of PC1 depicted in Figure

6c,d show the main variables of interest, and a clear separation
between the core (positive loadings) and shell (negative
loadings) signals can be observed. In other words, for both
sample sets, a positive score in the score plot indicates a
domination of the spectrum by signals from the core material,
while a negative score in the score plot indicates a domination
of the spectrum by the corresponding shell material.
For the PTFE−PMMA sample set, the ToF-SIMS spectra

are clearly dominated by ions from the shell material PMMA.
However, a minor amount of fluorine-containing ions from the
PTFE core can be detected in the spectrum of PTFE−
PMMA(1). This situation causes a slightly less negative score
on PC1 compared with the residual samples. The scores of
PTFE−PMMA(2) to (3) on PC1 equal those of the pure
PMMA reference sample. In contrast to that, the naked cores
PTFE-Ref are located at a great distance with a clearly positive
score along PC1. The arrangement of the PTFE−PMMA
samples in the score plot proves that the encapsulation of the
core by the shell material is complete with a certainty that
could not be achieved by T-SEM or XPS.

For the PTFE−PS sample set, there is a steady development
from positive to negative scores along PC1 with increasing
shell thickness of the samples. While PTFE−PS(1) has a
positive score close but clearly not equal to that of PTFE-Ref,
sample PTFE−PS(6) has a negative score similar to but clearly
different from that of PS-Ref Consequently, the score plot does
not only confirm the incomplete encapsulation of the core by
the shell material but it also very nicely demonstrates the
increasing amount of PS relative to PTFE at the nanoparticle
surface with increasing shell thickness.

■ CONCLUSIONS

The complex internal structure of PTFE−PMMA and PTFE−
PS polymer CSNPs with a constant core diameter but varying
shell thicknesses was investigated using a combination of XPS
and PCA-assisted ToF-SIMS. In addition, T-SEM validated by
a CRM (traceable to the length scale) was applied to provide
reference values for the shell thicknesses determined by XPS.
T-SEM suggested a complete encapsulation of the core by

the shell material for the PTFE−PMMA sample set and an
incomplete encapsulation for the PTFE−PS sample set. For
the latter sample set, T-SEM also suggested an increasing
amount of PS relative to PTFE at the nanoparticle surface with
increasing shell thickness. These observations could be
confirmed by the ToF-SIMS analysis, not least due to its
significant surface sensitivity. The score plot of the PTFE−PS
nanoparticle sample set shows a highly systematic variation, as
the shell thickness increases. It is conceivable to calibrate this
PCA-assisted ToF-SIMS methodology using reference samples
with known properties. If this succeeded, its simplicity would
make it a suitable candidate for quality assurance in a running
nanoparticle production.
Shell thicknesses from XPS spectra were calculated by two

different methods: first, by the software SESSA v2.0, analyzing
the elastic-peak intensities and, second, by the QUASES

Figure 6. (a, b) PCA score biplots prepared from ToF-SIMS spectra of PTFE−PMMA(1)−(4), PTFE−PS(1)−(6), PTFE-Ref, PMMA-Ref, and
PS-Ref. (c, d) Loading plots of the first principal component revealed by PCA. 23Na+ and 39K+ were excluded from the PCA analysis.
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software package, analyzing the inelastic background. This is
the first time that nanoparticle shell thicknesses are presented
based exclusively on the inelastic background analysis of XPS
spectra. Because the inelastic background obtained from a
dispersed powder of CSNPs differs strongly from the
background obtained from a single particle, a special sample
preparation procedure had to be applied to the samples for the
QUASES analysis. A submonolayer particle coverage of the
substrate was prepared, which was supposed to ensure a high
similarity between the single particle model of QUASES and
the real sample. In contrast to that, a closed multilayer particle
coverage of the substrate was prepared for the SESSA v2.0
analysis.
Furthermore, in the SESSA v2.0 simulation, an ideal CSNP

model with a homogeneous shell thickness was applied, while
in the QUASES software package a model with two differently
weighted shell thicknesses was selected. It could be shown that
the results from SESSA v2.0, QUASES, and T-SEM relative to
each other are reasonable as long as the shell thickness of the
particles does not exceed the XPS information depth.
This work underlines the significance of complementary

analysis for a comprehensive description of CSNPs. For a
quantitative analysis of CSNPs exclusively based on the XPS
elastic-peak intensities, the application of an ideal or nonideal
model structure must always be justified by information from
an independent technique. However, it has been demonstrated
that the analysis of the inelastic background of XPS spectra can
independently differentiate a nonideal from an ideal CSNP
structure. Generally, no matter whether the investigation is
based on the elastic-peak intensities or the inelastic back-
ground, XPS is a powerful tool for the quantitative analysis
even of CSNPs that deviate from ideality.
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Figure 4 does not show the inelastic background analysis as it
is described in the paper. Here we provide the correct Figure 4.

Figure 4. XPS spectra from PTFE−PS(1) and PTFE−PMMA(1) in
the energy region of the FKLL Auger and F 1s peaks. The black plots
are the experimental spectra after smoothing and subtraction of the
inelastic background caused by photoelectron signals at higher kinetic
energies. The purple lines are the fits from the QUASES software
package. The green plots are the spectra after subtraction of the
QUASES fit.
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1. Core-shell nanoparticle (CSNPs) synthesis 

Table S1: Amounts of PTFE-Ref seeds and monomer applied during synthesis of the PTFE-PMMA CSNPs. 

Sample 
 

PTFE-Ref 
suspension 

ml 

PTFE-Ref 
solid content 

g 

Monomer 
- 

Monomer 
ml  

Monomer 
g 

Yield 
% 

(1) 50.0 16.85 MMA  70.0 63.42 97 

(2) 40.0 13.48 MMA 70.0 65.52 96 

(3) 15.0 5.05 MMA 70.0 65.52 98 

(4) 7.0 2.36 MMA 70.0 65.52 98 

 

Table S2: Amounts of PTFE-Ref seeds and monomer applied during synthesis of the PTFE-PS CSNPs. 

Sample 
 

PTFE-Ref 
suspension 

ml 

PTFE-Ref 
solid content 

g 

Monomer 
- 

Monomer 
ml  

Monomer 
g 

Yield 
% 

(1) 70.0 23.59 STY 30.0 27.18 98 

(2) 70.0 23.59 STY 50.0 45.30 99 

(3) 50.0 16.85 STY 50.0 45.30 95 

(4) 30.0 10.11 STY 70.0 63.42 99 

(5) 15.0 5.05 STY 70.0 63.42 96 

(6) 7.0 2.36 STY 70.0 63.42 98 
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S2 

2. X-ray photoelectron spectroscopy (XPS) 

2.1 Chemical structures of the constituents of the CSNPs 

Figure S1: Chemical structures of the core material polytetrafluoroethylene (left), and of the two different shell materials 
poly(methyl methacrylate) (middle) and polystyrene (right). The colors indicate which carbon, oxygen and fluorine atoms 

belong to which signal in the C1s, O1s and F1s XPS spectra. Red lower-case letters identify chemical species in the PMMA 
molecule that lead to different signals in the XPS C1s and O1s spectra. 

2.2 Information peak fitting 

The software UNIFIT 20201 was used for the entire peak fitting. A Gaussian-Lorentzian sum-function was adapted 
to the shape of the elastic peaks and the homogeneous Tougaard background option was selected.2, 3 All peak and 
background fit parameters are summarized on the following pages in the tables below the corresponding high-
resolution spectra. In such tables constrained parameters are marked grey. For the peak heights of the PS π-π*
satellites (marked yellow) in the C1s spectra of the PTFE-PS samples, only the ratio of the heights among each 
other is constrained (π-π*(1) : π-π*(2) : π-π*(3) : π-π*(4) = 1 : 0.66 : 0.41 : 0.27). In agreement with literature, the
combined area of the π-π* satellites is close to 10% of the C(C-H, C=C) signal area for all PTFE-PS samples as 
well as PS-Ref.4 The calibration of the binding energy scale in all spectra was performed relative to the C1s (C-H) 
signal at 285.0 eV. All fits were performed using the ‘XPS of Polymers Database’ by G. Beamson and D. Briggs as 
orientation.4
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S3 

2.3 C1s high-resolution spectra of reference materials 

 
Figure S2: XPS high-resolution spectra of C1s signal from the three reference nanoparticle samples PMMA-Ref, PS-Ref and 

PTFE-Ref. 

 
The strong signal at 293.46 eV beside the CF2 signal at 292.54 eV in the C1s high-resolution spectrum of PTFE-
Ref is most likely caused by CF3 groups.5 The significant amount of CF3 groups indicates a high cross-linking level 
of the polymer. X-ray beam damage and differential charging could be excluded as possible explanations for the 
asymmetry of the C1s signal. The minor signals at 290.09 and 287.97 eV (5% of the total C1s peak area) can 
originate from the perfluoromethylvinyl ether comonomer (C(O-C-F)). 

 

 

 

Table S3: Fit parameters of C1s high-resolution spectrum of PMMA-Ref. 

  C(a) C(b) C(c) C(d) 

Peak height / cps 12067.60 6086.00 4728.60 4954.20 
L-G Mixing 0.20 0.20 0.20 0.20 
Position / eV 285.00 285.71 286.83 289.05 
FWHM / eV 1.14 1.08 1.33 1.07 
Asymmetry -0.01 0.00 -0.04 0.00 

Abs. Areas / cps 15754 7518 7261 6081 
Rel. Area 0.430 0.205 0.198 0.166 
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Table S4: Fit parameters of C1s high-resolution spectrum of PS-Ref. 

  π-π*(1) π-π*(2) π-π*(3) π-π*(4) C(C-H, C=C) 

Peak height / cps 615.12 925.80 383.27 253.04 26134.50 
L-G Mixing 0.20 0.20 0.20 0.20 0.20 
Position / eV 291.15 291.98 293.22 295.35 285.00 
FWHM / eV 1.28 1.15 1.30 2.17 0.99 
Asymmetry 0.00 0.00 0.00 0.00 -0.0453 

Abs. Areas / cps 908 1224 571 612 30401 
Rel. Area 0.027 0.036 0.017 0.018 0.902 

 

Table S5: Fit parameters of C1s high-resolution spectrum of PTFE-Ref. 

  C(CF3) C(CF2) C(O-C-F) C(Cont.) 

Peak height / cps 2134.20 14763.60 314.57 228.81 
L-G Mixing 0.20 0.20 0.20 0.20 
Position / eV 293.46 292.54 290.09 287.97 
FWHM / eV 2.20 1.32 1.33 3.41 
Asymmetry 0.00 0.00 0.00 0.00 

Abs. Areas / cps 22355 5345 481 880 
Rel. Area 0.769 0.184 0.017 0.030 

 

Table S6: Background fit parameters for the C1s spectra of the PMMA-Ref, PS-Ref and PTFE-Ref. 

 PMMA-Ref PS-Ref PTFE-Ref 

a-Parameter 69.594 80.239 369.867 
b-Parameter 0.799 0 -0.464 
c-Parameter 0 0 0 
d-Parameter 0 0 0 
Shirley Factor e 0 0 0 

B-Parameter / eV² 300 500 229 
C-Parameter / eV² 551 551 551 
C’-Parameter -1 -1 -1 
D-Parameter / eV² 436 436 436 
Gap-Parameter / eV 0 0 0 
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2.4 C1s high resolution spectra of PTFE-PMMA CSNPs 

 

Figure S3: XPS high-resolution spectra of C1s signal from the PTFE-PMMA CSNPs. 

 

Table S7: Peak Fit parameters of C1s high-resolution spectrum of PTFE-PMMA(1). 

  C(a) C(b) C(c) C(d) C(PTFE) 

Peak height / cps 6076.70 1411.40 2135.60 2439.60 678.18 
L-G Mixing 0.20 0.20 0.20 0.20 0.20 
Position / eV 285.00 285.71 286.78 288.94 291.91 
FWHM / eV 1.46 1.18 1.31 1.18 1.21 
Asymmetry -0.08 0.00 -0.06 0.00 0.00 

Abs. Areas / cps 10389 1907 3235 3306 930 
Rel. Area 0.526 11.000 0.164 0.167 0.047 

 

Table S8: Peak fit parameters of C1s high-resolution spectrum of PTFE-PMMA(2). 

  C(a) C(b) C(c) C(d) C(PTFE) 

Peak height / cps 11347.20 3051.60 4458.10 4979.20 113.79 
L-G Mixing 0.20 0.20 0.20 0.20 0.20 
Position / eV 285.00 285.64 286.74 288.97 291.90 
FWHM / eV 1.28 1.08 1.38 1.06 1.21 
Asymmetry -0.06 0.00 -0.01 0.00 0.00 

Abs. Areas / cps 16910 3778 7049 6071 156 
Rel. Area 0.498 0.111 0.208 0.179 0.005 
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Table S9: Peak fit parameters of C1s high-resolution spectrum of PTFE-PMMA(3). 

  C(a) C(b) C(c) C(d) C(PTFE) 

Peak height / cps 12832.40 3390.50 4801.20 5381.60 - 
L-G Mixing 0.20 0.20 0.20 0.20 - 
Position / eV 285.00 285.70 286.76 288.96 - 
FWHM / eV 1.27 1.20 1.38 1.06 - 
Asymmetry -0.03 0.00 0.000 0.00 - 

Abs. Areas / cps 18778 4680 7623 6581 - 
Rel. Area 0.499 0.124 0.202 0.175 - 

 

Table S10: Peak fit parameters of C1s high-resolution spectrum of PTFE-PMMA(4). 

  C(a) C(b) C(c) C(d) C(PTFE) 

Peak height / cps 9535.60 4855.60 4138.20 4777.50 - 
L-G Mixing 0.20 0.20 0.20 0.20 - 
Position / eV 285.00 285.59 286.79 289.02 - 
FWHM / eV 1.17 1.33 1.51 1.05 - 
Asymmetry -0.01 0.00 0.00 0.00 - 

Abs. Areas / cps 12750 7360 7127 5746 - 
Rel. Area 0.387 0.223 0.216 0.174 - 

 

Table S11: Background fit parameters for the C1s spectra of the PTFE-PMMA samples. 

 PTFE-PMMA 

  (1)  (2)  (3)  (4) 

a-Parameter 112.288 119.979 63.276 63.276 
b-Parameter -0.209 -0.735 0.868 0 
c-Parameter 0 0 0 0 
d-Parameter 0 0 0 0 
Shirley Factor e 0 0 0 0 

B-Parameter / eV² 355 400 300 434 
C-Parameter / eV² 551 551 551 551 
C’-Parameter -1 -1 -1 -1 
D-Parameter / eV² 436 436 436 436 
Gap-Parameter / eV 0 0 0 0 
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2.5 O1s high-resolution spectra of PTFE-PMMA CSNPs 

 

Figure S4: XPS high-resolution spectra of O1s signal from the PTFE-PMMA CSNPs. 

 

Table S12: Fit parameters of O1s high-resolution spectrum of PTFE-PMMA(1). 

  O(e) O(f) 

Peak height / cps 5999.70 6845.10 
L-G Mixing 0.20 0.20 
Position / eV 531.98 533.52 
FWHM / eV 1.21 1.75 
Asymmetry 0.00 0.00 

Abs. Areas / cps 8330 13610 
Rel. Area 0.380 0.620 

 

Table S13: Fit parameters of O1s high-resolution spectrum of PTFE-PMMA(2). 

  O(e) O(f) 

Peak height / cps 10343.70 10877.80 
L-G Mixing 0.20 0.20 
Position / eV 532.06 533.62 
FWHM / eV 1.17 1.61 
Asymmetry 0.00 0.00 

Abs. Areas / cps 13821 19835 
Rel. Area 0.411 0.589 
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Table S14: Fit parameters of O1s high-resolution spectrum of PTFE-PMMA(3). 

  O(e) O(f) 

Peak height / cps 11425.20 11847.60 
L-G Mixing 0.20 0.20 
Position / eV 533.62 532.07 
FWHM / eV 1.18 1.62 
Asymmetry 0.00 0.00 

Abs. Areas / cps 15408 21825 
Rel. Area 0.414 0.586 

 

Table S15: Fit parameters of O1s high-resolution spectrum of PTFE-PMMA(4). 

  O(e) O(f) 

Peak height / cps 10990.50 10250.80 
L-G Mixing 0.20 0.20 
Position / eV 532.16 533.68 
FWHM / eV 1.21 1.60 
Asymmetry 0.00 0.00 

Abs. Areas / cps 15230 18666 
Rel. Area 0.449 0.551 

 

Table S16: Background fit parameters for the O1s spectra of the PTFE-PMMA samples. 

 PTFE-PMMA 

  (1)  (2)  (3)  (4) 

a-Parameter 848 1300 1494 1446 
b-Parameter 0 0 0 0 
c-Parameter 0 0 0 0 
d-Parameter 0 0 0 0 
Shirley Factor e 0 0 0 0 

B-Parameter / eV² 290 290 290 290 
C-Parameter / eV² 551 551 551 551 
C’-Parameter -1 -1 -1 -1 
D-Parameter / eV² 436 436 436 436 
Gap-Parameter / eV 0 0 0 0 
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2.6 F1s high-resolution spectra of PTFE-PMMA CSNPs 

 

Figure S5: XPS high-resolution spectra of F1s signal from the PTFE-PMMA CSNPs 

 

Table S17: Peak fit parameters of F1s high-resolution spectrum of PTFE-PMMA(1). 

  F(PTFE) 

Peak height / cps 4943.70 
L-G Mixing 0.20 
Position / eV 688.82 
FWHM / eV 1.73 
Asymmetry -0.02 

Abs. Areas / cps 9712 

 

Table S18: Peak fit parameters of F1s high-resolution spectrum of PTFE-PMMA(2). 

  F(PTFE) 

Peak height / cps 668.10 
L-G Mixing 0.20 
Position / eV 689.05 
FWHM / eV 1.86 
Asymmetry -0.03 

Abs. Areas / cps 1382 
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Table S19: Background fit parameters for the F1s spectra of the PTFE-PMMA samples. 

 PTFE-PMMA 

  (1)  (2) 

a-Parameter 1687 2580 
b-Parameter -0.138 0.038 
c-Parameter 0 0 
d-Parameter 0 0 
Shirley Factor e 0 0 

B-Parameter / eV² 0 0 
C-Parameter / eV² 551 551 
C’-Parameter -1 -1 
D-Parameter / eV² 436 436 
Gap-Parameter / eV 0 0 
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2.7 C1s high-resolution spectra of PTFE-PS CSNPs 

 
Figure S6: XPS high-resolution spectra of C1s signal from the PTFE-PS CSNPs. 

 

Table S20: Peak fit parameters of C1s high-resolution spectrum of PTFE-PS(1). 

  π-π*(2) π-π*(1) π-π*(3) π-π*(4) C(C-H, C=C) PTFE 

Peak height / cps 2386.50 1575.10 978.47 644.36 51922.70 11992.90 
L-G Mixing 0.20 0.20 0.20 0.20 0.20 0.20 
Position / eV 291.98 291.15 293.22 295.35 285.00 292.53 
FWHM / eV 1.15 1.28 1.30 2.17 1.06 1.14 
Asymmetry 0.00 0.00 0.00 0.00 -0.07 0.00 

Abs. Areas / cps 3161 2321 1460 1566 65561 15782 
Rel. Area 0.035 0.026 0.016 0.017 0.730 0.176 
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Table S21: Peak fit parameters of C1s high-resolution spectrum of PTFE-PS(2). 

  π-π*(1) π-π*(2) π-π*(3) π-π*(4) C(C-H, C=C) C(PTFE) 

Peak height / cps 2175.70 3296.50 1351.60 890.06 59501.20 7320.20 
L-G Mixing 0.20 0.20 0.20 0.20 0.20 0.20 
Position / eV 291.15 291.98 293.22 295.35 285.00 292.53 
FWHM / eV 1.28 1.15 1.30 2.17 1.17 1.14 
Asymmetry 0.00 0.00 0.00 0.00 -0.08 0.00 

Abs. Areas / cps 3206 4366 2016 2158 82988 9606 
Rel. Area 0.031 0.042 0.019 0.021 0.795 0.092 

 

Table S22: Peak fit parameters of C1s high-resolution spectrum of PTFE-PS(3). 

  π-π*(1) π-π*(2) π-π*(3) π-π*(4) C(C-H, C=C) C(PTFE) 

B-parameter / eV²       
Peak height / cps 2262.30 3427.80 1405.40 925.51 83827.50 5457.90 
L-G Mixing 0.20 0.20 0.20 0.20 0.20 0.20 
Position / eV 291.15 291.98 293.22 295.35 285.00 292.53 
FWHM / eV 1.28 1.15 1.30 2.17 1.03 1.14 
Asymmetry 0.00 0.00 0.00 0.00 -0.06 0.00 

Abs. Areas / cps 3334 4541 2097 2247 101236 7163 
Rel. Area 0.028 0.038 0.017 0.019 0.839 0.059 

 

Table S23: Peak fit parameters of C1s high-resolution spectrum of PTFE-PS(4). 

  π-π*(1) π-π*(2) π-π*(3) π-π*(4) C(C-H, C=C) C(PTFE) 

Peak height 2442.90 3701.40 1517.60 999.38 88371.30 3171.40 
L-G Mixing 0.20 0.20 0.20 0.20 0.20 0.20 
Position 291.15 291.98 293.22 295.35 285.00 292.53 
FWHM 1.28 1.15 1.30 2.17 1.03 1.14 
Asymmetry 0.00 0.00 0.00 0.00 -0.05 0.00 

Abs. Areas 3600 4903 2264 2426 107102 4162 
Rel. Area 0.029 0.039 0.018 0.020 0.861 0.033 

 

Table S24: Peak fit parameters of C1s high-resolution spectrum of PTFE-PS(5). 

Peak height / cps π-π*(1) π-π*(2) π-π*(3) π-π*(4) C(C-H, C=C) C(PTFE) 

L-G Mixing 1931.20 2926.00 1199.70 790.02 75761.60 1136.10 
Position / eV 0.20 0.20 0.20 0.20 0.20 0.20 
FWHM / eV 291.15 291.98 293.22 295.35 285.00 292.53 
Asymmetry 1.28 1.15 1.30 2.17 0.99 1.14 
Abs. Areas / cps 0.00 0.00 0.00 0.00 -0.05 0.00 

Rel. Area 2846 3876 1790 1917 88444 1491 
Peak height / cps 0.028 0.039 0.018 0.019 0.881 0.015 

 

Table S25: Peak fit parameters of C1s high-resolution spectrum of PTFE-PS(6). 

  π-π*(1) π-π*(2) π-π*(3) π-π*(4) C(C-H, C=C) C(PTFE) 

Peak height / cps 2306.90 3495.30 1433.10 943.73 91053.80 325.10 
L-G Mixing 0.20 0.20 0.20 0.20 0.20 0.20 
Position / eV 291.15 291.98 293.22 295.35 285.00 292.53 
FWHM / eV 1.28 1.15 1.30 2.17 1.00 1.14 
Asymmetry 0.00 0.00 0.00 0.00 0.05 0.00 

Abs. Areas / cps 3399 4629 2138 2290 106906 427 
Rel. Area 0.028 0.039 0.018 0.019 0.893 0.004 

 

 

90



Results / Laboratory-based X-ray photoelectron spectroscopy

 

 
S13 

Table S26: Background fit parameters for the C1s spectra of the PTFE-PS samples. 

 PTFE-PS 

  (1)  (2)  (3)  (4) (5) (6) 

a-Parameter 203.44 137.47 116.71 94.93 66.73 106.33 
b-Parameter 0 0 0 0 0 0 
c-Parameter 0 0 0 0 0 0 
d-Parameter 0 0 0 0 0 0 
Shirley Factor e 0 0 0 0 0 0 

B-Parameter / eV² 500 500 500 500 500 500 
C-Parameter / eV² 551 551 551 551 551 551 
C’-Parameter -1 -1 -1 -1 -1 -1 
D-Parameter / eV² 436 436 436 436 436 436 
Gap-Parameter / eV 0 0 0 0 0 0 
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2.8 F1s high-resolution spectra of PTFE-PS CSNPs 

 

Figure S7: XPS high-resolution spectra of F1s signal from the PTFE-PS CSNPs. 

 

Table S27: Peak fit parameters of F1s high-resolution spectrum of PTFE-PS(1). 

  F(PTFE) 

Peak height / cps 33167.00 
L-G Mixing 0.30 
Position / eV 689.60 
FWHM / eV 1.67 
Asymmetry -0.02 

Abs. Areas / cps 65056 
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Table S28: Peak fit parameters of F1s high-resolution spectrum of PTFE-PS(2). 

  F(PTFE) 

Peak height / cps 23256.20 
L-G Mixing 0.30 
Position / eV 689.50 
FWHM / eV 1.73 
Asymmetry -0.02 

Abs. Areas / cps 47156 

 

Table S29: Peak fit parameters of F1s high-resolution spectrum of PTFE-PS(3). 

  F(PTFE) 

Peak height / cps 16185.80 
L-G Mixing 0.30 
Position / eV 689.67 
FWHM / eV 1.68 
Asymmetry -0.02 

Abs. Areas / cps 32061 

 

Table S30: Peak fit parameters of F1s high-resolution spectrum of PTFE-PS(4). 

  F(PTFE) 

Peak height / cps 10030.40 
L-G Mixing 0.30 
Position / eV 689.70 
FWHM / eV 1.76 
Asymmetry -0.02 

Abs. Areas / cps 20686 

 

Table S31: Peak fit parameters of F1s high-resolution spectrum of PTFE-PS(5). 

  F(PTFE) 

Peak height / cps 4192.30 
L-G Mixing 0.30 
Position / eV 689.70 
FWHM / eV 1.71 
Asymmetry -0.03 

Abs. Areas / cps 8430 

 

Table S32: Peak fit parameters of F1s high-resolution spectrum of PTFE-PS(6). 

  F(PTFE) 

Peak height / cps 2253.30 
L-G Mixing 0.30 
Position / eV 689.68 
FWHM / eV 1.76 
Asymmetry -0.03 

Abs. Areas / cps 4644 
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Table S33: Background fit parameters for the F1s spectra of the PTFE-PS samples. 

 PTFE-PS 

  (1)  (2)  (3)  (4) (5) (6) 

a-Parameter 1214 1450 1769 1847 1532 1876 
b-Parameter 0 0 0 0 0 0 
c-Parameter 0 0 0 0 0 0 
d-Parameter 0 0 0 0 0 0 
Shirley Factor e 0 0 0 0 0 0 

B-Parameter / eV² 100 130 100 100 100 80 
C-Parameter / eV² 551 551 551 551 551 551 
C’-Parameter -1 -1 -1 -1 -1 -1 
D-Parameter / eV² 436 436 436 436 436 436 
Gap-Parameter / eV 0 0 0 0 0 0 
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2.9 Survey spectra 

 

Figure S8: XPS survey spectra of the PTFE-PMMA sample set as well as the two reference samples PMMA-Ref and PTFE-
Ref. All spectra have been corrected by the spectrometer transmission function. A homogeneous closed layer of particles has 

been prepared on the substrate. 
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Figure S9: XPS survey spectra of the PTFE-PS sample set as well as the two reference samples PS-Ref and PTFE-Ref. All 
spectra have been corrected by the spectrometer transmission function. A homogeneous closed layer of particles has been 

prepared on the substrate. 
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Figure S10: XPS survey spectra of the PTFE-PMMA(1) and (2). All spectra have been corrected by the spectrometer 
transmission function. A sub-monolayer particle distribution has been prepared on the substrate. 

 

 

Figure S11: XPS survey spectra of the PTFE-PS(1), (2) and (3). All spectra have been corrected by the spectrometer 
transmission function. A sub-monolayer particle distribution has been prepared on the substrate. 
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2.10 Analysis of elastic-peak intensities via SESSA V2.0 

2.10.1 SESSA V2.0 input parameters 

Preferences* 
 
 

   
 Energy scale kinetic 
 Density scale mass 
 Output Parameters 
 Smallest number log plot 1.000000e-008 
   

Sample 
 
 

 
Layer 
 

Morphology: Morphology Layered spheres 
  Radius [Angstrom] 454.000  
  Z Height [Angstrom] varied stepwise (232-377) 
  X Period [Angstrom] varied stepwise (464-754) 
  Y Period [Angstrom] varied stepwise (464-754) 
    

Layer specification (Layer #1): Material ** 
(applicable for PTFE-PMMA particles) Thickness [Angstrom] varied stepwise (10-300) 
 Nr. of valence electrons 40 
  Nr. Of atoms/molecule 15 
  Density [gm/cm^3] 1.80e+000 
  Energy band gap [eV] 5.000 
    

Layer specification (Layer #1): Material /C[PS]8/H[PS]8/ 
(applicable for PTFE-PS particles) Thickness [Angstrom] varied stepwise (10-300) 
  Nr. of valence electrons 40 
  Nr. of atoms/molecule 16 
  Density [gm/cm^3] 1.050e+000 
  Energy band gap [eV] 4.500 
    

Layer specification (Layer #2): Material /C[PTFE]2/F[PTFE]4/ 
 Thickness [Angstrom] 454 
 Nr. of valence electrons 36 
 Nr. Of atoms/molecule 6 
 Density [gm/cm^3] 2.200e+000 
 Energy band gap [eV] 7.670 
   

Layer specification (Substrate): Material /Si/ 
 Thickness [Angstrom] 0 
 Nr. of valence electrons 4 
 Nr. Of atoms/molecule 1 
 Density [gm/cm^3] 2.329e+000 
  Energy band gap [eV] 9.000 
    
Peaks*** 
    

List of peaks: C[PMMA1] 1s 1201.7 eV 
(applicable for PTFE-PMMA particles) C[PMMA2] 1s 1201.0 eV 
 C[PMMA3] 1s 1199.9 eV 
 C[PMMA4] 1s 1197.7 eV 
 O[PMMA1] 1s 954.3 eV 
 O[PMMA2] 1s 953.5 eV 
 C[PTFE] 1s 1194.8 eV 
 F[PTFE] 1s 797.8 eV 
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List of Peaks: C[PS] 1s 1201.eV 
(applicable for PTFE-PS particles) C[PTFE] 1s 1194.2 eV 

  
F[PTFE] 1s 
 

797.0 eV 
 

Experiment 
 
 

   
Source 
 

  Choose source AlKα 
    

Geometry 
 

Orientation of sample surface normal: Phi [deg] 0.000 
  Theta [deg] 0.000 
  Rot [deg] - 
    

Orientation of analyzer axis: Phi [deg] 0.000 
  Theta [deg] 0.000 
    

Orientation of source axis: Phi [deg] 0.000 
  Theta [deg] 60.000 
    

Orientation of polarization vector: Phi [deg] 0.000 
  Tehta [deg] 0.000 
    

Aperture Lower phi [deg] 0.000 
  Lower Theta [deg] 0.000 
  Upper Phi [deg] 360.000 
  Upper Theta [deg] 15.000 
    
Spectrometer 
   

Region settings: Lower bound [eV] 287.000 
  Upper bound [eV] 1487.000 
    

Simulation 
 
 

    
Simulation settings: Convergence factor 1.000e-006 
  Approximation Straight line 
  Number of collisions Auto 
  Number of trajectories Auto 
    

Databases**** 
 
 

    
 PCS PCS02 
   

CLI 
 
 

  
\MODEL SET SINGLE TRUE 
 
 
 

    
* For all other preferences the SESSA default values have been used  
    
** /C[PMMA1]2/C[PMMA2]1/C[PMMA3]1/C[PMMA4]1/H[PMMA]8/O[PMMA1]1/O[PMMA2]1/ 
  
*** For ‘Peak settings’ and ‘Subpeak settings’ the SESSA default values have been used 
  
**** For all other databases the SESSA default settings have been used 
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2.10.2 SESSA V2.0 input script - C1sshell and F1score for a PTFE-PMMA CSNPs 

\PROJECT RESET 
 
\PREFERENCES SET DENSITY_SCALE MASS 
\PREFERENCES SET PLOT_ZERO 1.000000e-008 
\PREFERENCES SET OUTPUT SAMPLE FALSE 
\PREFERENCES SET OUTPUT PARAMETERS TRUE 
\PREFERENCES SET OUTPUT EXPERIMENT FALSE 
 
\SPECTROMETER SET RANGE 287:1487 REGION 1 
\GEOMETRY SET ANALYZER THETA 0 GEOMETRY 1 
\GEOMETRY SET SOURCE THETA 60 GEOMETRY 1 
\GEOMETRY SET APERTURE UTHETA 15 GEOMETRY 1 
\DATABASE PCS SET PCS02 
 
\SAMPLE MORPHOLOGY SET LAYERED_SPHERES 
\SAMPLE ADD LAYER /C[PMMA1]2/C[PMMA2]1/C[PMMA3]1/C[PMMA4]1/H[PMMA]8/O[PMMA]2/ THICKNESS 10 ABOVE 0 
\SAMPLE SET MATERIAL /C[PTFE]2/F[PTFE]4/ LAYER 2 
\SAMPLE SET THICKNESS 454.000 LAYER 2 
\SAMPLE SET DENSITY 1.18 LAYER 1 
\SAMPLE SET DENSITY 2.20 LAYER 2 
\SAMPLE SET EGAP 5.00 LAYER 1 
\SAMPLE SET EGAP 7.67 LAYER 2 
\SAMPLE SET EGAP 9.00 LAYER 3 
 
\SAMPLE PEAK DELETE PEAK 18 
\SAMPLE PEAK DELETE PEAK 17 
\SAMPLE PEAK DELETE PEAK 16 
\SAMPLE PEAK DELETE PEAK 15 
\SAMPLE PEAK DELETE PEAK 14 
\SAMPLE PEAK DELETE PEAK 13 
\SAMPLE PEAK DELETE PEAK 12 
\SAMPLE PEAK DELETE PEAK 11 
\SAMPLE PEAK DELETE PEAK 10 
\SAMPLE PEAK DELETE PEAK 9 
\SAMPLE PEAK DELETE PEAK 8 
\SAMPLE PEAK DELETE PEAK 7 
\SAMPLE PEAK DELETE PEAK 6 
\SAMPLE PEAK DELETE PEAK 5 
\SAMPLE PEAK DELETE PEAK 4 
\SAMPLE PEAK DELETE PEAK 3 
\SAMPLE PEAK DELETE PEAK 2 
\SAMPLE PEAK DELETE PEAK 1 
 
\SAMPLE PEAK ADD XPSPEAK ENERGY 1201.70 SUBSHELLID "1s" ELEMENT "C" CHEMSTATID "PMMA1" 
\SAMPLE PEAK ADD XPSPEAK ENERGY 1201.04 SUBSHELLID "1s" ELEMENT "C" CHEMSTATID "PMMA2" 
\SAMPLE PEAK ADD XPSPEAK ENERGY 1199.93 SUBSHELLID "1s" ELEMENT "C" CHEMSTATID "PMMA3" 
\SAMPLE PEAK ADD XPSPEAK ENERGY 1197.73 SUBSHELLID "1s" ELEMENT "C" CHEMSTATID "PMMA4" 
\SAMPLE PEAK ADD XPSPEAK ENERGY 797.77 SUBSHELLID "1s" ELEMENT "F" CHEMSTATID "PTFE" 
 
\MODEL SET CONVERGENCE 1.000e-006 
\MODEL AUTO NCOL REGION 1 
\MODEL AUTO NTRAJ REGION 1 
\MODEL SET SINGLE TRUE 
\MODEL SET SLA true 
 
\SAMPLE SET THICKNESS 10 LAYER 1 
\SAMPLE MORPHOLOGY SET Z_HEIGHT 232.0 
\SAMPLE MORPHOLOGY SET X_PERIOD 464 
\SAMPLE MORPHOLOGY SET Y_PERIOD 464 
\MODEL SIMULATE 
\PROJECT SAVE OUTPUT "C:\Users\amuelle4\Desktop\SESSA Polymer NPs\output\SimOutput_5.0A_" 
 
\SAMPLE SET THICKNESS 12 LAYER 1 
\SAMPLE MORPHOLOGY SET Z_HEIGHT 233.0 
\SAMPLE MORPHOLOGY SET X_PERIOD 466 
\SAMPLE MORPHOLOGY SET Y_PERIOD 466 
\MODEL SIMULATE 
\PROJECT SAVE OUTPUT "C:\Users\amuelle4\Desktop\SESSA Polymer NPs\output\SimOutput_6.0A_" 
 
… 
 
\SAMPLE SET THICKNESS 300 LAYER 1 
\SAMPLE MORPHOLOGY SET Z_HEIGHT 377.0 
\SAMPLE MORPHOLOGY SET X_PERIOD 754 
\SAMPLE MORPHOLOGY SET Y_PERIOD 754 
\MODEL SIMULATE 
\PROJECT SAVE OUTPUT "C:\Users\amuelle4\Desktop\SESSA Polymer NPs\output\SimOutput_150.0A_" 
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2.10.3 SESSA V2.0 input script - C1sshell and F1score for a PTFE-PS CSNPs 

\PROJECT RESET 
 
\PREFERENCES SET DENSITY_SCALE MASS 
\PREFERENCES SET PLOT_ZERO 1.000000e-008 
\PREFERENCES SET OUTPUT SAMPLE FALSE 
\PREFERENCES SET OUTPUT PARAMETERS TRUE 
\PREFERENCES SET OUTPUT EXPERIMENT FALSE 
 
\SPECTROMETER SET RANGE 287:1487 REGION 1 
\GEOMETRY SET ANALYZER THETA 0 GEOMETRY 1 
\GEOMETRY SET SOURCE THETA 60 GEOMETRY 1 
\GEOMETRY SET APERTURE UTHETA 15 GEOMETRY 1 
\DATABASE PCS SET PCS02 
 
\SAMPLE MORPHOLOGY SET LAYERED_SPHERES 
\SAMPLE ADD LAYER /C[PS]8/H[PS]8/ THICKNESS 10 ABOVE 0 
\SAMPLE SET MATERIAL /C[PTFE]2/F[PTFE]4/ LAYER 2 
\SAMPLE SET THICKNESS 454.000 LAYER 2 
\SAMPLE SET DENSITY 1.05 LAYER 1 
\SAMPLE SET DENSITY 2.20 LAYER 2 
\SAMPLE SET EGAP 4.50 LAYER 1 
\SAMPLE SET EGAP 7.67 LAYER 2 
\SAMPLE SET EGAP 9.00 LAYER 3 
 
\SAMPLE PEAK DELETE PEAK 10 
\SAMPLE PEAK DELETE PEAK 9 
\SAMPLE PEAK DELETE PEAK 8 
\SAMPLE PEAK DELETE PEAK 7 
\SAMPLE PEAK DELETE PEAK 6 
\SAMPLE PEAK DELETE PEAK 5 
\SAMPLE PEAK DELETE PEAK 4 
\SAMPLE PEAK DELETE PEAK 3 
\SAMPLE PEAK DELETE PEAK 2 
\SAMPLE PEAK DELETE PEAK 1 
 
\SAMPLE PEAK ADD XPSPEAK ENERGY 1201.7 SUBSHELLID "1s" ELEMENT "C" CHEMSTATID "PS" 
\SAMPLE PEAK ADD XPSPEAK ENERGY 797.05 SUBSHELLID "1s" ELEMENT "F" CHEMSTATID "PTFE" 
 
\MODEL SET CONVERGENCE 1.000e-006 
\MODEL AUTO NCOL REGION 1 
\MODEL AUTO NTRAJ REGION 1 
\MODEL SET SINGLE TRUE 
\MODEL SET SLA true 
 
\SAMPLE SET THICKNESS 10 LAYER 1 
\SAMPLE MORPHOLOGY SET Z_HEIGHT 232.0 
\SAMPLE MORPHOLOGY SET X_PERIOD 464 
\SAMPLE MORPHOLOGY SET Y_PERIOD 464 
\MODEL SIMULATE 
\PROJECT SAVE OUTPUT "C:\Users\amuelle4\Desktop\SESSA Polymer NPs\output\SimOutput_5.0A_" 
 
\SAMPLE SET THICKNESS 12 LAYER 1 
\SAMPLE MORPHOLOGY SET Z_HEIGHT 233.0 
\SAMPLE MORPHOLOGY SET X_PERIOD 466 
\SAMPLE MORPHOLOGY SET Y_PERIOD 466 
\MODEL SIMULATE 
\PROJECT SAVE OUTPUT "C:\Users\amuelle4\Desktop\SESSA Polymer NPs\output\SimOutput_6.0A_" 
 
… 
 
\SAMPLE SET THICKNESS 300 LAYER 1 
\SAMPLE MORPHOLOGY SET Z_HEIGHT 377.0 
\SAMPLE MORPHOLOGY SET X_PERIOD 754 
\SAMPLE MORPHOLOGY SET Y_PERIOD 754 
\MODEL SIMULATE 
\PROJECT SAVE OUTPUT "C:\Users\amuelle4\Desktop\SESSA Polymer NPs\output\SimOutput_150.0A_" 
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2.10.4 Impact of core radius and elastic scattering on SESSA V2.0 results 

Because the polydispersity of the PTFE-Ref nanoparticles is with ±9.9 nm rather high, it was tested which influence 
a variation of the core diameters has on the shell thicknesses obtained from SESSA V2.0.6 The upper row of 
Figure S12 shows the shell thicknesses as a function of the C1sshell/C1score peak intensity ratio for both material 
combinations PTFE-PMMA and PTFE-PS. The simulation was performed for the average core diameter obtained 
from T-SEM (45.4 nm) as well as for a 10 nm larger and 10 nm smaller core diameter (35.5 and 55.5 nm). There 
is no visible difference between the three plots neither for PTFE-PMMA nor for PTFE-PS. Consequently, the 
variation of the core diameter within the standard deviation of PTFE-Ref has no impact on the shell thicknesses 
obtained from SESSA V2.0. 

In this paper, the straight-line approximation (SLA) has been applied for all SESSA V2.0 simulations, because it is 
known from literature that elastic scattering plays a minor role in an organic shell material. In order to verify this 
assumption, simulations were performed where the SLA was switched off (elastic scattering switched on). The 
resulting shell thicknesses as a function of the C1sshell/C1score peak intensity ratio for both material combinations 
PTFE-PMMA and PTFE-PS are shown in the lower row of Figure S12. For the thickest shell of the first sample set 
PTFE-PMMA(2) a thickness of 12.5 nm is calculated with and of 11.7 nm without the SLA. For the thickest shell of 
the second sample set PTFE-PS(6) a shell thickness of 12.1 nm is calculated with and of 11.5 nm without the SLA. 
For all other samples with thinner shells the deviation is lower. These deviations are well below 10% and, 
consequently, the assumption is confirmed that elastic scattering plays only a minor role for the materials 
investigated in the paper. However, the impact of elastic scattering increases with increasing nanoparticle shell 
thickness. 

 

Figure S12: Impact of core diameter variation on the shell thicknesses determined by SESSA V2.0 (upper row). Impact of 
straight-line approximation (SLA) on shell thicknesses determined by SESSA V2.0 (lower row). Simulations have been 

performed for the C1sshell/C1score peak intensity ratios for both material combinations PTFE-PMMA and PTFE-PS.  
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2.11 Analysis of inelastic background via the QUASES software package 

QUASES inelastic scattering cross section 

Two input parameters are required for QUASES analysis: the IMFP and the inelastic scattering cross section. The 
IMFP = 2.39 nm was estimated with the QUASES-IMFP7 calculator which is based on the TPP-2M formula.8 The 
cross section was optimized by analysis of a spectrum from the naked cores PTFE-Ref. This resulted in a three 
parameter universal cross section9 with C = 900 eV² and D = 1200 eV². The optimized cross section yields a better 
fit of the inelastic background than the standard polymer cross section supplied with the QUASES software (see 
Figure S13). However, the final analysis of the shell thicknesses of the CSNPs varies only by about 10% between 
the two cross sections.  

Figure S13: Comparison of two different inelastic scattering cross sections for background analysis of spectrum from naked 
cores PTFE-Ref. The black plot is the experimental spectrum after smoothing and subtraction of the inelastic background 

from signals of higher kinetic energy, the purple line is the QUASES fit and the green plot is the spectrum after subtraction of 
the fit. (a) Analyzed with optimized three parameter cross section (C = 900 eV² and D = 1200 eV²). (b) Analyzed with standard 

polymer cross section provided by QUASES software package.  
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QUASES fits and applied input structures 

Figure S14 contains energy windows of the FKLL Auger and the F1s peak from the XPS survey spectra of PTFE-
PMMA(1)-(2) and PTFE-PS(1)-(3). These fractions were analyzed using the QUASES software package.7 The 
upper row of Figure S14 shows the input morphologies and variables that have been used for the fitting process. 
For both sample sets the same input morphology was used. The shell thicknesses dshell1 and dshell2 as well as the 
relative coverages cov1 and cov2 were varied, while ∅core was set to infinite. It was found that the analysis is 
independent of ∅core for ∅core > 20 nm which is the case for all investigated samples. 

Figure S14: Energy windows of the FKLL Auger and the F1s peak from the XPS survey spectra of PTFE-PS(1)-(3) and PTFE-
PMMA(1)-(2). The black plot is the experimental spectrum after smoothing and subtraction of the inelastic background from 

signals of higher kinetic energy, the purple line is the QUASES fit and the green plot is the spectrum after subtraction of the fit. 
The upper row shows input morphologies and variables used for the fitting process. 
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Improvement of fit by application of two differently weighed shell thicknesses 

Using the QUASES software package the spectra of PTFE-PMMA(1) have been fitted assuming different 

theoretical input structures. The “Islands (Active Substrate)” analysis option was applied, on the one hand, with 

only a single overlayer thickness covering 100% of the nanoparticle core and, on the other hand, with two overlayer 

thicknesses covering different fractions of the nanoparticle core (see Figure S15). The more complex model with 

two different thicknesses clearly yields a better fit than the simpler model with only one thickness. This confirms 

the heterogeneity of the shell thickness for the sample set PTFE-PMMA. The same comparison has been 

performed for PTFE-PS(1) (not shown here). The difference is even more pronounced, because the samples from 

the PTFE-PS sample set deviate even more from an ideal CSNP structure. 

Figure S15: Comparison of “Islands (Active Substrate)” analysis option applied with only one overlayer thickness covering 
100% of the nanoparticle core (left) and applied with two overlayer thicknesses covering different fractions of the nanoparticle
core (right). The upper two spectra represent sample PTFE-PMMA(1), the lower two spectra sample PTFE-PS(1). The black 
plot is the experimental spectrum after smoothing and subtraction of the inelastic background from signals of higher kinetic

energy, the purple line is the QUASES fit and the green plot is the spectrum after subtraction of the fit. 

  

105



Publication 1 - Supporting Information

S28

3. Transmission scanning electron microscopy (T-SEM) 

3.1 Size measurements of CSNPs 

3.1.1 Micrographs 

T-SEM was applied in order to determine the nanoparticles’ dimensional parameters as core diameter, total 
diameter and shell thickness. Figure S16 shows sample micrographs (100-fold and 200-fold magnification) of all 
CSNP samples PTFE-PMMA(1)-(4), PTFE-PS(1)-(6) as well as the naked cores PTFE-Ref. 

Figure S16: SEM micrographs recorded in transmission mode of the CSNP samples PTFE-PMMA(1)-(4), PTFE-PS(1)-(6) as 
well as the naked nanoparticle cores PTFE-Ref. 
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3.1.2 Analysis procedure 

For the purpose of better statistics 100-fold magnification micrographs were used for the size measurements for 
the majority of samples. However, according to De Temmerman et al. significant systematic deviations in size 
measurements are avoided if the particle consists of at least hundred pixels.10 To comply with this regulation, 200-
fold magnification micrographs have been used for samples with small diameters. The complete measurement 
parameters are summarized in Table S34. Because the PTFE-PMMA nanoparticles were quickly deformed under 
electron irradiation, lower acceleration voltages and faster scan speeds were applied than for the PTFE-PS 
samples. Beam currents well below 1 nA were applied. The possibility of coating the sample with e.g. gold for 
improved conductivity and stability against the electron beam was intentionally omitted, because such a coating is 
considered a significant additional factor of uncertainty in the particle size measurements. The final particle 
diameters, standard deviations as well as the number of particles analyzed can be found in Figure S17-S19 and 
the corresponding captions. 

Table S34: Summary of T-SEM instrument settings used to record micrographs of the CSNP samples.  

SEM settings 1 2 3 4 5 6 

Samples  PTFE-PS(1) 
PTFE-PS(2) 

PTFE-PS(3) 
PTFE-PS(4) 
PTFE-PS(5)  
PTFE-PS(6) 

PTFE-PMMA(1) PTFE-PMMA(3) PTFE-PMMA(2)  
PTFE-PMMA(4) 

PTFE-Ref 

Accel. voltage / kV 20 20 10 10 10 5 

Aperture width / µm 30 30 20 10 10 20 

Work. distance / mm 2.7-3.0 2.7-3.0 2.7-3.0 2.7-3.0 2.7-3.0 2.7-3.0 

Scan speed 9 9 6 9 6 9 

Cycle time / ms 20.2 20.2 2.6 20.2 2.6 20.2 

Pixel size / nm 1.8 3.7 1.8 3.7 3.7 1.8 

Magnification 200k 100k 200k 100k 100k 200k 

 
 
 
Image analysis with ImageJ 1.52e  
1. Known pixel size is entered via Analyze \ Set scale… 
2. Noise reduction via Process \ Noise \ Despeckle 
3. Transformation into 8-bit grayscale image via Image \ Type \ 8-bit 
4. Binarization via Image \ Adjust \ Threshold… (Default mechanism) 
5. Separation of touching particles via Process \ Binary \ Watershed 
6. Exclusion of larger agglomerates and particle diameter determination via Analyze \ Particles 
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3.1.3 Particle size histograms and results 

 

Figure S17: Particle size distributions of the PS-Ref. PMMA-Ref and PTFE-Ref nanoparticles based on the results from 
scanning electron microscopy (SEM). The distributions of PMMA-Ref. and PS-Ref. are based on 1000 and the distribution of 

PTFE-Ref is based on 1900 single nanoparticle measurements. The bin size of the histograms is 4 nm. SEM micrographs 
were analyzed using the software ImageJ 1.52e.11 The diameter is the Feret’s diameter defined as the longest distance 

between any two points along the selection boundary.12 

 

108



Results / Laboratory-based X-ray photoelectron spectroscopy

 

 
S31 

 

Figure S18: Particle size distributions of the PTFE-PMMA CSNPs based on the results from scanning electron microscopy 
(SEM). Each distribution is based on 876 single nanoparticle measurements. The bin size of the histograms is 4 nm. SEM 

micrographs were analyzed using the software ImageJ 1.52e.11 The diameter is the Feret’s diameter defined as the longest 
distance between any two points along the selection boundary.12  
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Figure S19: Particle size distributions of the PTFE-PS CSNPs based on the results from scanning electron microscopy (SEM). 
Each distribution is based on 2000 single nanoparticle measurements. The bin size of the histograms is 4 nm. SEM 

micrographs were analyzed using the software ImageJ 1.52e.11 The diameter is the Feret’s diameter defined as the longest 
distance between any two points along the selection boundary.12 
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3.2 Validation of size measurements by using PS-ST-0.1 certified reference material 

In order to validate the results obtained from the combination of T-SEM measurements and subsequent 
ImageJ 1.52e analysis, a PS nanoparticle size standard (PS-ST-0.1, certified reference material (CRM), traceable 
to length scale) manufactured by microparticles GmbH (Berlin, Germany) was measured at the same instrument 
settings and analyzed using one and the same ImageJ 1.52e procedure which was used for the CSNPs. The 
certified particle diameter is 107 nm and the stated uncertainty of the CRM ±2 nm. Due to its similarity in size and 
material to the investigated CSNPs, the PS-ST-0.1 CRM is considered appropriate to validate the T-SEM/ImageJ 
approach used for size measurements of the PTFE-PMMA and PTFE-PS nanoparticle samples. Table S35 
summarizes the particle diameters that have been determined for the nanoparticle CRM at the different instrument 
settings. Figure S20 shows the determined particle diameters in comparison with the certified diameter 107 nm. 
The scale bares represent the Pythagorean addition of the following three factors: (1) Standard deviation of the 
normal distribution over the diameters from all single particle measurements; (2) Uncertainty of the certified 
diameter of the PS-ST-0.1 CRM; (3) Deviation from the measured mean diameter from the certified diameter of the 
PS-ST-0.1 CRM stated by the manufacturer. 
 

Table S35: Diameters determined for the PS nanoparticle size standard (PS-ST-0.1, CRM, traceable to length scale) 
manufactured by microparticles GmbH (Berlin, German) at different instrument settings. 

SEM settings 1 2 3 4 5 6 

Particles analyzed 156 2869 331 1459 2683 206 

Mean diameter / nm 104.7 105.5 106.2 106.4 110.9 104.9 

Standard deviation / nm 6.8 6.6 5.2 6.5 5.9 5.7 

 

 

Figure S20: Comparison of diameters determined for the PS nanoparticle size standard (PS-ST-0.1, CRM, traceable to length 
scale) manufactured by microparticles GmbH (Berlin, German) at different instrument settings with the certified diameter of 

107 nm (dark blue line). The scale bares represent the Pythagorean addition of uncertainty of the certified diameter, deviation 
from the certified diameter and standard deviation of the normal distribution. 
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3.3 Uncertainty estimation for shell thickness 

Table S36 summarizes the contributions to the measurement uncertainty for the nanoparticle shell thicknesses 
determined by the T-SEM/ImageJ approach. ‘Deviation from PS-ST-0.1’ is the deviation of the mean diameter in 
Table S35 from the certified diameter stated by the manufacturer for the PS-ST-0.1 CRM. This value is expected 
to cover, firstly, the uncertainty associated with the obtained pixel size and, secondly, the determination of the 
particle boundary during binarization of the micrographs using ImageJ. According to Klein et al. these two sources 
of uncertainties are significant when measuring the size of nanoparticles using T-SEM.13 ‘Uncertainty PS-ST-0.1’ 
is the measurement uncertainty of the certified diameter of size standard stated by the manufacturer. Finally, the 
standard deviation of the normal distribution is included into the uncertainty estimation. 

The ‘Uncertainty diameter’ is the measurement uncertainty of the total diameter of the CSNP samples as well as 
PTFE-Ref. It is defined as the Pythagorean addition of the three terms described above. The ‘Uncertainty shell’ is 
the measurement uncertainty of the shell thickness of the CSNP samples. It is defined as half of the Pythagorean 
addition of the ‘Uncertainty diameter’ of the corresponding nanoparticle sample and the ‘Uncertainty diameter’ of 
PTFE-Ref. 

 

Table S36: Uncertainty estimation of the nanoparticle shell thickness from transmission scanning electron microscopy. 

Components of   
measurement uncertainty 

PTFE-PMMA PTFE-PS PTFE-Ref 

(1) (2) (3) (4) (1) (2) (3) (4) (5) (6)  

Deviation from PS-ST-0.1 / nm 0.8 3.9 0.6 3.9 2.3 2.3 1.5 1.5 1.5 1.5 2.1 

Uncertainty PS-ST-0.1 / nm 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 

Standard deviation / nm 8.7 8.5 6.2 9.6 9.7 7.8 6.7 6.3 4.2 3.9 9.9 

Uncertainty diameter / nm 9.0 9.6 6.6 10.6 10.2 8.4 7.2 6.8 4.9 4.7 10.4 

Uncertainty shell / nm 6.8 7.0 6.1 7.4 7.3 6.7 6.3 6.2 5.7 5.7 - 
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4. Time of flight secondary ion mass spectrometry (ToF-SIMS) 

4.1 Second principal components 

Figure S21: Loadings plots of the second principal component of the PCA for the PTFE-PMMA sample set and the 
corresponding pure reference materials (a) and the PTFE-PS sample set and the corresponding pure reference materials (b). 

23Na+ and 39K+ were excluded from the PCA analysis. 

4.2 Spectra 

Figure S22: ToF-SIMS spectra in positive ion mode of the PMMA-Ref. PS-Ref and PTFE-Ref nanoparticles. 
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Figure S23: ToF-SIMS spectra in positive ion mode of the PTFE-PMMA CSNPs. 
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Figure S24: ToF-SIMS spectra in positive ion mode of the PTFE-PS CSNPs. 
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4.1.2 Additional Python scripts

This section contains the Phython program "WriteSESSAinput.py" which can be used to gen-
erate a SESSA input script for CSNP coating thickness determination. This program was used
to generate the scripts on page 100 and 101 in this thesis. The section further contains the
file "Header.txt" with all relevant SESSA input parameters. It must be in the same folder as
"WriteSESSAinput.py" when executing the program. Further information can be found in the
comments in the program code itself.
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Most real core-shell nanoparticle (CSNP) samples deviate from an ideal core-shell

structure potentially having significant impact on the particle properties. An ideal

structure displays a spherical core fully encapsulated by a shell of homogeneous

thickness, and all particles in the sample exhibit the same shell thickness. Therefore,

analytical techniques are required that can identify and characterize such deviations.

This study demonstrates that by analysis of the inelastic background in X-ray photo-

electron spectroscopy (XPS) survey spectra, the following types of deviations can be

identified and quantified: the nonuniformity of the shell thickness within a nanoparti-

cle sample and the incomplete encapsulation of the cores by the shell material. Fur-

thermore, CSNP shell thicknesses and relative coverages can be obtained. These

results allow for a quick and straightforward comparison between several batches of

a specific CSNP, different coating approaches, and so forth. The presented XPS

methodology requires a submonolayer distribution of CSNPs on a substrate.

Poly(tetrafluoroethylene)-poly(methyl methacrylate) and poly(tetrafluoroethylene)-

polystyrene polymer CSNPs serve as model systems to demonstrate the applicability

of the approach.

K E YWORD S

core-shell nanoparticles, inelastic background, polymers, QUASES, XPS

1 | INTRODUCTION

Engineered core-shell nanoparticles (CSNPs) play a key role in many

industrial applications. Efficient synthesis and optimization of such

complex systems depend critically on sophisticated analytical tech-

niques for nanoparticle characterization. Because the technical perfor-

mance and toxicological properties of CSNPs are determined by

chemical composition and thickness of their shell, the quantitative

analysis of these two parameters by surface analytical techniques,

such as X-ray photoelectron spectroscopy (XPS), has been extensively

developed in recent years.1–6 Not only the high surface sensitivity but

also an element specific sensitivity down to 0.1 at% make XPS a very

powerful tool for the investigation of nanoparticle coatings.

In this paper, we demonstrate that analysis of inelastically

scattered electrons in XPS can provide critical information about the

completeness, uniformity, and thickness of nanoparticle coatings. So

far, the majority of quantitative analyses of CSNPs by XPS are by

default based on the model of a spherical core fully encapsulated by a

shell of homogeneous thickness (ideal core-shell model).2–5 However,
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many real CSNP samples are poorly described by this model and

instead show one or several deviations from ideality, including an

incomplete encapsulation of the cores by the shell material, a non-

uniform shell thickness, nonspherical cores, and intermixing of core

and shell material. Analysis of the elastic peaks in XPS spectra alone

cannot confirm whether the investigated nanoparticle sample deviates

from ideality or not. Therefore, the information from complementary

techniques, such as electron microscopy, is vital for a correct interpre-

tation of such XPS results. As an example, Wang et al successfully

demonstrated in 2016 how dimensions even of nonuniform CSNPs

can be accurately simulated by analysis of the XPS elastic peak inten-

sities using SESSA software based on a priori knowledge about the

nanoparticles' internal structure from electron microscopy experi-

ments.7 In contrast to that, we recently showed how analysis of the

inelastic background of XPS spectra with QUASES software can con-

clusively and without knowledge from complementary techniques

identify the nonuniformity of the shell thickness within a nanoparticle

sample.8 It is well known that the background shape depends critically

on the in-depth atomic distribution of a surface on the nanometer

scale,9–13 and in Müller et al,8 nanoparticle coating thicknesses were

determined, for the first time, based exclusively on the analysis of the

XPS inelastic background using the QUASES software package.6

This new approach for the identification and quantification of

nonuniformities of nanoparticle coatings by analysis of the inelastic

background of XPS survey spectra, which we first introduced in

Müller et al,8 is further expanded in the current article. This includes,

first, an explanation of the specific sample preparation requirements

for the approach and, second, a discussion on how the careful optimi-

zation of the inelastic scattering cross section used in the XPS back-

ground analysis increases the accuracy of the obtained results. The

XPS survey spectra of five different polymer CSNP samples are inves-

tigated in the current article using the QUASES software package. All

samples consist of the same poly(tetrafluoroethylene) (PTFE) core

either coated with poly(methyl methacrylate) (PMMA) or polystyrene

(PS). The PTFE cores are encapsulated by the corresponding shell

material in an emulsifier-free batch-seeded emulsion polymeriza-

tion.14 By varying the amount of seed particles relative to monomer

of the shell material, different shell thicknesses were synthesized.8 An

overview of all samples can be found inTable 1.

The CSNPs in the current article have been extensively charac-

terized in previous studies,8,15,16 and the following information was

confirmed so far. All samples have the same average core diameter

of 45.4 nm but different average shell thicknesses of 7.5 and

20.3 nm for the two PTFE-PMMA and of 3.9, 9.4, and 16.1 nm for

the three PTFE-PS CSNP samples as revealed by transmission

scanning electron microscopy (T-SEM) in Müller et al8 (cf. Table 1).

The encapsulation of the core by the shell material is complete for all

PTFE-PMMA samples, while it is incomplete for all PTFE-PS samples.

Furthermore, both sample sets have off-center cores. Combined with

an overall spherical shape of the CSNPs, this must lead to a

heterogeneity of the shell thickness. Since the existence and nature

of deviations from ideality of these CSNPs is already very well

understood, they are perfect model systems to investigate the range

of applicability of the XPS inelastic background analysis by QUASES

for such complex nano-objects.

2 | RESULTS AND DISCUSSION

2.1 | Sample preparation for XPS inelastic

background analysis

For the investigation of CSNP samples based on the XPS elastic

peak intensities, for example, by the SESSA software,2 the so-called

TABLE 1 Comparison of results from XPS analysis with shell thicknesses from electron microscopy for five different polymer CSNP samples

XPS
T-SEM8 SEM15

QUASES two

islands XSect(1)8
QUASES two

islands XSect(2)

QUASES single

island XSect(2)

dshell1/nm dshell2/nm cov1 cov2 dshell1/nm dshell2/nm cov1 cov2 dshell1/nm dshell/nm cov1 cov2

PTFE-PMMA(1) 1.5 10.5 0.15 0.85 1.5 11.0 0.20 0.80 5.5 7.5 - -

PTFE-PMMA(2) 4.0 13.0 0.20 0.80 3.5 13.0 0.20 0.80 7.5 20.3 - -

PTFE-PS(1) 0.5 8.5 0.40 0.60 0.0 7.0 0.40 0.60 3.0 3.9 - -

PTFE-PS(2) 0.5 10.0 0.35 0.65 0.0 9.5 0.30 0.70 4.5 9.4 - -

PTFE-PS(3) 0.5 12.0 0.10 0.90 0.0 9.0 0.15 0.85 6.0 16.1 0.12 0.88

PTFE-Ref - - - 45.4a - -

Note. The QUASES analysis was performed using the optimized cross sections XSect(1) or XSect(2)in combination with the “two islands” model. For the

XSect(2) cross section, the results from the “single island” model are also presented. All values from “QUASES, two islands, XSect(1)” and from “T-SEM” are

copied from Müller et al.8 All values from “SEM” are copied from Cant et al.15

Abbreviations: CSNP, core-shell nanoparticle; PMMA, poly(methyl methacrylate); PS, polystyrene; PTFE, poly(tetrafluoroethylene); SEM, scanning electron

microscopy; T-SEM, transmission scanning electron microscopy; XPS, X-ray photoelectron spectroscopy.
aNanoparticle diameter, not shell thickness.
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single-sphere approximation as defined in Werner et al17 is valid.17

According to this approximation, the photoelectron elastic peak

intensity generated by a single CSNP is equal to the intensity gener-

ated by CSNPs randomly arranged in a thick multilayer. This implies

that samples consisting of CSNPs randomly arranged in a multilayer

can be analyzed assuming the model of a single nanoparticle. How-

ever, for the analysis of the inelastic background of XPS spectra of

CSNPs, this approximation is no longer applicable.18 The reason is the

contribution to the XPS inelastic background of photoelectrons from

nanoparticles underneath the top layer, in the case of a CSNP multi-

layer on the wafer. This situation cannot easily be modeled using the

QUASES software. However, the problem is solved by preparing the

samples with a submonolayer distribution of CSNPs on a substrate,

enabling valid inelastic background analysis by QUASES. Figure 1

shows a scanning electron microscopy (SEM) micrograph of such a

sub-monolayer distribution of the CSNP sample PTFE-PS(2) on a sili-

con wafer. The details of the preparation procedure can be found in

Section 1 of the Supporting Information.

The sample has been prepared by spin-coating, which is a

straight-forward and well-controlled way to generate different opti-

mized degrees of surface coverage of the wafer by nanoparticles,

depending on what is required by the applied analytical technique and

the specific scientific question. Simultaneously, spin-coating produces

a homogeneous distribution of the particles across the entire wafer

and, thus, ensures a high degree of reproducibility of the measure-

ment. The issue of correct sample preparation of nanoparticles for sur-

face analysis was recently addressed in a dedicated book chapter.19

It should be noted that while the submonolayer distribution

avoids interference of nanoparticles from lower layers, there is a sig-

nificant contribution from the silicon wafer atoms to the XPS spec-

trum. Therefore, only photoelectrons of elements that are exclusively

part of the nanoparticles and not of the wafer can be examined. In this

specific example, only the inelastic background related to F1s photo-

electrons from the PTFE core of the nanoparticles is suitable for anal-

ysis. The inelastic background of C1s and O1s photoelectrons from

the respective shell materials coincides with the background signal

from silicon oxide and carbon-containing contaminations on top of

the silicon wafer.

2.2 | Choice of correct inelastic electron scattering

cross section

The QUASES analysis requires two input parameters: the inelastic

mean free path (IMFP) of the photoelectrons and the inelastic elec-

tron scattering cross section. The IMFP is the mean distance the elec-

tron travels through a material before it is inelastically scattered. It

can be determined using the QUASES-IMFP calculator,20 which is

based on the TPP-2M formula.21 An average IMFP of 2.39 nm was

calculated for the 800-eV energetic F1s electrons that travel through

the nanoparticle shell materials PMMA and PS. This corresponds to an

information depth22 of approximately 15 to 20 nm (approximately

8 × IMFP for XPS inelastic background analysis).13 The inelastic elec-

tron scattering cross section is the probability of the electron to suffer

F IGURE 1 Scanning electron microscopy

micrograph of core-shell nanoparticles

poly(tetrafluoroethylene)-polystyrene(2) distributed

across a silicon wafer surface in a sub-monolayer.

The micrograph was recorded in InLens mode

using a secondary electron detector. The scale

bar equals 400 nm
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a certain loss of energy per unit path length traveled in a material. The

QUASES software offers several approximate “standard cross sec-

tions” specific for certain material classes. However, it was recently

found that an improved determination of the structure of deeply bur-

ied layers can be obtained by using an optimized cross section which

more correctly reflects the average scattering properties of the mate-

rial.23,24 For this purpose, QUASES provides the so-called “external

cross section” tool, which facilitates the optimization of the cross

section parameters, for example, by using an experimental spectrum

of a pure reference material. In this study, an experimental spectrum

from a multilayer of the uncoated PTFE nanoparticle cores (PTFE-Ref)

was used as reference material for the external optimization of the

cross section. The in-depth atom distribution of this sample is

assumed to be homogeneous and, therefore, the QUASES analysis

could be done with the inelastic scattering cross section as a fitting

function described by a few parameters (see Section 4 of the

Supporting Information). The best agreement between experimental

spectrum and QUASES fit, expressed by the root-mean-square

deviation (RMSD), is used as criterion to determine the most accurate

inelastic scattering cross section.

Figure 2 shows a fraction of the PTFE-Ref survey spectrum

together with the QUASES fits based on four different cross sections.

As explained above, the analysis of the CSNPs is based on the inelas-

tic background related to the F1s photoelectron peak. Therefore, the

optimization of the cross section is performed by fitting a 120-eV

kinetic energy range on the low kinetic energy side of this peak. The

RMSD was always calculated as a criterion for the fit quality. For

details on its calculation, see Section 3 of the Supporting Information.

The universal and polymer cross sections are standard options pro-

vided by QUASES. The QUASES fit is clearly improved by using the

polymer instead of the universal cross section; however, the descrip-

tion of the near peak region is still rather poor. The XSect(1) and

XSect(2) cross sections have been optimized with respect to the

experimental PTFE-Ref survey spectrum. Especially in the near peak

region, both show superior agreement of spectrum and QUASES fit

compared with the universal and polymer cross sections. While the

XSect(1) cross section is based on the optimization of three parame-

ters, the XSect(2) cross section, which clearly gives the best fit,

involves an additional parameter which takes into account the band

gap of the material. A mathematical description of all cross sections

can be found in Section 4 of the Supporting Information.

2.3 | Confirmation of nonuniformity of the shell

thickness within a CSNP sample

All survey spectra of the investigated CSNPs as well as the uncoated

PTFE nanoparticle cores can be found in Section 2 of the Supporting

Information. The QUASES analysis of the survey spectra was always

applied to the 120-eV kinetic energy range below the F1s

F IGURE 2 QUASES analysis of the sample poly(tetrafluoroethylene) (PTFE)-Ref (bare PTFE cores) in order to identify the most suitable

inelastic electron scattering cross section for the analysis of the polymer core-shell nanoparticle samples. Fractions from survey spectrum

covering a 120-eV kinetic energy range below the F1s photoelectron peak. The experimental spectrum is depicted in black after smoothing and

subtraction of the inelastic background caused by photoelectron signals at higher kinetic energies, the QUASES fits are depicted in purple, and

the spectra after subtraction of the QUASES fit are depicted in green. The root-mean-square deviation (RMSD) values characterize the agreement

between experimental spectrum and QUASES fit (for details on its calculation, see Section 3 of the Supporting Information). Each inelastic

electron scattering cross section is defined by a formula in Section 4 of the Supporting Information
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photoelectron peak. The minimum RMSD between spectrum and

QUASES fit in this region was used as a criterion to determine the

depth distribution of fluorine atoms. The nanoparticle shell thickness

was determined as the topmost depth location of fluorine atoms in

the nanoparticle. Furthermore, the “Islands (Active Substrate)”6 analy-

sis option provided by the QUASES software package (see Figure 3A)

was selected.

In order to confirm whether the shell thickness of the different

CSNP samples is uniform or not, a “single island” model was first

applied (see left part of Figure 3A) representing a single nanoparticle

shell of thickness dshell1 covering 100% (cov1 = 1) of the cores in the

nanoparticle ensemble, that is, a complete encapsulation of the cores

by the shell material. The fits with a minimum RMSD to the spectra of

all five CSNP samples using the single island model are presented on

the left side in Figure 4. The agreement between fits and experimental

spectra is very poor, which indicates that all nanoparticle samples

exhibit a nonuniform shell thickness. On the right-hand side of

Figure 4, an analysis is done with a “two islands” model (see right part

of Figure 3A) representing two different shell thicknesses dshell1 and

dshell2 covering different relative fractions (cov1 and cov2) of the cores

in the investigated nanoparticle ensemble. These QUASES fits are in

almost perfect agreement with the experimental spectra. This demon-

strates that the QUASES analysis can clearly identify the non-

uniformity of the shell thickness in the CSNP samples without

information from complementary techniques.

2.4 | Nanoparticle shell thicknesses from XPS

inelastic background analysis

Table 1 contains the shell thicknesses and relative coverages

resulting from the QUASES analyses of the CSNPs, based on the

two islands model in combination with either the XSect(1)- or the

XSect(2)-optimized cross sections. Both results are included, in

order to illustrate that an accurate cross section is essential to

obtain the most detailed and accurate information on the CSNP

internal structure. The most significant difference between the two

cross sections is that dshell1 is 0.5 nm for XSect(1) and 0.0 nm for

XSect(2). Since XSect(2) is most accurate (see Figure 2), it is con-

cluded that dshell1 = 0.0 nm, which implies an incomplete

encapsulation of the core by the shell material. This conclusion is

in agreement with the complementary analysis in Müller et al,8

which showed that all PTFE-PS CSNP samples deviate from ideality

as depicted in Figure 3B. The incomplete encapsulation of the core

by the shell material in the case of the PTFE-PS samples was also

confirmed by Cant et al.15 In this work, the uncoated area fraction

of the core for sample PTFE-PS(3) was determined from SEM

micrographs to be 12%. This is in excellent agreement with the

value cov1 of 15% calculated by the presented QUASES analysis.

The results in Table 1 for the PTFE-PMMA samples show that the

shell thickness of these samples is also nonuniform; however, in

contrast to the PTFE-PS samples, the encapsulation of the cores

by the shell material is complete. This is also in agreement with

the nanoparticle internal structure that was determined for these

samples in Müller et al8 and is illustrated in Figure 3B. Uncer-

tainties in the shell thicknesses determined from the QUASES

analysis can be found in Section 5 of the Supporting Information.

The applied XPS experimental setup exhibits an analysis area of

300 × 700 μm2. Therefore, a large nanoparticle ensemble of the mea-

sured sample is investigated even though the CSNPs are prepared in a

submonolayer. Consequently, the quantitative numbers obtained dur-

ing the QUASES analysis represent this entire ensemble instead of

individual nanoparticles. Further note that the nanoparticles vary not

only in orientation (as shown in Figure 3(b)) but also in their degree of

deviation from ideality. The shell thicknesses dshell1 and dshell2

weighted according to cov1 and cov2 obtained by application of the

two islands model in QUASES best represent the distribution of all

shell thicknesses in the investigated CSNP ensemble, but a straight-

forward interpretation of the dshell and cov results in terms of, for

example, the exact displacement of the core relative to the nanoparti-

cle center is not possible. However, dshell and cov can provide relative

F IGURE 3 (A) The “Islands (Active Substrate)” analysis option

provided by QUASES in combination with either the “single island” or

the “two islands” model. (B) Schematic representation of internal

structure of the investigated polymer core-shell nanoparticles. This

representation is idealized and does neither consider the

polydispersity nor the nonsphericity of the poly(tetrafluoroethylene)

(PTFE) cores
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estimates about the width of the shell thickness distribution of differ-

ent samples to allow for a quick and straightforward comparison

between several batches of a specific CSNP, different coating

approaches, and so forth.

For the XSect(2) cross section, results from the single island

model are also shown inTable 1, as well as the shell thicknesses deter-

mined by T-SEM from Müller et al.8 Both the QUASES analysis with

the single island model as well as theT-SEM analysis based on the dif-

ference between average core and CSNP radius are expected to yield

wrong shell thicknesses. Both analyses assume a single average shell

thickness covering 100% of the cores in the nanoparticle ensemble,

and this model is clearly wrong (see left part of Figure 4). It should be

noted that due to the lack of material contrast between core and shell

material for these specific CSNPs, T-SEM micrographs cannot provide

information about the uniformity of the shell thickness while the

QUASES analysis in Figure 4 clearly demonstrates that this model is

wrong. In Müller et al,8 shell thicknesses were determined based on

an analysis of XPS elastic peak intensities using the SESSA software,2

and these values are similar to the thicknesses found here by the

single island QUASES analysis. In a previous study,15 Cant et al

also determined a single PMMA overlayer thickness for the sample

PTFE-PMMA(1) by empirically fitting the XPS inelastic background

and obtained dshell = 4.8 nm which is also close to the 5.5 nm found

by the presented single-island QUASES analysis.

F IGURE 4 Comparison of X-ray

photoelectron spectroscopy inelastic background

analysis of the five different CSNP samples using

the “Islands (Active Substrate)” analysis option

provided by QUASES either in combination with

the “single island” (left) or the “two islands” (right)

model. Fractions from survey spectra covering a

120-eV kinetic energy range below the F1s

photoelectron peak. The experimental spectra are

depicted in black after smoothing and subtraction

of the inelastic background caused by

photoelectron signals at higher kinetic energies,

the QUASES fits are depicted in purple, and the

spectra after subtraction of the QUASES fit are

depicted in green. The root-mean-square

deviation (RMSD) values characterize the

agreement between experimental spectrum and

QUASES fit (for details on its calculation see

Section 3 of the Supporting Information)
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It is expected that the shell thicknesses from T-SEM and the

QUASES analysis with the single island model are both located

between the two shell thicknesses from the QUASES analysis with

the two islands model. This is true for all shell thicknesses from

QUASES; however, the results from T-SEM of the samples PTFE-

PMMA(2) and PTFE-PS(3) are clearly larger than all QUASES results.

This is due to the combination of heterogeneity of the shell thickness

and limited information depth of QUASES-XPS, which is approxi-

mately 8 × IMFP.13 Basically, as long as the maximum shell thickness

within the particles does not exceed the information depth, the cores

of all nanoparticles are correctly detected independent of their orien-

tation toward the detector. However, when the maximum shell thick-

ness exceeds the information depth, some cores are no longer

detected depending on the orientation of the nanoparticles toward

the detector (see Figure 3B). This leads to an underestimation of the

XPS results in comparison toT-SEM data.

3 | CONCLUSION

In conclusion, it was shown that analysis of the inelastic background

signal in XPS spectra of CSNPs can identify deviations from an ideal

core-shell structure, including the nonuniformity of the shell thickness

within a nanoparticle ensemble and the incomplete encapsulation of

the cores by the shell material. Information from complementary tech-

niques is not required. At the same time, nanoparticle shell thick-

nesses dshell and relative coverages cov can be estimated, provided

that the nanoparticle shell thickness does not exceed the information

depth of the method. The dshell and cov results can provide relative

estimates about the width of the shell thickness distribution of differ-

ent samples to allow for a quick and straightforward comparison

between several batches of a specific CSNP, different coating

approaches, and so forth. To obtain this information, it is necessary to

prepare samples with a submonolayer distribution of nanoparticles on

the substrate and to use an optimized inelastic electron scattering

cross section. This cross section can be determined by analysis of an

experimental XPS spectrum of a pure reference sample consisting of

the nanoparticle core material.

4 | ASSOCIATED CONTENT

Experimental methods, XPS survey spectra of CSNPs, root-mean-

square deviation (RMSD) calculation, inelastic electron scattering

cross section, and measurement uncertainties of CSNP shell thick-

nesses from QUASES.
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1. Experimental methods  

Nanoparticle synthesis: 

The CSNPs poly(tetrafluoroethylene)-polystyrene (PTFE-PS) and poly(tetrafluoroethylene)- 

poly(methylmethacrylate) (PTFE-PMMA) suspended in water were synthesized by emulsifier-

free batch seeded emulsion polymerization in the presence of the PTFE-Ref seed particles. 

Further details on the nanoparticle synthesis are published elsewhere.1, 2 

Sample preparation:  

Multilayer of nanoparticles on silicon substrate: 

Silicon wafers (1.0×1.0 cm²; 100 crystal orientation) were purified by consecutive sonication 

in 2% aqueous Hellmanex III solution, isopropyl alcohol, and ethanol. After drying the wafers 

using a nitrogen spray gun, their surface was treated for 20 min using a UV ozone cleaner UVC-

1014 (185 and 254 nm wavelength UV radiation source) manufactured by NanoBioAnalytics 

(Berlin, Germany). A 40 μL drop of the original undiluted PTFE-Ref nanoparticle suspension 

was deposited onto the wafer and then spin-coated using a SPIN150i-NPP single substrate spin 

processor manufactured by SPS Europe (Putten, Netherlands). The following spin-coating 

program was applied: step (1), acceleration with 500 rpm/s to 1000 rpm kept for 5 s; step (2), 

acceleration with 1000 rpm/s to 2000 rpm kept for 3 min. 

Sub-monolayer of nanoparticles on silicon substrate: 

The original suspensions were diluted by a factor of 50 for samples PTFE-PS(1), 

PTFE-PMMA(1), and PTFE-PMMA(2) and by a factor of 100 for samples PTFE-PS(2) and 

PTFE-PS(3). Apart from that, the sample preparation procedure was the same as the one 

described in the previous paragraph. 

Scanning electron microscopy (SEM): 

All measurements were performed using a SEM Zeiss Supra 40 equipped with a high‐resolution 
cathode (Schottky field emitter). Micrographs were recorded in InLens mode using a secondary 

electron detector. Details of the experimental setup can be found elsewhere.3  

X-ray photoelectron spectroscopy (XPS): 

All measurements were performed with an AXIS Ultra DLD photoelectron spectrometer 

manufactured by Kratos Analytical (Manchester, U.K.). XPS spectra were recorded using 

monochromatized Al Kα radiation for excitation, at a pressure of approximately 5×10−9 mbar. 

The electron emission angle was 0°, and the source-to-analyzer angle was 60° to the surface 

normal. The binding energy scale of the instrument was calibrated following a Kratos 

Analytical procedure, which uses ISO 15472 binding energy data.4 Spectra were taken by 

setting the instrument to the hybrid lens mode and the slot mode providing an analysis area of 

approximately 300×700 μm². Furthermore, the charge neutralizer was applied. Survey spectra 

were recorded with a step size of 1 eV and a pass energy of 80 eV. The intensity was corrected 

with a transmission function I(Ekin) obtained with the quantified peak area approach (QPA) 

described elsewhere.5 The transmission function is verified at regular intervals by measuring 

the ionic liquid 1-methyl-3-propyl-imidazolium bis(trifluoromethylsulfonyl)imide.6 

132



Results / Laboratory-based X-ray photoelectron spectroscopy

S3 

 

2. XPS survey spectra 

 

Figure S1: XPS survey spectra of the samples PTFE-PMMA(1) and (2) as well as PTFE-PS(1), (2) and (3) prepared as sub-

monolayers and of the sample PTFE-Ref prepared as multilayer. All spectra have been corrected by the spectrometer 

transmission function. The red area indicates the 120 eV kinetic energy range below the F1s photoelectron peak which was 

used in the QUASES analysis of all samples. 
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3. Root-mean-square deviation (RMSD) calculation 

The RMSD was calculated as a criterion for the fit quality, i.e. for the agreement between 

experimental spectrum and QUASES fit, according to the following equation: 

RMSD = √∑ (𝑦1,𝑡 − 𝑦2,𝑡)2𝑁𝑡=1 𝑁  (1) 

𝑦1 is the value of the experimental spectrum, 𝑦2 the value of the QUASES fit and 𝑁 is the 

number of points in the spectrum taken into account for the calculation. For all spectra in 

Figure 2 and 4 of the main manuscript, 𝑁 equals 121. Only the energy interval of 673-793 eV 

was included in the RMSD calculation, in order to exclude the F1s photoelectron peak. 
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4. Inelastic electron scattering cross section 

Four different inelastic electron scattering cross sections have been tested to achieve the most 

accurate description of the inelastic scattering behavior of F1s photoelectrons from the PTFE 

nanoparticle core in the corresponding shell materials PMMA and PS. These cross sections are 

plotted in Figure S2. 

 
Figure S2: The four different inelastic electron scattering cross sections used in this study. 

The Universal cross section is based on Equation (2), while all other cross sections are based 

on Equation (3). T is the energy loss in eV, 𝜆(𝐸) is the inelastic mean free path of the 

photoelectrons in nm, 𝐾(𝐸, 𝑇) is the probability for energy loss T per unit path length and per 

unit energy loss in (eV∙nm)-1. The term 𝜃 is of importance for the analysis of insulators with a 

significant band gap 𝑇0 in eV. 𝜃(𝑇 − 𝑇0) = 1 for 𝑇 > 𝑇0 and 0 for 𝑇 < 𝑇0.7 

𝜆(𝐸)𝐾(𝐸, 𝑇) = 𝐵𝑇(𝐶 + 𝑇2)2 
(2) 

  𝜆(𝐸)𝐾(𝐸, 𝑇) = 𝜃(𝑇 − 𝑇0) ⋅ 𝐵𝑇(𝐶 − 𝑇2)2 + 𝐷𝑇2 
(3) 

 

Table S1 contains the input parameters for Equation (2) and (3) of all four different cross 

sections. 
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Table S1: Parameters of the four different inelastic electron scattering cross sections used in this study. 

 B / eV² C / eV² D / eV² T0 / eV 

Universal 2866 1643 0 0 

Polymer 434 551 436 0 

XSect(1) 898 900 1200 0 

XSect(2) 720 870 780 11 
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5. Measurement uncertainties of CSNP shell thicknesses from QUASES 

 

Table S2: Shell thicknesses and corresponding measurement uncertainties from XPS inelastic background analysis of the five 

different CSNP samples using the “Islands (Active Substrate)”option provided by QUASES in combination with the “two 
island” model and the XSect(1) inelastic electron scattering cross section. All values in this Table are copied from Ref.1. 

 
two islands 

XSect(1) 

 
dshell1 

/ nm 

dshell2 

/ nm 
cov1 cov2 

PTFE-PMMA(1) 1.5 ± 0.5 10.5 ± 1.0 0.15 0.85 

PTFE-PMMA(2) 4.0 ± 1.0 13.0 ± 1.5 0.20 0.80 

PTFE-PS(1) 0.5 ± 0.2 8.5 ± 1.0 0.40 0.60 

PTFE-PS(2) 0.5 ± 0.2 10.0 ± 1.0 0.35 0.65 

PTFE-PS(3) 0.5 ± 0.2 12.0± 1.0 0.10 0.90 

 

 

Table S3: Shell thicknesses and corresponding measurement uncertainties from XPS inelastic background analysis of the five 

different CSNP samples using the “Islands (Active Substrate)”option provided by QUASES in combination with the “two 
island” model and the XSect(2) inelastic electron scattering cross section. Note that in conclusion the analysis in Table S3 is 

most accurate. 

 
two islands 

XSect(2) 

 
dshell1 

/ nm 

dshell2 

/ nm 
cov1 cov2 

PTFE-PMMA(1) 1.5 ± 0.3 11.0 ± 0.6 0.20 0.80 

PTFE-PMMA(2) 3.5 ± 0.3 13.0 ± 0.6 0.20 0.80 

PTFE-PS(1) 0.0 ± 0.1 7.0 ± 0.6 0.40 0.60 

PTFE-PS(2) 0.0 ± 0.1 9.5 ± 0.6 0.30 0.70 

PTFE-PS(3) 0.0 ± 0.2 9.0 ± 0.6 0.15 0.85 
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1 | INTRODUCTION

Metal fluoride nanoparticles gained more and more interest in lumi-

nescence applications in the last years. They are chemically more sta-

ble than metal chlorides and bromides, have a higher band gap than

metal sulfides or selenides, and possess lower phonon energies than

metal oxides, resulting in higher quantum yields. These properties

make them suitable for doping with luminescent rare-earth metal ions.

By appropriate choice of the rare-earth metal ions, tuning of the

excitation and emission wavelength is possible, yielding particles capa-

ble of photon down-conversion or up-conversion.1–3 Even though the

most commonly used matrix compound is β-NaYF4 and its relatives,

recently, the alkaline earth metal fluorides CaF2 and SrF2 proved to be

interesting matrix compounds for rare-earth metal ions, as well.4–8

The luminescence properties of such nanoparticles can be improved

by performing the synthesis in a stepwise manner: The first fluorina-

tion is supposed to yield lanthanide-doped nanoparticles; the second

fluorination is meant to encapsulate them by a protective undoped

alkaline earth metal fluoride shell.9–13

Serious obstacles for the production of nanoparticles for actual

applications are high costs and low yields. The fluorolytic sol–gel

synthesis is an elegant method to obtain larger amounts of metal

fluoride nanoparticles up to the kilogram scale.14–16 Here, an appropri-

ate metal precursor is reacted with anhydrous HF, and transparent

water-clear dispersions in alcohol are obtained. Doping of the particles

with rare-earth metal ions results in extraordinary luminescence proper-

ties.8,13,17 Recently, this method was extended to the design of tailor-

made core–shell systems based on CaF2 and SrF2, allowing the stepwise

synthesis of a rare-earth metal ion-doped core encapsulated by differ-

ently doped or undoped shells.13 The core–shell particle morphology

formation was deduced indirectly from an analysis of the nanoparticles'

luminescence properties. Furthermore, 19F nuclear magnetic resonance

(NMR) spectroscopy reveals different signals from Ca-rich and Sr-rich

domains probably located at the surface and center of the particle and

an intermixing domain presumably located between them.

In the present work, the fluorolytic sol–gel synthesis is applied with

the intention to obtain two different types of core–shell nanoparticles,

namely, SrF2–CaF2 and CaF2–SrF2. Laboratory-based Al Kα excitation

X-ray photoelectron spectroscopy (XPS) is used to monitor the overall

chemical composition of the particles during each step of the synthesis.

Furthermore, in-depth analysis by synchrotron radiation XPS (SR-XPS)

in combination with scanning transmission electron microscopy (STEM)

is applied, in order to obtain more direct and detailed information about

the internal morphology of the nanoparticles. Due to the significant

photo- and Auger-emission of most lanthanides in the 0 to 700 eV

binding energy range at Al Kα excitation, the synthesis of undoped

nanoparticles is investigated that serve as model systems for their

lanthanide-doped counterparts. Thereby, overlapping with Ca2p and

Sr3d signals is avoided, and the quantification of the alkaline earth

metals can be performed with higher accuracy.

XPS is a very powerful tool for the characterization of

nanoparticles and nanoparticle coatings due to its outstanding surface

sensitivity combined with an element specific sensitivity down to

0.1 at%.18 The importance of the method for this field is underlined

by the number of articles and book chapters that have been published

in recent years.19–28 These publications not only report great

advances but also point out the numerous challenges that must be

considered in order to produce meaningful results with an XPS analy-

sis of nanoparticles and nanoparticle coatings.

SR-XPS has been successfully applied in the past to investigate

the internal heterostructure of nanoparticles.29–32 The variability of

the photon energy leads to a variability of the kinetic energy of the

photoelectrons. Meanwhile, the adjustment of the kinetic energy

refers to an adjustment of the inelastic mean free path (IMFP) and,

consequently, the z95 information depth33,34 of the photoelectrons.

Therefore, a profile of the in-depth chemical composition can be

obtained. This principle is particularly interesting for the analysis of

nanoparticles, because the surface geometry of a nanoparticle powder

differs to such a great extent from a flat surface that depth profiling

by angle-resolved XPS becomes impossible. In this work, we provide a

detailed and complete description of the data acquisition and analysis

process necessary to obtain a profile of the in-depth chemical compo-

sition of the investigated alkaline earth metal fluoride nanoparticles.

To the best of our knowledge, this is the first time that this kind of

depth-profiling by XPS is applied to nanoparticles considering the

impact of the following two factors on the photoionization cross sec-

tions: (I) the linear polarization of the synchrotron light and (II) the

anisotropy of the photoelectrons' angular distribution for orbitals with

an angular quantum number l ≠ 0.

SR-XPS indeed confirms the formation of core–shell like particle

morphologies. However, the scenario of a sharp interface between

core and shell material can be clearly disproved by STEM. Surprisingly,

the internal morphology of the final nanoparticles is equal, no matter

whether the synthesis was started with the fluorination of calcium or

strontium lactate. In both cases, they comprise a SrF2-rich core

domain and a CaF2-rich shell domain with an intermixing zone

between them. Consequently, the chronology of the synthesis seems

to be irrelevant for the internal morphology of the final nanoparticles.

Furthermore, in order to support the interpretation of the SR-XPS

results, Ca2p/Sr3d XPS intensity ratio in-depth profiles were simu-

lated for different morphologies and distributions of Ca and Sr in the

nanoparticles using the software “Simulation of Electron Spectra for

Surface Analysis” (SESSA) Version 2.1.1.35 These simulated in-depth

profiles underpin the scenario of a Ca enrichment at the surface of

the nanoparticles. In order to make these complex simulations

reproducible for other scientists, the Supporting Information of this

article contains the complete SESSA input scripts as well as a Phyton

program that sorts the SESSA output into a convenient table.

2 | EXPERIMENTAL SECTION

2.1 | Reagents

Calcium lactate hydrate (AppliChem) and strontium lactate hydrate

(Paul Lohmann GmbH) were dehydrated at 80�C in vacuum

2 MÜLLER ET AL.
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for 8 h. Water content of the dehydrated compounds was

determined by thermogravimetric analysis (Ca (OLac)2�0.424H2O, Sr

(OLac)2�1.007H2O). Ethylene glycol (99.5%) was obtained from Carl

Roth GmbH.

Methanolic HF was manufactured by bubbling gaseous HF

diluted with argon through anhydrous methanol in an FEP bottle. The

exact HF content was determined by titration with NaOH. The com-

plete procedure is described elsewhere.36 Caution: HF is a hazardous

agent and has to be used under restricted conditions only.

2.2 | Particle synthesis

2.2.1 | Core particles CaF2 ( Ca–Sr(2)) and SrF2
( Sr–Ca(2))

Polypropylene beakers and pipettes were used for the synthesis. For

CaF2, 9.035 g Ca (OLac)2�0.424H2O (40.0 mmol) were dissolved in

190 mL ethylene glycol ( Ca–Sr(1)). Under vigorous stirring, 3.45 mL

of 23.2 M anhydrous HF (80.0 mmol) dissolved in methanol was added.

After 20 min of stirring, a transparent water-clear sol was obtained

( Ca–Sr(2)). For SrF2, 11.357 g Sr (OLac)2�1.007H2O (40.0 mmol) were

used instead of Ca (OLac)2. The total volume after reaction was

200 mL; the concentration of CaF2 or SrF2, respectively, was 0.2 M.

2.2.2 | Ca–Sr(3) and Ca–Sr(4)

To 30 mL of the synthesized CaF2 sol, containing 6.0 mmol CaF2, 1.704 g

Sr (OLac)2�1.007H2O (6.0 mmol) was added. After 10 min of stirring, a

transparent clear reaction mixture was obtained ( Ca–Sr(3)). Under vigor-

ous stirring, 0.52 mL of 23.2 M HF/MeOH was added. After 30 min of

stirring, the reaction mixture was transparent and water-clear ( Ca–Sr(4)).

2.2.3 | Sr–Ca(3) and Sr–Ca(4)

To 30 mL of the synthesized SrF2 sol, containing 6.0 mmol SrF2, 1.335 g

Ca (OLac)2�0.424H2O (6.0 mmol) was added. After 10 min of stirring, a

transparent clear reaction mixture was obtained ( Sr–Ca(3)). Under vigor-

ous stirring, 0.52 mL of 23.2 M HF/MeOH was added. After 30 min of

stirring, the reaction mixture was transparent and water clear ( Sr–Ca(4)).

For comparison, a second batch was prepared, named Ca–Sr(4)-II

and Sr–Ca(4)-II. Furthermore, 20 mL of the reaction mixture was

removed at each step of the synthesis procedure for subsequent

analysis. From this 20 mL fraction, 100 μL were purified by repeated

dialysis as described below.

2.3 | Purification by dialysis

100 μL of nanoparticle suspension were diluted with methanol

(gradient grade for high-performance liquid chromatography [HPLC],

min. 99.85%) purchased from TH.GEYER (Renningen, Germany) by a

factor of 50. Dialysis tubing with a molecular weight cutoff (MWCO)

of 12–14 000 Daltons purchased from Medicell International Ltd.

(London, UK) was used. The pore size is approximately 2.5 nm; 5 mL

of nanoparticle suspension were filled into the dialysis tubing, and the

sealed tubing was inserted into a beaker with 400 mL methanol,

which was continuously stirred. The beaker was sealed by parafilm to

avoid evaporation of the solvent during the purification process. The

surrounding solvent was entirely exchanged after 2 h, 4 h, 6 h, 3 days,

and 4 days. After 5 days, the dialysis was finished by removing the

filled tubing from the beaker. If samples in this paper are labeled as

“purified”, such samples were prepared from the nanoparticle suspen-

sions after 5 days of dialysis.

2.4 | Sample preparation for XPS

1.0 ⨯ 1.0 cm2 (100) silicon wafers were purified by consecutive

sonication in 2% aqueous Hellmanex III solution, isopropyl alcohol,

and ethanol. After drying the wafers using a nitrogen spray gun,

their surface was treated for 20 min using an ultraviolet

(UV) Ozone Cleaner UVC-1014 (185 and 254 nm wavelength UV

radiation source) manufactured by NanoBioAnalytics (Berlin,

Germany). A 5-μL drop of the purified nanoparticle suspension

was drop-casted onto the wafer surface and dried for 15 min at

100�C. Drop-casting of 5 μL suspension onto the same spot on

the wafer and subsequent heating are performed three times in

total.

The samples Sr–Ca(1) and Ca–Sr(1) that contain exclusively the

alkaline earth metal ions in ethylene glycol were not investigated,

because the concentration of these solutions was too low for XPS

investigation. Instead, saturated aqueous solutions of pure strontium

and calcium lactate were prepared. A single 20 μL drop of each satu-

rated solution was deposited onto a wafer and left to dry at air. The

wafer surface had been priorly purified as described above but not

treated using the UV Ozone Cleaner. These samples were used for all

XPS measurements performed in this paper labeled with Sr–Ca(1) and

Ca–Sr(1).

2.5 | Al Kα excitation XPS

All measurements were performed with an AXIS Ultra DLD

photoelectron spectrometer manufactured by Kratos Analytical

(Manchester, UK). XPS spectra were recorded using monochromatized

Al Kα radiation for excitation, at a pressure of approximately

5 ⨯ 10−9 mbar. The electron emission angle was 0�, and the source-

to-analyzer angle was 60�. The binding energy scale of the instrument

was calibrated following a Kratos Analytical procedure, which uses

ISO 15472 binding energy data.37 Spectra were taken by setting the

instrument to the hybrid lens mode and the slot mode providing

approximately a 300 ⨯ 700 μm2 analysis area. Furthermore, measure-

ments were performed in fixed analyzer transmission (FAT) mode.
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Survey spectra were recorded with a step size of 1 eV and a pass

energy of 80 eV; high-resolution spectra were recorded with a step

size of 0.1 eV and a pass energy of 20 eV. The charge neutralizer was

used to compensate and stabilize the surface charge of the wafer with

deposited sample mounted without grounding. Peak fitting and quan-

tification of the recorded spectra were performed using the Software

UNIFIT-2020.38 Because correction of the XPS peak areas by conven-

tional standard-free sensitivity factors was found to be insufficiently

accurate in this case, new sensitivity factors were determined empiri-

cally using the pure metal lactates Sr–Ca(1) and Ca–Sr(1) as reference

materials (see Section 1.1-2 of the Supporting Information). Survey

spectra of the dialyzed suspensions are depicted in Figure 3, and the

results from their quantification can be found in Section 1.3 of the

Supporting Information. A full set of fitted high-resolution spectra and

associated fitting parameters can be found in Section 1.4 of the

Supporting Information.

2.6 | Synchrotron radiation XPS

All measurements were carried out with a Scienta R3000 electron

energy analyzer at the endstation of the high energy-spherical grid

monochromator (HE-SGM) dipole magnet beamline at the BESSY II

SR source (Berlin, Germany). A schematic representation of the

experimental geometry can be found in Figure S5. High-resolution

core-level spectra of the Sr3d and the Ca2p photoelectron signals

were recorded in FAT mode at a pass energy of 50 eV and a

step size of 0.1 eV. For Sr3d excitation, energies of 235, 335,

435, and 535 eV were selected, while for Ca2p, 449, 549,

649, and 749 eV were applied. Therefore, the Sr3d and Ca2p pho-

toelectrons exhibited kinetic energies of 100, 200, 300, and

400 eV, which corresponds to a z95 XPS information depth

between 2.3 and 4.5 nm. Because the synchrotron facility was

operated in top-up mode, deviations in light intensity due to the

ring current are negligible. The ideal orientation of the mirror guid-

ing the beam from the ring through the beamline towards the

spectrometer and, thus, ensuring maximum light intensity was con-

trolled by using a gold grid mounted in the beamline for monitor-

ing the current I0.

In order to determine the chemical composition of the sam-

ples, the XPS experimental peak intensities were normalized by

asymmetry corrected photoionization cross sections and the HE-

SGM monochromator transmission function. These two quantities

are functions of the photon energy. More detailed information

about the monochromator transmission function as well as about

the asymmetry correction of the photoionization cross sections for

linearly polarized synchrotron light can be found in Section 2.1 of

the Supporting Information. A normalization by the spectrometer

transmission function and the IMFP was not required, because the

constant kinetic energy XPS method was applied.34 A full set of

fitted high-resolution spectra, the corresponding fitting parameters,

and a tabulation of SR-XPS results can be found in Section 2.2 of

the Supporting Information.

2.7 | Calculation of the XPS information depth

In this work, the z95 information depth is defined as three times the

IMFP of the photoelectrons; 95% of the photoelectrons that contrib-

ute to the XPS intensity originate from this depth range.33,34 The

IMFP was calculated based on the TPP-2M formula by Tanuma et al.39

Elastic-electron scattering effects have been neglected. For Al Kα

excitation XPS, photoelectrons of 801, 1138, and 1352 eV kinetic

energy referring to F1s, Ca2p, and Sr3d, respectively, were consid-

ered. Two separate IMFP calculations were performed for each of

these photoelectrons traveling through calcium fluoride, on the one

hand, and through strontium fluoride, on the other hand. For the SR-

XPS, photoelectrons of 100, 200, 300, and 400 eV kinetic energy

were considered. Two separate IMFP calculations were performed for

each of these photoelectrons traveling through calcium fluoride, on

the one hand, and through strontium fluoride, on the other hand. The

z95 results from these two calculations were averaged for each of the

four kinetic energies.

2.8 | ICP-MS

Only the solvent surrounding the tubing during the dialysis of Sr–Ca

(4)-II and Ca–Sr(4)-II was investigated. Prior to exchange of the sol-

vent after 2 h, 4 h, 6 h, and 3 days, always a 10 mL fraction was

removed for inductively coupled plasma mass spectrometry (ICP-MS)

analysis. These fractions were diluted by a factor of 50 with ultrapure

water. The measurements were performed with the Element 2 high-

resolution ICP-MS instrument manufactured by Thermo Fisher Scien-

tific Inc. (Waltham, Massachusetts, USA). A 1 μg/L aqueous solution

of the B, Ba, Ce, Co, Fe, Ga, In, K, Li, Lu, Na, Rh, Sc, Tl, U, and Y was

prepared from single element standard solutions purchased from

Merck (Darmstadt, Germany). Na, In, and U were used for optimiza-

tion of the signal intensities. The same solution was used for calibra-

tion of the mass scale. Every time the tube to the ICP-MS instrument

was changed from one sample to another sample, it was repeatedly

rinsed by ultrapure water and 1 vol% aqueous HNO3. Measurements

were performed both in “medium resolution” and “high resolution”

mode. No internal standard was used. The detection limit of the mea-

surement was approximately 0.03 μg/L for Sr and 0.3 μg/L for

Ca ions.

2.9 | Sample preparation for STEM

Only the samples Sr–Ca(4)-II and Ca–Sr(4)-II were investigated by

STEM. The suspensions were purified by dialysis as described above.

Afterwards, they were further diluted by a factor of 200. 5 μL were

deposited onto a 0.5 × 0.5 mm broad and 100-nm-thick silicon nitride

window in a 200 nm thick round silicon frame with 3 mm diameter

manufactured by Norcada Inc. (Edmonton, Canada). The samples were

stored at a pressure of 5 ⨯ 10−5 mbar for 4 days, in order to remove

all solvent residues.
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2.10 | Scanning transmission electron microscopy

STEM measurements were performed in scanning mode in a JEOL

(Tokyo, Japan) JEM ARM200F electron microscope equipped with a

probe Cs corrector using the annular bright field (ABF) and high-angle

annular dark field (HAADF) detectors for electron signal detection.

Additional analytical data for determining local compositions were

acquired with the attached energy dispersive X-ray (EDX) spectrome-

ter JEOL JED2300.

2.11 | Dynamic light scattering

Dynamic light scattering (DLS) was measured on a Zetasizer Nano in

PMMA cuvettes using a 630 nm light source. The viscosity of each sol

was determined separately for evaluation.

3 | RESULTS

The aim of the synthesis was obtaining two different types of core–

shell particles, namely, a SrF2 core surrounded by a CaF2 shell and vice

versa. Briefly, core nanoparticles are synthesized by dissolving the

corresponding metal lactate in ethylene glycol (Step 1) followed by

fluorination with anhydrous HF (Step 2), yielding a transparent disper-

sion of alkaline earth metal fluoride nanoparticles. Subsequently, the

other metal lactate is dissolved in this nanoparticle dispersion (Step 3)

and fluorinated again (Step 4). The two nanoparticle synthesis proce-

dures used in this study are schematically depicted in Figure 1. The

different steps of the nanoparticle synthesis started with strontium

lactate will in the following be referred to as Sr–Ca(1)–(4), and the dif-

ferent steps of the nanoparticle synthesis started with calcium lactate

as Ca–Sr(1)–(4). The first synthesis of the nanoparticles performed in

January 2016 was replicated in January 2019. In 2019, all four steps

of the synthesis were investigated, while in 2016, only the final step

was considered. The samples from 2016 will be referred to as Sr–Ca

(4)-II and Ca–Sr(4)-II.

A 20 mL fraction was removed from the solutions or suspensions

at each step of the synthesis (cf. Figure 1) for subsequent analysis by

XPS; 100 μL of this fraction were purified by repeated dialysis as

described in the experimental section. This purification step is sup-

posed to remove all free-floating Sr2+, Ca2+, F−, and C3H5O3
− ions

from the suspensions, while the nanoparticles remain. Furthermore,

the solvent ethylene glycol used for nanoparticle synthesis should be

entirely exchanged by methanol. Only for the samples Sr–Ca(1) and

Ca–Sr(1), no purification by dialysis was performed, because no

nanoparticles are formed, yet, at this stage of the synthesis.

Therefore, no differentiation between nanoparticles and free-floating

species is required.

3.1 | ICP-MS

ICP-MS was applied to confirm that the purification by dialysis

was complete. In other words, it should be proved that the solu-

tion surrounding the dialysis tubing is free from Ca2+ and Sr2+ ions

in the end of the purification process. This is of importance,

because XPS cannot distinguish calcium and strontium in the

nanoparticles from residues originating from free-floating calcium

and strontium ions in solution. Only the solvent surrounding the

tubing during the dialysis of Sr–Ca(4)-II and Ca–Sr(4)-II was investi-

gated. Prior to the exchange of the solvent after 2 h, 4 h, 6 h, and

3 days, a 10 mL fraction was removed for ICP-MS analysis. In

none of these samples, any Ca2+ or Sr2+ ions could be detected.

Consequently, the measured calcium and strontium XPS intensities

originate from the nanoparticles exclusively.

F IGURE 1 Schematic representation of the anticipated Sr–Ca synthesis (upper row) and the Ca–Sr synthesis (lower row). The suspensions
resulting from the different steps of the synthesis started with Sr(OLac)2 are referred to as Sr–Ca(1)–(4), and suspensions resulting from the
different steps of the synthesis started with Ca(OLac)2 are referred to as Ca–Sr(1)–(4). OLac = lactate
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3.2 | STEM and DLS

STEM experiments were performed, firstly, in order to characterize

size and shape of the nanoparticles and, secondly, to determine the

distribution of calcium and strontium in individual nanoparticles. Only

the samples Sr–Ca(4)-II and Ca–Sr(4)-II were investigated after purifi-

cation by dialysis. Figure 2C–F shows STEM micrographs of two

different magnifications recorded in HAADF mode. Further

micrographs recorded in HAADF mode can be found in Section 3 of

the Supporting Information. Remaining carbohydrates attached to the

specimen were cracked during irradiation under the electron beam

leading to amorphous carbon contamination growth during the

imaging process and, therefore, inhibiting the quality of the images.

The particles of both samples are not spherical. The majority

exhibits an elongated, ellipsoidal shape. With increasing diameter

additionally, rhomboid- and hexagon-shaped particles are observed. In

the case of the Sr–Ca(4)-II sample, even a very small proportion of

needle-shaped particles was found. The crystallinity of the particles is

confirmed by the appearance of lattice planes in the HAADF-STEM

micrographs. The observed plane spacings are in good agreement with

the values for the 111, 200, and 220 lattice planes of CaF2 and SrF2.

However, the difference between the plane spacings of CaF2 and

SrF2 from literature is at maximum 0.2 Å. This is within the uncer-

tainty of the given STEM measurements, and thus, the observed

lattice plane spacings cannot be used to reliably differentiate CaF2,

SrF2, or mixed fluorides CaxSr1−xF2. A distinct core–shell morphology

with a sharp interface between CaF2 and SrF2 domains at the surface

and in the center of the particles, respectively, could not be identified

during the STEM analysis. However, the crystallites show local varia-

tions in composition with a tendency following the preparation

F IGURE 2 (A) Dynamic light scattering (DLS)
data of the samples Sr–Ca(4)-II and Ca–Sr(4)-II.
The particle diameter histograms from DLS were
fitted with logarithmic normal distributions LN
(μ*,σ*). see section 3 of the Supporting Information
for further details on LN(μ*,σ*). (B) Photograph of
the nanoparticle suspensions of the samples Sr–
Ca(4) and Ca–Sr(4) in ethylene glycol. High-angle
annular dark field (HAADF) mode scanning
transmission electron microscopy (STEM)
micrographs of the sample Sr–Ca(4)-II (C,D) and
Ca–Sr(4)-II (E,F). Local bright contrast indicates the
presence of the heavier element strontium within
a particle

6 MÜLLER ET AL.

146



Results / Synchrotron radiation-based X-ray photoelectron spectroscopy

procedure regarding which element can be found predominantly at

the surface especially in the case of Ca–Sr(4)-II.

Furthermore, nanoparticle sizes could be determined from STEM.

Low image contrast and strong agglomeration of the nanoparticles

render an automatized analysis of the micrographs impossible.

Therefore, the analysis was performed manually. Due to the elongated

shape of the particles, both the maximum and the minimum diameter

of each particle were measured. For sample Sr–Ca(4)-II, 11.5

(7.6–17.7) and 8.0 (5.6–11.3) nm were determined as average maxi-

mum and minimum diameter, while for sample Ca–Sr(4)-II, 9.6

(6.9–13.4) and 6.4 (4.9–8.4) nm were found. The values in parenthe-

ses indicate the standard deviation interval, which contains �68% of

all data. Note that the needle-shaped particles in the Sr–Ca(4)-II

sample were not included in the size measurement. Due to their very

small number, they were considered statistically irrelevant. The good

agreement between STEM and DLS results supports this assumption.

Furthermore, nanoparticle diameter distribution histograms from

DLS analysis can be found in Figure 2A. The histograms were fitted

with logarithmic normal distributions (red lines). The dashed blue line

is the median, and the transparent red area indicates the standard

F IGURE 3 X-ray photoelectron spectroscopy
(XPS) survey spectra of the samples Sr–Ca(1)–
(4) and Sr–Ca(4)-II as well as Ca–Sr(1)–(4) and Ca–
Sr(4)-II recorded at the KRATOS AXIS ultra DLD
photoelectron spectrometer with
monochromatized Al Kα excitation and energy
referenced relative to the aliphatic carbon C1s
component at 285.0 eV. Only spectra of the
dialyzed suspensions are presented in this figure
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deviation interval of the distribution with �68% of all particle diame-

ters. DLS yields an average diameter of 9.1 (7.5–10.9) nm for Sr–Ca

(4)-II and 9.7 (8.3–11.3) nm for Ca–Sr(4)-II. Within the error of the

experiment, the diameters from DLS analysis agree with the diameters

from STEM analysis. However, the DLS results can only be considered

a rough estimate, because they are based on the model of a perfect

sphere, which is clearly wrong for the investigated nanoparticles.

Sections 3 and 4 of the Supporting Information contain all information

about the mathematics behind the logarithmic normal distribution

used to fit both the STEM and the DLS nanoparticle diameter

histograms.

3.3 | Chemical composition from Al Kα

excitation XPS

Both the as-synthesized and the dialyzed suspensions Sr–Ca(1)–(4) and

Sr–Ca(4)-II as well as Ca–Sr(1)–(4) and Ca–Sr(4)-II were investigated by

laboratory-based Al Kα excitation XPS. Figure 3 comprises the survey

spectra of all dialyzed suspensions. The suspensions were drop-casted

onto a silicon wafer and dried for the XPS analysis, which is performed

in ultra-high vacuum. Therefore, the samples contain all nonvolatile

components of the suspension (both from the nanoparticles and from

the surrounding solution).

Elemental fractions of carbon, oxygen, calcium, strontium, and

fluorine were determined by quantification of the survey spectra.

Because conventional standard-free sensitivity factors for XPS

quantification were found to be insufficiently accurate in this case,

new sensitivity factors were determined empirically by measuring the

pure metal lactates Sr–Ca(1) and Ca–Sr(1) as reference materials (see

Section 1.1-2 of the Supporting Information). The quantification

results for all elements can be found in Table S5 and S6 of the

Supporting Information. In the following, predominantly the relative

molar amounts of calcium, strontium, and fluorine are discussed. The

z95 XPS information depth at Al Kα excitation is between 7.6 and

11.3 nm for F1s, Ca2p, and Sr3d photoelectrons passing through

CaF2, while it is between 6.6 and 9.9 nm for the photoelectrons

passing through SrF2. Relative to the mean nanoparticle diameters of

around 8.9 nm determined by STEM analysis, these XPS measure-

ments are more bulk sensitive than surface sensitive.

Figure 4 summarizes the F/(Ca + Sr) and Ca/(Ca + Sr) molar ratios

obtained both from the as-synthesized and the dialyzed suspensions

at the different synthesis steps Sr–Ca(2)–(4) and Sr–Ca(4)-II as well as

Ca–Sr(2)–(4) and Ca–Sr(4)-II. The error bars are based on a ±10%

uncertainty of the relative molar amount of each element calcium,

strontium, and fluorine. The overall uncertainty of the F/(Ca + Sr) and

Ca/(Ca + Sr) ratios was calculated according to the spreadsheet

technique developed by Kragten.40

F IGURE 4 Molar ratios F/(Ca + Sr) both from the as-synthesized and the dialyzed suspensions at the different synthesis steps Sr–Ca(2)–(4) and
Sr–Ca(4)-II as well as Ca–Sr(2)–(4) and Ca–Sr(4)-II (upper row). Molar ratios Ca/(Ca + Sr) both from the as-synthesized and the dialyzed suspensions
at the different synthesis steps (lower row). The values were obtained from quantitative analysis of the X-ray photoelectron spectroscopy (XPS)
survey spectra recorded at the KRATOS AXIS ultra DLD photoelectron spectrometer with monochromatized Al Kα excitation
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3.3.1 | Steps Sr–Ca(2) and Ca–Sr(2)

At Steps Sr–Ca(2) and Ca–Sr(2) of each synthesis procedure, that is,

the synthesis of the pure core particles, hydrogen fluoride and metal

lactate were added at a molar ratio of 2:1, and metal fluoride

nanoparticles were formed. The F/(Ca + Sr) molar ratios from XPS of

the as-synthesized suspensions very well agree with the ratios that

were added during the synthesis. The F/(Ca + Sr) molar ratios of the

dialyzed are equal to those of the as-synthesized suspensions. As

mentioned before, XPS spectra of the dialyzed suspensions

exclusively contain elements present in the nanoparticles. This

confirms that all metal and fluorine ions react and form stoichiometric

metal fluoride (MF2) nanoparticles. No free-floating metal ions remain

in suspension.

3.3.2 | Steps Sr–Ca(3) and Ca–Sr(3)

At Steps Sr–Ca(3) and Ca–Sr (3) of each synthesis procedure, the

second metal lactate was added at a molar ratio of 1:1 relative to the

metal lactate added in the previous step. Before and after purification

by dialysis, both calcium and strontium are detected (see Figure 3).

Consequently, the second metal ion must already be part of the

nanoparticles at this stage, because the dialysis removes all metal ions

in solution.

The Ca/(Ca + Sr) molar ratios of approximately 0.5 from XPS of

the as-synthesized suspensions are equal to the molar ratios that were

added during the synthesis. After dialysis, the Ca/(Ca + Sr) ratios

reflect the extent at which each metal ion was incorporated into the

nanoparticles. In the case of Sr–Ca(3), an excess of strontium is

detected, while for Ca–Sr(3), an excess of calcium is observed.

Consequently, the alkaline earth metal ion used to start the synthesis

is incorporated to a greater extent, respectively. Due to the high

amount of alkaline earth metal relative to fluorine at this step of the

synthesis, the metal ion added subsequently cannot fully react any-

more. A fraction of the metal ions, consequently, remains in solution

and is removed during the purification by dialysis. Tables S5 and S6

confirm that the difference in Ca/(Ca + Sr) molar ratio between the

as-synthesized and the purified suspension is predominantly caused

by removal of the subsequently added metal ion, respectively.

Furthermore, during this step of the synthesis, the particles contain

about 6 times more carbon and oxygen than in all other synthesis steps

(see Figure 3 and Tables S5 and S6), which cannot be removed during

dialysis. This can also be explained by the exceptionally high amount of

metal relative to fluorine at this synthesis step. Obviously, the major

part of the added metal lactate already strongly interacts with the

metal fluoride nanoparticles, most probably due to interaction with the

particle surface and beginning cation exchange. Thus, the majority of

the lactate is immobilized at the particles together with solvate mole-

cules and, hence, will not penetrate the dialysis membrane.

The F/(Ca + Sr) molar ratio added during synthesis is 1. The

F/(Ca + Sr) molar ratios from XPS of the as-synthesized suspensions

agree with this value. Because metal ions are removed during

purification by dialysis, the F/(Ca + Sr) of the dialyzed suspensions is

higher than the ratio of the as-synthesized suspensions. However, in

contrast to the previous step of the synthesis, the theoretical

F/(Ca + Sr) ratio of 2 for stoichiometric MF2 nanoparticles is not

found after purification of the suspension by dialysis. Consequently,

the nanoparticles cannot consist of MF2 alone, but additional metal

ions are present presumably organized in a surface layer.

3.3.3 | Steps Sr–Ca(4) and Ca–Sr(4)

At Steps Sr–Ca(4) and Ca–Sr(4) of each synthesis procedure, further

hydrogen fluoride was added at a molar ratio of F/(Ca + Sr) = 2

relative to the previously added alkaline earth metal ions. The

F/(Ca + Sr) ratios from XPS agree with the ratio applied during synthe-

sis within the error of the experiment. Consequently, the amount of

metal relative to fluorine atoms returns approximately to the level of

step Sr–Ca(2) and Ca–Sr(2) of the synthesis. Results from the dialyzed

are equal to the results from the as-synthesized suspensions. The

same applies to the Ca/(Ca + Sr) ratios. This means that the excess of

either strontium or calcium, respectively, in the nanoparticles

observed during Step (3) of the synthesis has disappeared. This

observation is confirmed by analysis of the replicate samples Sr–Ca

(4)-II and Ca–Sr(4)-II.

3.4 | Al Kα excitation XPS peak shape and binding

energy analysis

For a binding energy and peak shape analysis, XPS high-resolution

spectra of Ca2p, Sr3d, and F1s photoemission from the dialyzed nano-

particle suspensions were recorded using laboratory-based XPS at

monochromatized Al Kα excitation. Spectra were acquired, both for

the Sr–Ca and the Ca–Sr synthesis routes at all four steps indicated in

Figure 1 and can be found in Section 1.4 of the Supporting

Information.

All high-resolution spectra seem to have symmetric peak shapes.

The binding energy scale of the high-resolution spectra was energy

referenced relative to the aliphatic carbon C1s component at

285.0 eV. The black dots in Figure 5 represent the calibrated binding

energies of the Ca2p3/2, Sr3d5/2, and F1s signals of the samples Sr–Ca

(1)–(4) and Sr–Ca(4)-II as well as Ca–Sr(1)–(4) and Ca–Sr(4)-II. A mea-

surement uncertainty of ±0.2 eV is indicated by the error bars.41 The

light and dark gray areas represent binding energies from literature of

347.9 and 684.8 eV for Ca2p3/2 and F1s in CaF2 as well as 133.9 and

684.6 eV for Sr3d5/2 and F1s in SrF2, also with an uncertainty of

±0.2 eV.42,43

While the binding energy difference between Sr3d5/2 in stron-

tium lactate (Sr–Ca(1)) and strontium fluoride of 0.1 eV is vanishingly

small, the difference between Ca2p3/2 in calcium lactate (Ca–Sr(1))

and calcium fluoride of 0.6 eV is more significant. At all following

steps of the nanoparticle synthesis, the binding energies of Ca2p3/2,

Sr3d5/2, and F1s are in good agreement with the binding energies
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from literature for calcium and strontium fluoride. However, the

Ca2p3/2 signal of sample Sr–Ca(3) is slightly shifted towards lower

binding energies compared with Sr–Ca(4) and Sr–Ca(4)-II. The lower

binding energy indicates a higher amount of calcium lactate in the

sample. This is in agreement with the quantification results from the

previous section, where 6 times more carbon and oxygen were found

for Sr–Ca(3) compared with the other synthesis steps.

3.5 | In-depth analysis of the samples Sr–Ca(4) and

Ca–Sr(4) by SR-XPS

In contrast to laboratory-based X-ray sources that may provide two

discrete characteristic X-ray photon energies (e.g., Al Kα and Mg Kα

radiation), a SR source enables a continuous variation of the photon

energy. A variation of the excitation energy means a variation of the

F IGURE 5 F1s, Ca2p3/2, and Sr3d5/2
binding energies of the samples Sr–Ca(1)–
(4) and Sr–Ca(4)-II as well as Ca–Sr(1)–
(4) and Ca–Sr(4)-II. Energy referencing
was performed relative to the aliphatic
carbon C1s component at 285.0 eV. The
bright and dark gray areas indicate binding
energy reference values from literature
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z95 XPS information depth and, therefore, allows for a determination

of the in-depth chemical composition. This is particularly interesting,

because depth profiling by angle-resolved XPS at a fixed excitation

energy cannot be applied to nanoparticles. All SR-XPS experiments in

this work were performed at the HE-SGM monochromator dipole

magnet beamline at the BESSY II SR source (Berlin, Germany), which

covers the soft X-ray range between 100 and 750 eV.

SR-XPS was applied to either prove or disprove a core–shell char-

acter of the investigated nanoparticle systems. In order to simplify the

quantification of the spectra and simultaneously increase the accuracy

of the results, the constant kinetic energy XPS method was applied.34

This method works by varying the photon energy such that the photo-

electrons used for quantification emitted by the different elements

have equal kinetic energies. For a calculation of relative molar amounts

of calcium and strontium in the sample, the correction of peak intensi-

ties for the spectrometer transmission function T and the IMFP is not

necessary when using constant kinetic energy XPS, because both quan-

tities T and IMFP cancel out. However, accurate calculation of relative

molar amounts still requires the normalization by the photoionization

cross sections and the monochromator transmission function, because

both quantities change with photon energy. Furthermore, the photo-

ionization cross sections must be asymmetry corrected, because the

source-to-analyzer angle is about 10� lower than the magic angle of

54.7�. Because the degree of linear polarization of the SR at the

HE-SGM beamline is 91%, the asymmetry corrected photoionization

cross sections were calculated according to an expression proposed by

Cooper for linearly polarized synchrotron light.44 Furthermore, photo-

electron angular distribution parameters from Trzhaskovskaya et al. were

used.45 All the details of this calculation are provided in Section 2.1 of

the Supporting Information. A full set of fitted high-resolution spectra,

the corresponding fitting parameters, and a tabulation of SR-XPS results

can be found in Section 2.2 of the Supporting Information.

In-depth analysis was performed by recording high-resolution

spectra of the Ca2p and Sr3d photoelectron signals at the four differ-

ent kinetic energies 100, 200, 300 and 400 eV, which refers to a z95

information depth of 2.3, 3.0, 3.7 and 4.5 nm, respectively. Figure 6

displays the relative amounts of calcium and strontium in the samples

Sr–Ca(4) and Ca–Sr(4) as a function of the z95 information depth. The

blue error bars represent a ±10% uncertainty of the relative amount

of strontium, while the red error bars represent a ±10% uncertainty of

the relative amount of calcium. The in-depth distribution of calcium

and strontium in the two samples is equal within the error of the

experiment. This is remarkable, because these two samples were pre-

pared using two different synthesis routes (see Figure 1) aiming for

different products: on the one hand, SrF2–CaF2 core–shell

nanoparticles and, on the other hand, vice versa CaF2–SrF2 core–shell

nanoparticles. There is clearly a variation of the relative amount of the

two alkaline earth metals with the analysis depth. The measurement

at z95 = 2.3 nm shows an excess of calcium (81% for Sr–Ca(4), 72%

for Ca–Sr(4)). The higher information depth of z95 = 3.0 nm leads to a

decrease of the relative amount of calcium, but it still prevails (65%

for Sr–Ca(4), 58% for Ca–Sr(4)), while at z95 = 3.7 and 4.5 nm, the

ratio of the two alkaline earth metals becomes approximately

1 (54 and 54% for Sr–Ca(4), 50 and 51% for Ca–Sr(4)). At these latter

two information depths, relative amounts of calcium and strontium

are reached, which also result from an analysis using laboratory-based

Al Kα excitation XPS with z95 information depths between 6.6 and

11.3 nm as stated in the corresponding section above.

F IGURE 6 Quantitative in-depth analysis based on the Ca2p and Sr3d peak areas of the samples Sr–Ca(4) and Ca–Sr(4) recorded using
variable synchrotron radiation for excitation. The peak areas were normalized by the asymmetry corrected photoionization cross sections and the
monochromator transmission function. A correction for the IMFP and the spectrometer transmission function is not required, because the
constant kinetic energy X-ray photoelectron spectroscopy (XPS) method34 was applied. The core–shell like sphere in this figure is an idealized
representation of the investigated nanoparticles. Even though the real nanoparticles do not exhibit a spherical shape, the scheme is supposed to
increase the comprehensibility of the relation between in-depth profile and particle morphology
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The maximum XPS information depth used in the SR-XPS experi-

ment is approximately half of the average nanoparticle diameter as

measured by STEM. Therefore, the in-depth profiles in Figure 6

confirm that the nanoparticles of both samples Sr–Ca(4) and Ca–Sr

(4) consist of a mixed fluoride CaxSr1−xF2 with an enrichment of Ca at

the surface. This is unexpected, because the nanoparticles have been

prepared using different synthesis routes (cf. Figure 1).

On the one hand, the STEM results have already disproved a dis-

tinct core–shell morphology with a sharp interface between core and

shell material; on the other hand, the SR-XPS results confirm that the

nanoparticles consist of a mixed fluoride CaxSr1−xF2 with an enrich-

ment of Ca at the surface. In order to better understand the actual

morphology including the spatial distribution of Ca and Sr within the

nanoparticles, Ca2p/Sr3d XPS intensity ratio in-depth profiles based

on a variety of preset spatial distributions of these elements (morphol-

ogies) were simulated using the software “Simulation of Electron

Spectra for Surface Analysis” (SESSA) Version 2.1.1. In these simula-

tions, the overall composition and the total diameter of the

nanoparticles were constrained. The complete SESSA input including

scripts, physical, and chemical parameters as well as nanoparticle

morphologies can be found in Section 2.3 of the Supporting Informa-

tion. Furthermore, the same section contains a Python program that

can be used to sort the SESSA output into a convenient table.

The Ca2p/Sr3d XPS intensity ratio in-depth profile simulated for

a homogeneously composed (Ca0.5Sr0.5F2) nanoparticle (Simulation V

in Figure S10) does not compare with the measured in-depth profiles

at all. Even though the order of magnitude of the obtained Ca2p/Sr3d

intensity ratios is equal to the experiment, their development with

photon energy is the wrong way around. As opposed to this, the

simulated in-depth profile based on a distinct SrF2–CaF2 core–shell

morphology (Simulation I in Figure S10) better matches the shape of

the experimental in-depth profiles. The amount of Ca continuously

decreases with decreasing surface sensitivity until it remains approxi-

mately constant for the higher information depths. However, the

Ca2p/Sr3d intensity ratios obtained from this model are

approximately 10 times larger than the experimental results.

A compromise between these two models was found by simulat-

ing a nanoparticle with a mixed Ca0.38Sr0.62F2 core and a 0.3-nm CaF2

shell (Simulation II in Figure S10). The Ca/Sr ratio in the core was

selected, such that the overall Ca/Sr ratio in the nanoparticle is

constrained to 1. The Ca2p/Sr3d XPS intensity ratio in-depth profile

based on this model also continuously decreases with decreasing

surface sensitivity like in Simulation I, but at the same time, the Ca/Sr

ratio values are much closer to the experimental results. However,

even with Simulation II, the Ca2p/Sr3d intensity ratios remain approx-

imately 3 times larger than those obtained in the experiment. It was

not possible to find a nanoparticle input morphology for the SESSA

simulations that yields ratios in closer agreement with the experiment,

while keeping the correct shape of the in-depth profile.

Nevertheless, the SESSA simulations underpin the previous

assumptions that the nanoparticles neither exhibit a homogeneous

Ca0.5Sr0.5F2 composition nor a distinct CaF2–SrF2 core–shell morphol-

ogy. Instead, Simulation II indicates that an enrichment of Ca at the

surface and an enrichment of Sr inside the nanoparticle is a good

approximation of the overall morphology of the real samples. A possi-

ble explanation for the remaining deviation between Simulation II and

experiment could be an inaccuracy of the used theoretical photoioni-

zation cross sections of Ca2p and Sr3d for the specific SR-XPS excita-

tion energies. As shown already in Section 3.3 of this paper, a

successful quantification of the Al Kα excitation XPS spectra was only

possible by using empirical sensitivity factors determined with quali-

fied reference samples, because the use of standard-free sensitivity

factors of Ca2p and Sr3d led to wrong results (for details, see

Section 1.2 “Determination of sensitivity factors (SFs) for quantifica-

tion” in the Supporting Information). Another factor that is expected

to cause a deviation between simulation and experiment is the ideality

of the selected SESSA input morphologies. All simulations are based

on the model of a perfect sphere, neither considering the

nonsphericity nor the polydispersity of the real samples (cf. Figure 2).

Wang et al. have already shown in detail that significant deviations

between SESSA and experimental results can be caused by nonunifor-

mities of core–shell nanoparticles.28

4 | DISCUSSION

The formation of nanoparticles during the presented fluorolytic sol–

gel synthesis is confirmed by STEM and DLS analyses. These

nanoparticles are not spherical and exhibit a quite high polydispersity.

The goal of the stepwise synthesis procedure, consisting of two

separate fluorinations, was the formation of nanoparticles with a

SrF2–CaF2 or CaF2–SrF2 core–shell morphology, respectively. STEM

analysis reveals that no distinct core–shell morphology with a sharp

interface between the two fluoride phases is formed. Such a clear sep-

aration would cause a corresponding material contrast between core

and shell region in the STEM micrographs, which is not observed. At

the same time, SR-XPS supported by SESSA simulations confirms an

excess of calcium at the surface of the nanoparticles. The combination

of STEM and SR-XPS suggests that there is not a clear core–shell

morphology but instead an enrichment of calcium at the surface and

of strontium in the center of the particles. Consequently, intermixing

of calcium and strontium containing phases occurs. This is in

accordance with previous results from 19F NMR spectroscopy, also

revealing CaF2-rich domains, SrF2-rich domains, and an intermixing

zone.13 However, NMR spectroscopy cannot distinguish which

domain is the shell and which is the core. The intermixing lowers the

difference in material contrast and, thus, makes it more complicated

to detect local calcium and strontium enrichments by STEM. Further-

more, SR-XPS is an ensemble method in contrast to STEM. The num-

ber of particles included in the analysis is higher by orders of

magnitude. Therefore, SR-XPS has a higher probabilty to detect the

surface enrichment of one metal, espacially if this enrichment is

differently pronounced for different particles in the sample. Quite

unexpectedly, both STEM and SR-XPS show no significant difference

between the nanoparticles resulting from the Sr–Ca or the Ca–Sr syn-

thesis route. This finding suggests that the chronology of addition and

12 MÜLLER ET AL.
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fluorination of either calcium or strontium lactate does not play a role

for the internal morphology of the final nanoparticles.

The quantitative analysis of the nanoparticle suspensions by

laboratory-based Al Kα excitation XPS revealed that in Steps (2) and

(4) of both nanoparticle synthesis routes, stoichiometric metal fluo-

ride (MF2) nanoparticles are formed. This is indicated by the

F/(Ca + Sr) ratio of 2.0, which is obtained both before and after

purification of the suspensions by dialysis. However, Step (3) of

both synthesis routes exhibits a much lower F/(Ca + Sr) ratio of

approximately 1.2 after purification by dialysis. Consequently, at this

point, the nanoparticles cannot consist of MF2 alone, but additional

metal ions are present, presumably organized in a surface layer.

Furthermore, the nanoparticles contain 6 times more carbon and

oxygen in Step (3) than in all other steps. This indicates that due to

the low amount of fluorine ions available at this point of the

synthesis, lactate ions were incorporated as counter ions instead. A

higher amount of lactate in the sample Sr–Ca(3) is further confirmed

by the slight shift of the Ca2p signal towards lower binding energies

compared with the following synthesis step. Apart from the

samples Sr–Ca(1) and Ca–Sr(1), which contain the pure metal

lactates, the binding energies of all calcium, strontium, and fluorine

signals of all other samples confirm the formation of MF2 at all

synthesis steps.

At Step (3) of the synthesis, the nanoparticles exhibit an excess of

the metal, which was added first. However, laboratory-based Al Kα

excitation XPS cannot tell whether this metal is located in the center

or at the surface of the particle. This excess vanishes after the second

fluorination and the final nanoparticles contain the different metal

atoms at almost equal amounts (consistent with the amounts of

calcium and strontium added during synthesis). The nanoparticles that

are formed during the first fluorination of the Ca–Sr synthesis route

contain the entire amount of calcium, which was added. With respect

to the SR-XPS results, these particles seem to be unstable. During the

second fluorination step, a reconstruction of the entire nanoparticle

occurs, resulting in a SrF2-rich domain in the center and a CaF2-rich

domain at the surface of the nanoparticles. Regardless of the

chronology of synthesis, nearly equal particles are formed. Because

there is no sharp interface between calcium and strontium containing

phases in the particles but intermixing instead, there must be a

significant reconstruction of the initially formed nanoparticles in both

synthesis routes.

It should be noted that the applied synthesis procedure as well as

the performed laboratory-based XPS experiments is remarkably repro-

ducible. Even though the Sr–Ca(4) and Ca–Sr(4) and their replicates

Sr–Ca(4)-II and Ca–Sr(4)-II have been prepared by different

synthesists, the XPS spectra are in excellent agreement, both in terms

of peak area and binding energy.

5 | CONCLUSIONS

The fluorolytic sol–gel synthesis performed in a stepwise manner

was investigated. It comprises a first fluorination of calcium lactate

followed by a second fluorination of strontium lactate or vice

versa, with the goal to generate nanoparticles with either a SrF2–

CaF2 or CaF2–SrF2 core–shell morphology, respectively. The

generation of nanoparticles during the synthesis was confirmed by

high-resolution STEM and DLS. Laboratory-based Al Kα excitation

XPS was applied to monitor the overall chemical composition of

the nanoparticle samples at each step of the synthesis. Further-

more, SR-XPS elucidated the change of the samples' chemical com-

position with depth. The simulation of Ca2p/Sr3d XPS intensity

ratio in-depth profiles by SESSA was performed to support the

interpretation of the SR-XPS results. STEM investigations allowed

for statements about the distribution of calcium and strontium

within individual nanoparticles.

It could be shown that there is an enrichment of calcium at

the surface and an enrichment of strontium in the core of the

nanoparticles, no matter whether the synthesis was started with

the fluorination of calcium or strontium lactate. The results suggest

that the chronology of the fluorinations does not significantly

impact the internal morphology of the final nanoparticles. In princi-

ple, core–shell like particle morphologies are formed but without a

sharp interface between calcium and strontium containing phases.

In other words, there is intermixing between a calcium-enriched

surface region and a strontium-enriched core region. Furthermore,

the final nanoparticles clearly consist of stoichiometric metal

fluoride (MF2) exclusively and contain both metal ions strontium

and calcium at equal amounts.

The results of the present paper for undoped nanoparticles are in

good agreement with luminescence and NMR results from previous

investigations of SrF2–CaF2 core–shell like nanoparticles doped with

rare-earth metal ions.13 However, the XPS study provides additional

information that is hardly accessible by luminescence and NMR exper-

iments. This information is crucial, in order to further improve the syn-

thesis of such core–shell like systems in a controlled manner and,

thus, ensure a correct interpretation of the luminescence properties

of these systems in the future.
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1. Al Kα excitation X-ray photoelectron spectroscopy 

1.1 Analysis of pure strontium and calcium lactate 

Fitting of XPS spectra 

Figure S1: C1s and O1s high-resolution spectra of pure strontium lactate (left) and calcium lactate (right) which were used as 
reagents in the synthesis of the Sr-Ca and Ca-Sr nanoparticles. Spectra were recorded at the KRATOS AXIS Ultra DLD 

photoelectron spectrometer with monochromatized Al Kα excitation and are energy referenced relative to the aliphatic carbon C1s 
component at 285.0 eV. The background of the spectra was subtracted. 

Figure S2: Chemical structure of calcium or strontium lactate (C6H10MO6 with M = Ca, Sr).  

Figure S1 shows the XPS high-resolution spectra of the pure strontium and calcium lactates which were 
used as reagents in the synthesis of the Sr-Ca and Ca-Sr nanoparticles. This corresponds to the samples 
Sr-Ca(1) and Ca-Sr(1). Spectra were recorded at the KRATOS AXIS Ultra DLD photoelectron spectrometer 
with monochromatized Al Kα excitation.

The C1s components (b), (c) and (d) can be assigned to the three different carbon atoms in a lactate ion (see 
chemical structure in Figure S2).1 Component (e) belongs to carbon in an ester group in either polylactide 
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or cyclic lactide which form by the esterification reaction between the carboxyl and the alcohol group in 
lactic acid.2, 3 Component (a) is caused by adventitious carbon contamination that does not belong to the 
sample. Since peak (a) and (b) cannot be distinguished, the area of peak (b) was defined as the average 
between the areas of peak (c) and (d). In the ideal case of pure calcium or strontium lactate, the areas of 
peak (b), (c) and (d) would be equal. In the case of strontium lactate, the Sr3p signal slightly coincides with 
the C1s signal at the lower binding energy side. All fitting parameters of the C1s spectra can be found in 
Table S1 and Table S3. 

The O1s components (b) and (c) can be assigned to the three oxygen atoms in a lactate molecule.4 Due to 
the mesomerism of the carboxylic group (see chemical structure in Figure S2), a differentiation of its two 
oxygen atoms in the O1s spectrum is not possible. Therefore, the corresponding peak is approximately twice 
as high as the peak corresponding to the oxygen atom in the alcohol group. Component (d) in the O1s 
spectrum belongs to the oxygen located between two carbon atoms in an ester group of either polylactide or 
cyclic lactide formed by esterification of lactic acid as described above.2, 3 Additional XPS intensity at the 
lower binding energy side of the O1s spectrum (component (a)) originates from calcium or strontium 
hydroxide, respectively.5 All fitting parameters of the O1s spectra can be found in Table S2 and Table S3. 

  

159



Publication 3 - Supporting Information

S4 

Peak fitting parameters 

All photoelectron signals have been fitted with a symmetric peak shape model using the software UNIFIT-
2020. Magenta values in Table S1 and Table S2 have been constrained during the fitting process. Blue 

values have been varied but forced to be equal relative to each other among the peaks within one spectrum. 
Black values were entirely variable. Energy referencing has been performed relative to the aliphatic carbon 
C1s component at 285.0 eV. 
 
 

Table S1: Fit parameters from UNIFIT-2020 of the C1s XPS high-resolution spectra of the pure strontium and calcium lactates 
which were used as reagents in the synthesis of the Sr-Ca and Ca-Sr nanoparticles. This corresponds to the samples Sr-Ca(1) and 

Ca-Sr(1). Spectra were recorded at the KRATOS AXIS Ultra DLD photoelectron spectrometer with monochromatized Al Kα 
excitation. 

       

Sample Purified Peak 

Peak 

height 

/ Counts 

BE 

 

/ eV 

FWHM 

 

/ eV 

L/G 

 

 
       

Sr(OLac)2 No 
 

(a) 11416.80 285.00 1.25 0.2 

(b) 8062.10 285.00 1.25 0.2 

(c) 7358.10 286.63 1.25 0.2 

(d) 8811.00 288.57 1.25 0.2 

(e) 1033.30 289.83 1.25 0.2 

Ca(OLac)2 No (a) 3415.00 285.00 1.27 0.2 

(b) 9575.80 285.00 1.27 0.2 

(c) 8680.40 286.60 1.27 0.2 

(d) 10522.90 288.59 1.27 0.2 

(e) 426.37 289.93 1.27 0.2 

 

 

Table S2: Fit parameters from UNIFIT-2020 of the O1s XPS high-resolution spectra of the pure strontium and calcium lactates 
which were used as reagents in the synthesis of the Sr-Ca and Ca-Sr nanoparticles. This corresponds to the samples Sr-Ca(1) and 

Ca-Sr(1). Spectra were recorded at the KRATOS AXIS Ultra DLD photoelectron spectrometer with monochromatized Al Kα 
excitation. 

       

Sample Purified Peak 

Peak 

height 

/ Counts 

BE 

 

/ eV 

FWHM 

 

/ eV 

L/G 

 

 
       

Sr(OLac)2 No 
 

(a) 531.07 530.22 1.44 0.2 

(b) 45182.10 531.60 1.44 0.2 

(c) 19381.30 532.87 1.44 0.2 

(d) 2332.10 533.80 1.44 0.2 

Ca(OLac)2 No (a) 2195.90 530.25 1.44 0.2 

(b) 52285.60 531.63 1.44 0.2 

(c) 17695.00 532.90 1.44 0.2 

(d) 1610.50 533.83 1.44 0.2 
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Background fitting parameters 

The inelastic background in all photoelectron spectra has been fitted with a mixture of Shirley and 
homogeneous Tougaard model using the software UNIFIT-2020. Magenta values in Table S3 have been 
constrained during the fitting process. Black values were entirely variable.  
 

Table S3: Background fit parameters from UNIFIT-2020 of the C1s and O1s XPS high-resolution spectra of the pure strontium 
and calcium lactates which were used as reagents in the synthesis of the Sr-Ca and Ca-Sr nanoparticles. This corresponds to the 

samples Sr-Ca(1) and Ca-Sr(1). Spectra were recorded at the KRATOS AXIS Ultra DLD photoelectron spectrometer with 
monochromatized Al Kα excitation. 

          

Sample Purified Signal 
Linear Shirley Tougaard (homogeneous) 

a e B C C‘ D T0 
          

Sr(OLac)2 No C1s 2.78E+3 2.52E-3 0 1643 1 0 0 

O1s 5.53E+3 3.19E-4 0 1643 1 0 0 

Ca(OLac)2 No C1s 4.39E+2 7.16E-4 0 1643 1 0 0 

O1s 4.24 E+3 3.32 E-4 0 1643 1 0 0 
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1.2 Determination of sensitivity factors (SFs) for quantification 

 

Standard-free SFs (stf-SFs): 

The standard-free SFs are composed of three different components: firstly, Scofield photoionization cross 
sections6, secondly, the IMFP  approximated with 0.103Ekin

0.745 (the values 0.103 and 0.745 are the means 
of all values provided in Table 1 of the publication by Tanuma et al.7 from 1993) and, thirdly, the 
spectrometer transmission function. The transmission function T(Ekin) was obtained with the quantified 
peak area approach (QPA) described elsewhere.8

 It is verified at regular intervals by measuring the 
ionic liquid 1-methyl-3-propyl-imidazolium bis(trifluoromethylsulfonyl)imide.9 Because the source-to-
analyzer angle is close to the magic angle of 54.7°, an asymmetry correction of the photoionization cross 
sections was not performed. 

 

Empirical SFs (em-SFs): 

In this case the pure strontium and calcium lactates (Sr-Ca(1) and Ca-Sr(1)) were used as reference 
materials, in order to determine empirical SFs for Sr3d, Ca2p, O1s and C1s. Note, that the intensity of 
component (a) in the C1s spectra in Figure S1 was not included in the analysis. Assuming a homogeneous 
chemical in-depth distribution of calcium and strontium lactate and a z95 XPS information depth of 
approximately 10 nm at monochromatized Al Kα excitation, the XPS analysis can be considered as bulk 
sensitive volume analysis. Since the SF of F1s could not be extracted from the lactate samples, it was derived 
according to the following expression: 𝑒𝑚-𝑆𝐹(𝐹1𝑠) = 12 ⋅ (𝑒𝑚-𝑆𝐹(𝑂1𝑠)𝑠𝑡𝑓-𝑆𝐹(𝑂1𝑠) + 𝑒𝑚-𝑆𝐹(𝐶1𝑠)𝑠𝑡𝑓-𝑆𝐹(𝐶1𝑠)) ⋅ 𝑠𝑡𝑓-𝑆𝐹(𝐹1𝑠) 

The empirical SFs of Sr3d, Ca2p, F1s, O1s and C1s shown in Table S4 were applied for the quantification 
of all laboratory-based Al Kα excitation XPS experiments performed in this work. 

 

 

Table S4: Standard-free and empirical SFs normalized relative to the SF of F1s. 

 
Standard-free 

SFs 

Empirical 

SFs 

Sr3d 1.26 1.55 

Ca2p 1.07 1.54 

F1s 1.00 1.00 

O1s 0.62 0.63 

C1s 0.22 0.21 
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1.3 Quantification of nanoparticle survey spectra  

 

Table S5: Relative amounts of carbon, oxygen, calcium, strontium and fluorine obtained from quantifying the XPS survey spectra 
of the samples Sr-Ca(2)-(4) and Sr-Ca(4)-II recorded at the KRATOS AXIS Ultra DLD photoelectron spectrometer with 

monochromatized Al Kα excitation. Apart from the ratios F/(Ca+Sr) and Ca/(Ca+Sr), all results have been divided by the amount 
of fluorine. 

Sample Purified 
Relative amount 

C/F O/F Ca/F Sr/F F/F F/(Ca+Sr) Ca/(Ca+Sr) 

Sr-Ca(2) 
Yes 0.55 0.44 - 0.52 1.00 1.91 - 
No 0.56 0.40 - 0.51 1.00 1.95 - 

Sr-Ca(3) 
Yes 4.03 1.80 0.34 0.46 1.00 1.26 0.42 
No 4.01 2.51 0.40 0.46 1.00 1.16 0.47 

Sr-Ca(4) 
Yes 0.73 0.36 0.26 0.28 1.00 1.85 0.48 
No 1.09 0.46 0.26 0.27 1.00 1.88 0.49 

Sr-Ca(4)-II 
Yes 0.73 0.25 0.26 0.25 1.00 1.96 0.50 
No 0.52 0.29 0.27 0.25 1.00 1.92 0.51 

 

Table S6: Relative amounts of carbon, oxygen, calcium, strontium and fluorine obtained from quantifying the XPS survey spectra 
of the samples Ca-Sr(2)-(4) and Ca-Sr(4)-II recorded at the KRATOS AXIS Ultra DLD photoelectron spectrometer with 

monochromatized Al Kα excitation. Apart from the ratios F/(Ca+Sr) and Ca/(Ca+Sr), all results have been divided by the amount 
of fluorine. 

Sample Purified 
Relative amount 

C/F O/F Ca/F Sr/F F/F F/(Ca+Sr) Ca/(Ca+Sr) 

Ca-Sr(2) 
Yes 0.26 0.22 0.49 - 1.00 2.04 - 
No 0.68 0.39 0.52 - 1.00 1.93 - 

Ca-Sr(3) 
Yes 3.98 1.72 0.50 0.33 1.00 1.20 0.60 
No 4.98 2.84 0.46 0.50 1.00 1.05 0.48 

Ca-Sr(4) 
Yes 0.76 0.46 0.28 0.26 1.00 1.86 0.52 
No 0.93 0.59 0.29 0.26 1.00 1.82 0.53 

Ca-Sr(4)-II 
Yes 0.70 0.24 0.25 0.25 1.00 2.00 0.51 
No 0.41 0.22 0.25 0.24 1.00 2.02 0.51 
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1.4 Analysis of nanoparticle high-resolution spectra 

Figure S3: Sr3d, Ca2p and F1s XPS high-resolution spectra of the samples Sr-Ca(1)-(4) and Sr-Ca(4)-II recorded at the KRATOS 
AXIS Ultra DLD photoelectron spectrometer with monochromatized Al Kα excitation (right). Only the spectra from the dialyzed 

suspensions are presented, except Sr-Ca(1) which was not purified by dialysis. Schematic representation of Sr-Ca nanoparticle 
synthesis (left). 
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Figure S4: Sr3d, Ca2p and F1s XPS high-resolution spectra of the samples Ca-Sr(1)-(4) and Ca-Sr(4)-II recorded at the KRATOS 
AXIS Ultra DLD photoelectron spectrometer with monochromatized Al Kα excitation (right). Only the spectra from the dialyzed 

suspensions are presented, except Ca(1) which was not purified by dialysis. Schematic representation of Ca-Sr nanoparticle 
synthesis (left). 
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Peak fitting parameters 

All photoelectron signals have been fitted with a symmetric peak shape model using the software UNIFIT-
2020. Magenta values in Table S7 to Table S12 have been constrained during the fitting process. Blue 

values have been varied but forced to be equal relative to each other within one doublet peak. Black values 
were entirely variable. Energy referencing has been performed relative to the aliphatic carbon C1s 
component at 285.0 eV. 
 
 
 

Table S7: Fit parameters from UNIFIT-2020 of the F1s XPS high-resolution 
spectra of the samples Sr-Ca(1)-(4) and Sr-Ca(4)-II recorded at the KRATOS 
AXIS Ultra DLD photoelectron spectrometer with monochromatized Al Kα 

excitation. 

     

Sample Purified 
BE (F1s) 

/ eV 

FWHM 

/ eV 

L/G 

 
     

Sr-Ca(1) No - - - 

Sr-Ca(2) Yes 684.31 1.29 0.2 

Sr-Ca(3) Yes 684.57 1.35 0.2 

Sr-Ca(4) Yes 685.01 1.42 0.2 

Sr-Ca(4)-II Yes 684.87 1.40 0.2 

 

Table S8:  Fit parameters from UNIFIT-2020 of the F1s XPS high-resolution 
spectra of the samples Ca-Sr(1)-(4) and Ca-Sr(4)-II recorded at the KRATOS 
AXIS Ultra DLD photoelectron spectrometer with monochromatized Al Kα 

excitation. 

     

Sample Purified 
BE (F1s) 

/ eV 
FWHM 

/ eV 
L/G 

 
     

Ca-Sr(1) No - - - 

Ca-Sr (2) Yes 684.68 1.34 0.2 

Ca-Sr (3) Yes 684.78 1.36 0.2 

Ca-Sr (4) Yes 684.68 1.42 0.2 

Ca-Sr (4)-II Yes 684.82 1.36 0.2 

 
 

166



Results / Synchrotron radiation-based X-ray photoelectron spectroscopy

S11 
 

 

Table S9: Fit parameters from UNIFIT-2020 of the Ca2p XPS high-resolution spectra of the samples 
Sr-Ca(1)-(4) and Sr-Ca(4)-II recorded at the KRATOS AXIS Ultra DLD photoelectron spectrometer with 

monochromatized Al Kα excitation. 

       

Sample Purified 

BE  

(Ca2p3/2) 

/ eV 

∆ Doublet 

  

/ eV 

Ca2p1/2/ 

Ca2p3/2 

 

FWHM 

 

/ eV 

L/G 

 

 
       

Sr-Ca(1) No - - - - - 

Sr-Ca(2) Yes - - - - - 

Sr-Ca(3) Yes 347.67 3.57 0.5 1.48 0.2 

Sr-Ca(4) Yes 347.97 3.55 0.5 1.28 0.2 

Sr-Ca(4)-II Yes 348.12 3.55 0.5 1.44 0.2 

 

Table S10: Fit parameters from UNIFIT-2020 of the Ca2p XPS high-resolution spectra of the samples 
Ca-Sr(1)-(4) and Ca_Sr(4)-II recorded at the KRATOS AXIS Ultra DLD photoelectron spectrometer with 

monochromatized Al Kα excitation. 

       

Sample Purified 
BE  

(Ca2p3/2) 

/ eV 

∆ Doublet 

  

/ eV 

Ca2p1/2/ 

Ca2p3/2 

 

FWHM 

 

/ eV 

L/G 

 

 
       

Ca-Sr(1) No 347.30 3.55 0.5 1.39 0.2 

Ca-Sr (2) Yes 347.88 3.54 0.5 1.36 0.2 

Ca-Sr (3) Yes 347.90 3.56 0.5 1.31 0.2 

Ca-Sr (4) Yes 347.82 3.55 0.5 1.30 0.2 

Ca-Sr(4)-II Yes 348.02 3.55 0.5 1.36 0.2 
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Table S11: Fit parameters from UNIFIT-2020 of the Sr3d XPS high-resolution spectra of the samples Sr-Ca(1-(4) and 
Sr-Ca(4)-II recorded at the KRATOS AXIS Ultra DLD photoelectron spectrometer with monochromatized Al Kα 

excitation. 

       

Sample Purified 

BE  

(Sr3d5/2) 

/ eV 

∆ Doublet 

  

/ eV 

Sr3d3/2/ 

Sr3d5/2 

 

FWHM 

 

/ eV 

L/G 

 

 
       

Sr-Ca(1) No 133.82 1.75 0.71 1.33 0.2 

Sr-Ca(2) Yes 133.68 1.75 0.72 1.22 0.2 

Sr-Ca(3) Yes 133.95 1.75 0.71 1.29 0.2 

Sr-Ca(4) Yes 134.05 1.75 0.72 1.29 0.2 

Sr-Ca(4)-II Yes 133.84 1.75 0.71 1.30 0.2 

 

Table S12: Fit parameters from UNIFIT-2020 of the Sr3d XPS high-resolution spectra of the samples Ca-Sr(1-(4) and 
Ca-Sr(4)-II  recorded at the KRATOS AXIS Ultra DLD photoelectron spectrometer with monochromatized Al Kα 

excitation. 

       

Sample Purified 
BE  

(Sr3d5/2) 

/ eV 

∆ Doublet 

  

/ eV 

Sr3d3/2/ 

Sr3d5/2 

 

FWHM 

 

/ eV 

L/G 

 

 
       

Ca-Sr(1) No - - - - - 

Ca-Sr (2) Yes - - - - - 

Ca-Sr (3) Yes 133.93 1.76 0.71 1.31 0.2 

Ca-Sr (4) Yes 133.91 1.76 0.72 1.30 0.2 

Ca-Sr(4)-II Yes 133.82 1.76 0.71 1.27 0.2 
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Background fitting parameters 

The inelastic background in all photoelectron spectra has been fitted with a mixture of Shirley and 
homogeneous Tougaard model using the software UNIFIT-2020. Magenta values in Table S13 to 
Table S18  have been constrained during the fitting process. Black values were entirely variable.  
 

Table S13: Background fit parameters from UNIFIT-2020 of the F1s XPS high-resolution spectra of the samples Sr-Ca(1)-(4) 
and Sr-Ca(4)-II recorded at the KRATOS AXIS Ultra DLD photoelectron spectrometer with monochromatized Al Kα 

excitation.  

         

Sample Purified 
Linear Shirley Tougaard (homogeneous) 

a e B C C‘ D T0 
         

Sr-Ca(1) No - - - - - - - 

Sr-Ca(2) Yes 1.91E+3 4.51E-4 0 1643 1 0 0 

Sr-Ca(3) Yes 3.83E+3 5.27E-4 0 1643 1 0 0 

Sr-Ca(4) Yes 4.30E+3 4.29E-4 0 1643 1 0 0 

Sr-Ca(4)-II Yes 4.18E+3 3.74E-4 0 1643 1 0 0 

 

 

Table S14: Background fit parameters from UNIFIT-2020 of the F1s XPS high-resolution spectra of the samples Ca-Sr(1)-(4) 
and Ca-Sr(4)-II recorded at the KRATOS AXIS Ultra DLD photoelectron spectrometer with monochromatized Al Kα 

excitation.  

         

Sample Purified 
Linear Shirley Tougaard (homogeneous) 

a e B C C‘ D T0 
         

Ca-Sr(1) No - - - - - - - 

Ca-Sr(2) Yes 3.13E+3 3.32E-4 0 1643 1 0 0 

Ca-Sr(3) Yes 4.39E+3 3.15E-4 0 1643 1 0 0 

Ca-Sr(4) Yes 3.82E+3 4.32E-4 0 1643 1 0 0 

Ca-Sr(4)-II Yes 3.77E+3 4.25E-4 0 1643 1 0 0 
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Table S15: Background fit parameters from UNIFIT-2020 of the Ca2p XPS high-resolution spectra of the samples 
Sr-Ca(1)-(4) and Sr-Ca(4)-II recorded at the KRATOS AXIS Ultra DLD photoelectron spectrometer with monochromatized 

Al Kα excitation.  

         

Sample Purified 
Linear Shirley Tougaard (homogeneous) 

a e B C C‘ D T0 
         

Sr-Ca(1) No - - - - - - - 

Sr-Ca(2) Yes - - - - - - - 

Sr-Ca(3) Yes 7.75E+3 2.15E-3 0 1643 1 0 0 

Sr-Ca(4) Yes 8.95E+3 1.50E-3 0 1643 1 0 0 

Sr-Ca(4)-II Yes 8.98E+3 1.60E-3 0 1643 1 0 0 

 

 

Table S16: Background fit parameters from UNIFIT-2020 of the Ca2p XPS high-resolution spectra of the samples 
Ca-Sr(1)-(4) and Ca-Sr(4)-II recorded at the KRATOS AXIS Ultra DLD photoelectron spectrometer with monochromatized 

Al Kα excitation. 

         

Sample Purified 
Linear Shirley Tougaard (homogeneous) 

a e B C C‘ D T0 
         

Ca-Sr(1) No 2.40E+3 2.17E-3 0 1643 1 0 0 

Ca-Sr(2) Yes 3.41E+3 8.25E-4 0 1643 1 0 0 

Ca-Sr(3) Yes 6.57E+3 1.31E-3 0 1643 1 0 0 

Ca-Sr(4) Yes 6.90E+3 1.43E-3 0 1643 1 0 0 

Ca-Sr(4)-II Yes 8.06E+3 1.51E-3 0 1643 1 0 0 
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Table S17: Background fit parameters from UNIFIT-2020 of the Sr3d XPS high-resolution spectra of the samples 
Sr-Ca(1)-(4) and Sr-Ca(4)-II recorded at the KRATOS AXIS Ultra DLD photoelectron spectrometer with monochromatized 

Al Kα excitation.  

         

Sample Purified 
Linear Shirley Tougaard (homogeneous) 

a e B C C‘ D T0 
         

Sr-Ca(1) No 4.88E+2 5.28E-4 0 1643 1 0 0 

Sr-Ca(2) Yes 5.98E+2 5.62E-4 0 1643 1 0 0 

Sr-Ca(3) Yes 1.03E+3 6.23E-4 0 1643 1 0 0 

Sr-Ca(4) Yes 1.00E+3 6.86E-4 0 1643 1 0 0 

Sr-Ca(4)-II Yes 1.20E+3 4.49E-4 0 1643 1 0 0 

 

 

Table S18: Background fit parameters from UNIFIT-2020 of the Sr3d XPS high-resolution spectra of the samples 
Ca-Sr(1)-(4) and Ca-Sr(4)-II recorded at the KRATOS AXIS Ultra DLD photoelectron spectrometer with monochromatized 

Al Kα excitation.  

         

Sample Purified 
Linear Shirley Tougaard (homogeneous) 

a e B C C‘ D T0 
         

Ca-Sr(1) No - - - - - - - 

Ca-Sr(2) Yes - - - - - - - 

Ca-Sr(3) Yes 9.70E+2 6.28E-4 0 1643 1 0 0 

Ca-Sr(4) Yes 9.18E+2 7.16E-4 0 1643 1 0 0 

Ca-Sr(4)-II Yes 9.76E+2 6.40E-4 0 1643 1 0 0 

 

  

171



Publication 3 - Supporting Information

S16 

2. Synchrotron radiation X-ray photoelectron spectroscopy 

2.1 Parameters for peak area correction 

Figure S5: Schematic representation of the experimental setup at the HE-SGM beamline at BESSY II.

Photoelectron angular distribution for linearly polarized synchrotron light 

According to Cooper et al.10, the following expression describes the photoelectron angular distribution 
for the excitation by linearly polarized synchrotron radiation: 

𝑑𝜎𝑖𝑑Ω = 𝜎𝑖4𝜋 ⋅ [1 + 𝛽𝑃2(𝑐𝑜𝑠𝜃) + (𝛿 + 𝛾(𝑐𝑜𝑠𝜃)2)𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜑]
𝜎𝑖 is the photoionization cross-section for the ith atomic subshell, 𝑃2 is the second Legendre polynomial, 𝜃 is the angle between the photon polarization direction and the photoelectron emission and 𝜑 is the 
angle between the propagation direction of the incoming photons and the plane spanned by the photon 
polarization direction and photoelectron emission. For the given experimental setup in Figure S5, the 
angle 𝜑 equals 180°. However, since 𝜑 cannot easily be indicated in the scheme, the reader is referred 
to Trzhaskovskaya et al. for an illustrated definition of 𝜑.11 By inserting the angles according to the 
experimental geometry depicted in Figure S5, this expression can be rewritten as follows: 𝑑𝜎𝑑Ω = 𝜎𝑖4𝜋 ⋅ [1 + 14 (𝛽 − 2√2𝛿 − √2𝛾)]
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Figure S6: Parameters for the calculation of the asymmetry-corrected photoionization cross section of the Sr3d3/2 and the 
Sr3d5/2 orbitals. The black squares in each diagram are the values provided by Trzhaskovskaya et al.11 The black lines are fits 
or interpolations of the data, respectively. The red dots are the values of the parameters at the excitation energies applied in 

this work. 
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Figure S7: Parameters for the calculation of the asymmetry-corrected photoionization cross section of the Ca2p1/2 and the 

Ca2p3/2 orbitals. The black squares in each diagram are the values provided by Trzhaskovskaya et al.11 The black lines are fits 
or interpolations of the data, respectively. The red dots are the values of the parameters at the excitation energies applied in 

this work. 
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The diagrams in Figure S6 and Figure S7 show the development of the parameters σ, β, γ and δ with the 
photon energy. The black squares in all diagrams are the values provided by Trzhaskovskaya et al.11 For 
the parameters σ and β, the black squares were fitted with the following two-phase exponential decay: 

 𝑓(𝑥) = 𝑦0 + (𝐴1 + 𝑒− 𝑥𝑡1) + (𝐴2 + 𝑒− 𝑥𝑡2) 

 

The fit parameters are summarized in Table S19. For the parameters γ and δ, the values between the 
black squares were determined by interpolation using the “Cubic Spline” option in the software 
Origin 2019.12 Thus, in each space between the nine data points 2500 values were generated. The red 
dots in all diagrams indicate the value of the corresponding parameter at the four different photon 
energies used in this work. 

 

Table S19: Fit parameters of the two-phase exponential decay that was used to fit the parameters σ and β. 

 Ca2p1/2 Ca2p3/2 

 σ β σ β 

y0 1.06E+00 3.189E-01 2.09E+00 3.39E-01 

A1 6.16E+02 -5.991E-01 1.25E+03 -6.14E-01 

t1 1.49E+02 1.369E+02 1.47E+02 1.37E+02 

A2 2.17E+02 1.304E+00 4.37E+02 1.29E+00 

t2 4.76E+02 4.235E+03 4.71E+02 4.21E+03 

 Sr3d3/2 Sr3d5/2 

 σ β σ β 

y0 1.48E+00 3.71E-02 2.23E+00 1.74E-01 

A1 3.70E+03 -1.34E+00 5.63E+03 -1.32E+00 

t1 1.38E+02 1.88E+02 1.36E+02 1.80E+02 

A2 6.33E+02 1.36E+00 9.73E+02 1.22E+00 

t2 4.07E+02 6.52E+03 4.00E+02 5.53E+03 
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Table S20: Parameters used to calculate the asymmetry-corrected photoionization cross sections for the Sr3d and Ca2p 
orbitals. The values in this table were determined by fitting or interpolating the values provided by Trzhaskovskaya et al.11 

Ekin /eV 100 200 300 400 
 

Photoionization cross section σ 

Sr3d3/2 1.03E+03 6.07E+02 3.78E+02 2.49E+02 

Sr3d5/2 1.54E+03 9.01E+02 5.59E+02 3.67E+02 

Ca2p1/2 1.16E+02 8.49E+01 6.44E+01 5.01E+01 

Ca2p3/2 2.29E+02 1.68E+02 1.27E+02 9.87E+01 

Sr3d 2.57E+03 1.51E+03 9.37E+02 6.16E+02 

Ca2p 3.45E+02 2.53E+02 1.92E+02 1.49E+02 
     

Asymmetry parameter β 

Sr3d3/2 9.67E-01 1.10E+00 1.18E+00 1.21E+00 

Sr3d5/2 9.83E-01 1.11E+00 1.18E+00 1.21E+00 

Ca2p1/2 1.47E+00 1.45E+00 1.43E+00 1.41E+00 

Ca2p3/2 1.48E+00 1.46E+00 1.44E+00 1.42E+00 

Sr3d 1.95E+00 2.22E+00 2.36E+00 2.42E+00 

Ca2p 2.95E+00 2.92E+00 2.88E+00 2.83E+00 
     

Nondipolar parameter γ 

Sr3d3/2 3.85E-03 4.01E-02 8.44E-02 1.31E-01 

Sr3d5/2 5.83E-03 4.31E-02 8.82E-02 1.35E-01 

Ca2p1/2 2.16E-01 2.73E-01 3.24E-01 3.69E-01 

Ca2p3/2 2.20E-01 2.74E-01 3.23E-01 3.69E-01 

Sr3d 9.68E-03 8.32E-02 1.73E-01 2.67E-01 

Ca2p 4.36E-01 5.47E-01 6.47E-01 7.39E-01 
     

Nondipolar parameter δ 

Sr3d3/2 2.12E-02 2.77E-02 3.31E-02 3.78E-02 

Sr3d5/2 2.07E-02 2.74E-02 3.28E-02 3.77E-02 

Ca2p1/2 2.00E-02 2.22E-02 2.47E-02 2.73E-02 

Ca2p3/2 2.02E-02 2.26E-02 2.50E-02 2.77E-02 

Sr3d 4.19E-02 5.51E-02 6.59E-02 7.55E-02 

Ca2p 4.02E-02 4.48E-02 4.97E-02 5.50E-02 
     

Asymmetry-corrected photoionization cross section 

Sr3d 2.94E+03 1.76E+03 1.09E+03 7.06E+02 

Ca2p 4.21E+02 2.99E+02 2.19E+02 1.64E+02 
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Determination of the HE-SGM monochromator transmission as function of the photon energy 

The light intensity transmitted by the high energy - spherical grid monochromator (HE-SGM) as a 
function of photon energy is used for normalization of the measured Sr3d and Ca2p XPS peak 
intensities. 

This transmission function was determined once before the XPS experiments using a GaAsP Schottky 
type photodiode manufactured by Hamamatsu (Hamamatsu, Japan) and traceably calibrated by the 
Physikalisch Technische Bundesanstalt (PTB). The PTB had determined and certified the yield 
(electrons/photon) of the diode as a function of photon energy. This quantity, also referred to as the 
spectral response function, is vital to perform reliable measurements of the light intensity. The 
photodiode is introduced into the beamline right in front of the last glass valve before the measurement 
chamber. 

Furthermore, alignment of the photon energy scale of the monochromator transmission function was 
achieved by referencing the local intensity minimum in the energy region of the C K absorption edge 
relative to the C1s→π* resonance at 285.4 eV measured with a freshly cleaved surface of HOPG (Highly 
Ordered Pyrolytic Graphite, Advanced Ceramic Corp., Cleveland, USA).  
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2.2 Analysis of nanoparticle high-resolution spectra 

 

Figure S8: XPS high-resolution spectra and fits of the Sr3d and Ca2p signals of the sample Sr-Ca(4) measured using variable 
synchrotron radiation. Spectra are not binding energy referenced. The inelastic background of the spectra was subtracted. 
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Figure S9: XPS high-resolution spectra and fits of the Sr3d and Ca2p signals of the sample Ca-Sr(4) measured using variable 
synchrotron radiation. Spectra are not binding energy referenced. The inelastic background of the spectra was subtracted. 
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Peak fitting parameters 

All photoelectron signals have been fitted with a symmetric peak shape model using the software 
UNIFIT-2020. Magenta values in Table S21 and Table S22  have been constrained during the fitting 
process. Blue values have been varied but forced to be equal relative to each other within one doublet 
peak. Black values were entirely variable. No referencing of the binding energy scale was performed, 
since exclusively the peak areas were of interest. 

 

Table S21: Fit parameters from UNIFIT-2020 of the Ca2p XPS high-resolution spectra of the samples Sr-Ca(4) and Ca-Sr(4)  
recorded at the HE-SGM beamline at the BESSY II synchrotron radiation source (Berlin, Germany). 

       

 Purified 

Ekin 

 

/ eV 

∆ Doublet 

  

/ eV 

Ca2p1/2/ 

Ca2p3/2 

 

FWHM 

 

/ eV 

L/G 

 

 
       

Sr-Ca(4) Yes 100 3.56 0.48 1.40 0.10 

 200 3.55 0.49 1.49 0.10 

 300 3.60 0.47 1.52 0.10 

 400 3.54 0.49 1.72 0.10 

Ca-Sr(4) Yes 100 3.57 0.48 1.43 0.10 

 200 3.54 0.50 1.49 0.10 

 300 3.59 0.47 1.55 0.10 

 400 3.56 0.49 1.70 0.10 

 

Table S22: Fit parameters from UNIFIT-2020 of the Sr3d XPS high-resolution spectra of the samples Sr-Ca(4) and Ca-Sr(4)  
recorded at the HE-SGM beamline at the BESSY II synchrotron radiation source (Berlin, Germany). 

       

 Purified 

Ekin 

 

/ eV 

∆ Doublet 

  

/ eV 

Sr3d3/2/ 

Sr3d5/2 

 

FWHM 

 

/ eV 

L/G 

 

 
       

Sr-Ca(4) Yes 
 

100 1.75 0.67 1.22 0.10 

 200 1.76 0.66 1.30 0.10 

 300 1.75 0.67 1.34 0.10 

 400 1.75 0.68 1.38 0.10 

Ca-Sr(4) Yes 100 1.74 0.66 1.31 0.10 

 200 1.75 0.66 1.36 0.10 

 300 1.76 0.67 1.39 0.10 

 400 1.75 0.68 1.43 0.10 
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Background fitting parameters 

The inelastic background in all photoelectron spectra has been fitted with a mixture of Shirley and 
homogeneous Tougaard model using the software UNIFIT-2020. Magenta values in Table S23 and 
Table S24  have been constrained during the fitting process. Black values were entirely variable.  

 

Table S23: Background fit parameters from UNIFIT-2020 of the Ca2p XPS high-resolution spectra of the samples Sr-Ca(4) 
and Ca-Sr(4)  recorded at the HE-SGM beamline at the BESSY II synchrotron radiation source (Berlin, Germany). 

          

Sample Purified 
Ekin 

/ eV 

Linear Shirley Tougaard (homogeneous) 

a e B C C‘ D T0 
          

Sr-Ca(4) Yes 100 4.80E+5 3.20E-4 0 1643 1 0 0 

200 1.72E+5 4.61E-4 0 1643 1 0 0 

300 1.09E+5 2.80E-3 0 1643 1 0 0 

400 7.50E+4 1.82E-4 0 1643 1 0 0 

Ca-Sr(4) Yes 100 3.01E+5 5.22E-3 0 1643 1 0 0 

200 2.26E+5 7.40E-4 0 1643 1 0 0 

300 6.19E+4 2.75E-3 0 1643 1 0 0 

400 4.65E+4 3.51E-4 0 1643 1 0 0 

 

 

Table S24: Background fit parameters from UNIFIT-2020 of the Sr3d XPS high-resolution spectra of the samples Sr-Ca(4) 
and Ca-Sr(4)  recorded at the HE-SGM beamline at the BESSY II synchrotron radiation source (Berlin, Germany). 

          

Sample Purified 
Ekin 

/ eV 

Linear Shirley Tougaard (homogeneous) 

a e B C C‘ D T0 
          

Sr-Ca(4) Yes 100 4.01E+4 0 0 1643 1 0 0 

200 6.27E+4 0 0 1643 1 0 0 

300 3.10E+4 7.54E-4 0 1643 1 0 0 

400 4.49E+4 6.60E-5 0 1643 1 0 0 

Ca-Sr(4) Yes 100 2.31E+4 2.74E-4 0 1643 1 0 0 

200 8.12E+4 0 0 1643 1 0 0 

300 1.87E+4 5.97E-4 0 1643 1 0 0 

400 3.13E+4 2.00E-5 0 1643 1 0 0 
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Calcium and strontium in-depth profile 

 

Table S25: Results of quantitative chemical depth-profiling by SR-XPS. The peak intensities were normalized for the 
monochromator transmission function and the asymmetry-corrected photoionization cross sections. 

Ekin 

/ eV 

z95 

information depth 

/ nm 

Sr-Ca(4) Ca-Sr(4) 

Relative amount / at% Relative amount / at% 

Ca Sr Ca Sr 

100 2.3 81.3 18.7 72.2 27.8 

200 3.0 64.7 35.3 58.2 41.8 

300 3.7 54.3 45.7 49.6 50.4 

400 4.5 54.0 46.0 51.1 48.9 
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2.3 Simulation of theoretical XPS intensities with SESSA 

For a deeper understanding of the morphology of the investigated nanoparticle samples, theoretical in-
depth profiles of the Ca2p/Sr3d XPS intensity ratio were generated using the software “Simulation of 
Electron Spectra for Surface Analysis” (SESSA) Version 2.1.1.13 All five simulations (Simulation I-V) 
are based on the model of a perfect sphere with a diameter of 88.75 Å which is the average nanoparticle 
diameter determined by STEM. Furthermore, the overall Ca:Sr molar ratio in the nanoparticle is always 
constrained to be 1:1 by adjusting the chemical composition of the nanoparticle core relative to the shell 
thickness.  

The nanoparticle in Simulation I exhibits a pure CaF2 shell with a density of 3.18 g/cm³ and a band gap 
energy of 12.0 eV and a pure SrF2 core with a density of 4.24 g/cm³ and a band gap energy of 11.1 eV.14-

16 The nanoparticles in Simulation II-IV consist of a thin pure CaF2 shell and a mixed CaxSr1-xF2 core. 
Densities and band gap energies of the pure metal fluorides were used to calculate a new density and 
band gap energy of the CaxSr1-xF2 core. The nanoparticle in Simulation V has no shell but consists 
exclusively of Ca0.5Sr0.5F2. 

Figure S11 contains an overview of all input morphologies used for the five SESSA simulations together 
with the most significant input parameters. Table S26 and Figure S10 compare the simulated and the 
experimental in-depth profiles. For this comparison, the experimental peak intensities were normalized 
exclusively by the monochromator transmission function but not by the photoionization cross sections, 
because the impact of the cross sections is already considered by SESSA. This is the difference between 
the experimental values in the right diagram of Figure S10 and the values in Figure 6 in the main 
manuscript. 

In order to ensure the reproducibility of these complex simulations by other scientists, this section also 
contains the complete SESSA input scripts that lead to the results in Table S26 and Figure S10. Each 
script belongs to one of the theoretical in-depth profiles in Figure S10. The green rows contain the 
parameters from Figure S11 which characterize the shell and the gray rows the parameters which 
characterize the core. In order to generate one of the in-depth profiles depicted in Figure S10, one of the 
input scripts in this section must be run eight times. Each run produces either a Ca2p or a Sr3d doublet 
peak, at one specific photon energy used for excitation. Table S27 summarizes the parameters that must 
be adapted in each run together with their corresponding location in the script (marked yellow). 

 

Table S26: Comparison of experimental peak intensity ratios from SR-XPS with the theoretical peak intensity ratios from 
SESSA. The experimental peak intensities were exclusively normalized by the monochromator transmission function.   

 Ca2p/Sr3d Ca2p/(Ca2p+Sr3d) / % 

Ekin / eV 100 200 300 400 100 200 300 400 

Sr-Ca(4) 0.622 0.311 0.238 0.273 38.3 23.7 19.2 21.5 

Ca-Sr(4) 0.345 0.240 0.192 0.240 25.6 19.3 16.1 19.4 

Simulation I 6.054 3.123 1.974 1.893 85.8 75.7 66.4 65.4 

Simulation II 1.124 0.882 0.774 0.788 52.9 46.9 43.6 44.1 

Simulation III 0.782 0.666 0.630 0.653 43.9 40.0 38.6 39.5 

Simulation VI 0.507 0.479 0.496 0.519 33.6 32.4 33.1 34.2 

Simulation V 0.278 0.308 0.362 0.395 21.8 23.5 26.6 28.3 
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Figure S10: Comparison of experimental peak intensity ratios from SR-XPS with the theoretical peak intensity ratios from 
SESSA. The experimental peak intensities were exclusively normalized by the monochromator transmission function. 

Figure S11: Overview of the input morphologies and most significant input parameters used for the five SESSA simulations. 
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SESSA Input script for Simulation I 
 

1 \PROJECT RESET 
2  
3 \PREFERENCES SET DENSITY_SCALE MASS 
4 \PREFERENCES SET PLOT_ZERO 1.000000e-008 
5 \PREFERENCES SET OUTPUT SAMPLE FALSE 
6 \PREFERENCES SET OUTPUT PARAMETERS TRUE 
7 \PREFERENCES SET OUTPUT EXPERIMENT FALSE 
8  
9 \GEOMETRY SET ANALYZER THETA 0 GEOMETRY 1 
10 \GEOMETRY SET SOURCE THETA 45 GEOMETRY 1 
11 \GEOMETRY SET SOURCE POLARIZATION THETA 135 GEOMETRY 1 
12 \GEOMETRY SET APERTURE UTHETA 15 GEOMETRY 1 
13 \DATABASE PCS SET PCS03 
14 \DATABASE PAP SET PAP03 
15  
16 \SOURCE SET PHOTONS ENERGY 449 
17 \SOURCE SET POLARIZATION FRACTION 1.000000 
18 \SPECTROMETER SET RANGE 75.000: REGION 1 
19 \SPECTROMETER SET RANGE :125.000 REGION 1 
20  
21 \SAMPLE MORPHOLOGY SET LAYERED_SPHERES 
22 \SAMPLE ADD LAYER /Ca1/F2/ THICKNESS 18.30907831891116 ABOVE 0 
23 \SAMPLE SET MATERIAL /Sr1/F2/ LAYER 2 
24 \SAMPLE SET THICKNESS 70.44092168108884 LAYER 2 
25 \SAMPLE SET DENSITY 3.18 LAYER 1 
26 \SAMPLE SET DENSITY 4.24 LAYER 2 
27 \SAMPLE SET EGAP 12.00 LAYER 1 
28 \SAMPLE SET EGAP 11.10 LAYER 2 
29 \SAMPLE SET EGAP 9.00 LAYER 3 
30  
31  
32  
33  
34 \MODEL SET CONVERGENCE 1.000e-006 
35 \MODEL AUTO NCOL REGION 1 
36 \MODEL AUTO NTRAJ REGION 1 
37 \MODEL SET SINGLE TRUE 
38 \MODEL SET SLA FALSE 
43  
44 \SAMPLE PEAK DELETE PEAK 13 
45 \SAMPLE PEAK DELETE PEAK 12 
46 \SAMPLE PEAK DELETE PEAK 11 
47 \SAMPLE PEAK DELETE PEAK 10 
48 \SAMPLE PEAK DELETE PEAK 09 
49 \SAMPLE PEAK DELETE PEAK 08 
50 \SAMPLE PEAK DELETE PEAK 07 
51 \SAMPLE PEAK DELETE PEAK 06 
52 \SAMPLE PEAK DELETE PEAK 05 
53 \SAMPLE PEAK DELETE PEAK 04 
54 \SAMPLE PEAK DELETE PEAK 03 
55 \SAMPLE PEAK DELETE PEAK 02 
56 \SAMPLE PEAK DELETE PEAK 01 
59  
60 \SAMPLE PEAK ADD XPSPEAK ENERGY 100 SUBSHELLID "2p1/2" ELEMENT "Ca" 
61 \SAMPLE PEAK ADD XPSPEAK ENERGY 103.55 SUBSHELLID "2p3/2" ELEMENT "Ca" 
63  
64 \SAMPLE MORPHOLOGY SET Z_HEIGHT 44.375 
65 \SAMPLE MORPHOLOGY SET X_PERIOD 88.75 
66 \SAMPLE MORPHOLOGY SET Y_PERIOD 88.75 
67  
68 \MODEL SIMULATE 
69 \MODEL SAVE INTENSITIES "C:\ … file path … \SimOutput_Ca2p_hv-449eV_" 
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SESSA Input script for Simulation II 
 

1 \PROJECT RESET 

2  

3 \PREFERENCES SET DENSITY_SCALE MASS 

4 \PREFERENCES SET PLOT_ZERO 1.000000e-008 

5 \PREFERENCES SET OUTPUT SAMPLE FALSE 

6 \PREFERENCES SET OUTPUT PARAMETERS TRUE 

7 \PREFERENCES SET OUTPUT EXPERIMENT FALSE 

8  

9 \GEOMETRY SET ANALYZER THETA 0 GEOMETRY 1 

10 \GEOMETRY SET SOURCE THETA 45 GEOMETRY 1 

11 \GEOMETRY SET SOURCE POLARIZATION THETA 135 GEOMETRY 1 

12 \GEOMETRY SET APERTURE UTHETA 15 GEOMETRY 1 

13 \DATABASE PCS SET PCS03 

14 \DATABASE PAP SET PAP03 

15  

16 \SOURCE SET PHOTONS ENERGY 449 

17 \SOURCE SET POLARIZATION FRACTION 1.000000 

18 \SPECTROMETER SET RANGE 75.000: REGION 1 

19 \SPECTROMETER SET RANGE :125.000 REGION 1 

20  

21 \SAMPLE MORPHOLOGY SET LAYERED_SPHERES 

22 \SAMPLE ADD LAYER /Ca1/F2/ THICKNESS 6.0 ABOVE 0 

23 \SAMPLE SET MATERIAL /Sr0.6168379457583135/Ca0.3831620542416865/F2/ LAYER 2 
24 \SAMPLE SET THICKNESS 82.75 LAYER 2 

25 \SAMPLE SET DENSITY 3.18 LAYER 1 
26 \SAMPLE SET DENSITY 3.8338482225038124 LAYER 2 
27 \SAMPLE SET EGAP 12.00 LAYER 1 

28 \SAMPLE SET EGAP 11.444845848817518 LAYER 2 

29 \SAMPLE SET EGAP 9.00 LAYER 3 
30  
31  

32  

33  

34 \MODEL SET CONVERGENCE 1.000e-006 

35 \MODEL AUTO NCOL REGION 1 

36 \MODEL AUTO NTRAJ REGION 1 

37 \MODEL SET SINGLE TRUE 

38 \MODEL SET SLA FALSE 

43  

44 \SAMPLE PEAK DELETE PEAK 13 

45 \SAMPLE PEAK DELETE PEAK 12 

46 \SAMPLE PEAK DELETE PEAK 11 

47 \SAMPLE PEAK DELETE PEAK 10 

48 \SAMPLE PEAK DELETE PEAK 09 

49 \SAMPLE PEAK DELETE PEAK 08 

50 \SAMPLE PEAK DELETE PEAK 07 

51 \SAMPLE PEAK DELETE PEAK 06 

52 \SAMPLE PEAK DELETE PEAK 05 

53 \SAMPLE PEAK DELETE PEAK 04 

54 \SAMPLE PEAK DELETE PEAK 03 

55 \SAMPLE PEAK DELETE PEAK 02 

56 \SAMPLE PEAK DELETE PEAK 01 

59  

60 \SAMPLE PEAK ADD XPSPEAK ENERGY 100 SUBSHELLID "2p1/2" ELEMENT "Ca" 

61 \SAMPLE PEAK ADD XPSPEAK ENERGY 103.55 SUBSHELLID "2p3/2" ELEMENT "Ca" 

63  

64 \SAMPLE MORPHOLOGY SET Z_HEIGHT 44.375 

65 \SAMPLE MORPHOLOGY SET X_PERIOD 88.75 

66 \SAMPLE MORPHOLOGY SET Y_PERIOD 88.75 

67  

68 \MODEL SIMULATE 

69 \MODEL SAVE INTENSITIES "C:\ … file path … \SimOutput_Ca2p_hv-449eV_" 
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SESSA Input script for Simulation III 
 

1 \PROJECT RESET 

2   
3 \PREFERENCES SET DENSITY_SCALE MASS 

4 \PREFERENCES SET PLOT_ZERO 1.000000e-008 

5 \PREFERENCES SET OUTPUT SAMPLE FALSE 

6 \PREFERENCES SET OUTPUT PARAMETERS TRUE 

7 \PREFERENCES SET OUTPUT EXPERIMENT FALSE 

8   
9 \GEOMETRY SET ANALYZER THETA 0 GEOMETRY 1 

10 \GEOMETRY SET SOURCE THETA 45 GEOMETRY 1 

11 \GEOMETRY SET SOURCE POLARIZATION THETA 135 GEOMETRY 1 

12 \GEOMETRY SET APERTURE UTHETA 15 GEOMETRY 1 

13 \DATABASE PCS SET PCS03 

14 \DATABASE PAP SET PAP03 

15   
16 \SOURCE SET PHOTONS ENERGY 449 

17 \SOURCE SET POLARIZATION FRACTION 1.000000 

18 \SPECTROMETER SET RANGE 75.000: REGION 1 

19 \SPECTROMETER SET RANGE :125.000 REGION 1 

20  
21 \SAMPLE MORPHOLOGY SET LAYERED_SPHERES 

22 \SAMPLE ADD LAYER /Ca1/F2/ THICKNESS 4.0 ABOVE 0 

23 \SAMPLE SET MATERIAL /Sr0.5741904551642876/Ca0.42580954483571243/F2/ LAYER 2 
24 \SAMPLE SET THICKNESS 84.75 LAYER 2 

25 \SAMPLE SET DENSITY 3.18 LAYER 1 
26 \SAMPLE SET DENSITY 3.788641882474145 LAYER 2 
27 \SAMPLE SET EGAP 12.00 LAYER 1 

28 \SAMPLE SET EGAP 11.483228590352141 LAYER 2 

29 \SAMPLE SET EGAP 9.00 LAYER 3 

30  
31  
32  
33  
34 \MODEL SET CONVERGENCE 1.000e-006 

35 \MODEL AUTO NCOL REGION 1 

36 \MODEL AUTO NTRAJ REGION 1 

37 \MODEL SET SINGLE TRUE 

38 \MODEL SET SLA FALSE 

43   
44 \SAMPLE PEAK DELETE PEAK 13 

45 \SAMPLE PEAK DELETE PEAK 12 

46 \SAMPLE PEAK DELETE PEAK 11 

47 \SAMPLE PEAK DELETE PEAK 10 

48 \SAMPLE PEAK DELETE PEAK 09 

49 \SAMPLE PEAK DELETE PEAK 08 

50 \SAMPLE PEAK DELETE PEAK 07 

51 \SAMPLE PEAK DELETE PEAK 06 

52 \SAMPLE PEAK DELETE PEAK 05 

53 \SAMPLE PEAK DELETE PEAK 04 

54 \SAMPLE PEAK DELETE PEAK 03 

55 \SAMPLE PEAK DELETE PEAK 02 

56 \SAMPLE PEAK DELETE PEAK 01 

59   
60 \SAMPLE PEAK ADD XPSPEAK ENERGY 100 SUBSHELLID "2p1/2" ELEMENT "Ca" 

61 \SAMPLE PEAK ADD XPSPEAK ENERGY 103.55 SUBSHELLID "2p3/2" ELEMENT "Ca" 

63   
64 \SAMPLE MORPHOLOGY SET Z_HEIGHT 44.375 

65 \SAMPLE MORPHOLOGY SET X_PERIOD 88.75 

66 \SAMPLE MORPHOLOGY SET Y_PERIOD 88.75 

67   
68 \MODEL SIMULATE 

69 \MODEL SAVE INTENSITIES "C:\ … file path … \SimOutput_Ca2p_hv-449eV_" 
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SESSA Input script for Simulation IV 
 

1 \PROJECT RESET 

2   
3 \PREFERENCES SET DENSITY_SCALE MASS 

4 \PREFERENCES SET PLOT_ZERO 1.000000e-008 

5 \PREFERENCES SET OUTPUT SAMPLE FALSE 

6 \PREFERENCES SET OUTPUT PARAMETERS TRUE 

7 \PREFERENCES SET OUTPUT EXPERIMENT FALSE 

8   
9 \GEOMETRY SET ANALYZER THETA 0 GEOMETRY 1 

10 \GEOMETRY SET SOURCE THETA 45 GEOMETRY 1 

11 \GEOMETRY SET SOURCE POLARIZATION THETA 135 GEOMETRY 1 

12 \GEOMETRY SET APERTURE UTHETA 15 GEOMETRY 1 

13 \DATABASE PCS SET PCS03 

14 \DATABASE PAP SET PAP03 

15   
16 \SOURCE SET PHOTONS ENERGY 449 

17 \SOURCE SET POLARIZATION FRACTION 1.000000 

18 \SPECTROMETER SET RANGE 75.000: REGION 1 

19 \SPECTROMETER SET RANGE :125.000 REGION 1 

20   
21 \SAMPLE MORPHOLOGY SET LAYERED_SPHERES 

22 \SAMPLE ADD LAYER /Ca1/F2/ THICKNESS 2.0 ABOVE 0 

23 \SAMPLE SET MATERIAL /Sr0.5353855422116401/Ca0.46461445778835986/F2/ LAYER 2 
24 \SAMPLE SET THICKNESS 86.75 LAYER 2 
25 \SAMPLE SET DENSITY 3.18 LAYER 1 
26 \SAMPLE SET DENSITY 3.7475086747443385 LAYER 2 
27 \SAMPLE SET EGAP 12.00 LAYER 1 

28 \SAMPLE SET EGAP 11.518153012009524 LAYER 2 

29 \SAMPLE SET EGAP 9.00 LAYER 3 
30   
31  
32  
33  
34 \MODEL SET CONVERGENCE 1.000e-006 

35 \MODEL AUTO NCOL REGION 1 

36 \MODEL AUTO NTRAJ REGION 1 

37 \MODEL SET SINGLE TRUE 

38 \MODEL SET SLA FALSE 

43   
44 \SAMPLE PEAK DELETE PEAK 13 

45 \SAMPLE PEAK DELETE PEAK 12 

46 \SAMPLE PEAK DELETE PEAK 11 

47 \SAMPLE PEAK DELETE PEAK 10 

48 \SAMPLE PEAK DELETE PEAK 09 

49 \SAMPLE PEAK DELETE PEAK 08 

50 \SAMPLE PEAK DELETE PEAK 07 

51 \SAMPLE PEAK DELETE PEAK 06 

52 \SAMPLE PEAK DELETE PEAK 05 

53 \SAMPLE PEAK DELETE PEAK 04 

54 \SAMPLE PEAK DELETE PEAK 03 

55 \SAMPLE PEAK DELETE PEAK 02 

56 \SAMPLE PEAK DELETE PEAK 01 

59   
60 \SAMPLE PEAK ADD XPSPEAK ENERGY 100 SUBSHELLID "2p1/2" ELEMENT "Ca" 

61 \SAMPLE PEAK ADD XPSPEAK ENERGY 103.55 SUBSHELLID "2p3/2" ELEMENT "Ca" 

63   
64 \SAMPLE MORPHOLOGY SET Z_HEIGHT 44.375 

65 \SAMPLE MORPHOLOGY SET X_PERIOD 88.75 

66 \SAMPLE MORPHOLOGY SET Y_PERIOD 88.75 

67   
68 \MODEL SIMULATE 

69 \MODEL SAVE INTENSITIES "C:\ … file path … \SimOutput_Ca2p_hv-449eV_" 
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SESSA Input script for Simulation V 
 

1 \PROJECT RESET 
2  
3 \PREFERENCES SET DENSITY_SCALE MASS 
4 \PREFERENCES SET PLOT_ZERO 1.000000e-008 
5 \PREFERENCES SET OUTPUT SAMPLE FALSE 
6 \PREFERENCES SET OUTPUT PARAMETERS TRUE 
7 \PREFERENCES SET OUTPUT EXPERIMENT FALSE 
8  
9 \GEOMETRY SET ANALYZER THETA 0 GEOMETRY 1 
10 \GEOMETRY SET SOURCE THETA 45 GEOMETRY 1 
11 \GEOMETRY SET SOURCE POLARIZATION THETA 135 GEOMETRY 1 
12 \GEOMETRY SET APERTURE UTHETA 15 GEOMETRY 1 
13 \DATABASE PCS SET PCS03 
14 \DATABASE PAP SET PAP03 
15  
16 \SOURCE SET PHOTONS ENERGY 449 
17 \SOURCE SET POLARIZATION FRACTION 1.000000 
18 \SPECTROMETER SET RANGE 75.000: REGION 1 
19 \SPECTROMETER SET RANGE :125.000 REGION 1 
20  
21 \SAMPLE MORPHOLOGY SET SPHERES 
22  
23 \SAMPLE SET MATERIAL /Ca0.5/Sr0.5/F2/ LAYER 1 
24 \SAMPLE SET THICKNESS 88.75 LAYER 1 
25  
26 \SAMPLE SET DENSITY 3.71 LAYER 1 
27  
28 \SAMPLE SET EGAP 11.55 LAYER 1 
29 \SAMPLE SET EGAP 9.00 LAYER 2 
30  
31 \SAMPLE SET NATOMS 3 LAYER 1 
32 \SAMPLE SET NVALENCE 16 LAYER 1 
33  
34 \MODEL SET CONVERGENCE 1.000e-006 
35 \MODEL AUTO NCOL REGION 1 
36 \MODEL AUTO NTRAJ REGION 1 
37 \MODEL SET SINGLE TRUE 
38 \MODEL SET SLA FALSE 
43  
44 \SAMPLE PEAK DELETE PEAK 13 
45 \SAMPLE PEAK DELETE PEAK 12 
46 \SAMPLE PEAK DELETE PEAK 11 
47 \SAMPLE PEAK DELETE PEAK 10 
48 \SAMPLE PEAK DELETE PEAK 09 
49 \SAMPLE PEAK DELETE PEAK 08 
50 \SAMPLE PEAK DELETE PEAK 07 
51 \SAMPLE PEAK DELETE PEAK 06 
52 \SAMPLE PEAK DELETE PEAK 05 
53 \SAMPLE PEAK DELETE PEAK 04 
54 \SAMPLE PEAK DELETE PEAK 03 
55 \SAMPLE PEAK DELETE PEAK 02 
56 \SAMPLE PEAK DELETE PEAK 01 
59  
60 \SAMPLE PEAK ADD XPSPEAK ENERGY 100 SUBSHELLID "2p1/2" ELEMENT "Ca" 
61 \SAMPLE PEAK ADD XPSPEAK ENERGY 103.55 SUBSHELLID "2p3/2" ELEMENT "Ca" 
63  
64 \SAMPLE MORPHOLOGY SET Z_HEIGHT 44.375 
65 \SAMPLE MORPHOLOGY SET X_PERIOD 88.75 
66 \SAMPLE MORPHOLOGY SET Y_PERIOD 88.75 
67  
68 \MODEL SIMULATE 
69 \MODEL SAVE INTENSITIES "C:\ … file path … \SimOutput_Ca2p_hv-449eV_" 
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Table S27: One of the SESSA input scripts in this section must be run eight times, in order to generate an in-depth profile of 
the Ca2p/Sr3d intensity ratio at four different photon energies and, thus, four different z95 information depths. This table 

summarizes parameters that have to be adjusted in each run together with their corresponding location in the script. 

Ca2p intensities    

Script Run 1 Run2 Run 3 Run 4 

Line Ekin 100 eV Ekin 200 eV Ekin 300 eV Ekin 400 eV 

     

16 449 549 649 749 

18 75 175 275 375 

19 125 225 325 425 

44-56 \SAMPLE PEAK 
DELETE PEAK 13 
… 
\SAMPLE PEAK 
DELETE PEAK 01 

\SAMPLE PEAK 
DELETE PEAK 05 
… 
\SAMPLE PEAK 
DELETE PEAK 01 

\SAMPLE PEAK 
DELETE PEAK 08 
… 
\SAMPLE PEAK 
DELETE PEAK 01 

\SAMPLE PEAK 
DELETE PEAK 04 
… 
\SAMPLE PEAK 
DELETE PEAK 01 

60 \SAMPLE PEAK ADD 
XPSPEAK ENERGY 
100 SUBSHELLID 
"2p1/2" ELEMENT "Ca" 

“ “ “ 

61 \SAMPLE PEAK ADD 
XPSPEAK ENERGY 
103.55 SUBSHELLID 
"2p3/2" ELEMENT "Ca" 

“ “ “ 

69 …_Ca2p_hv-449eV_" …_Ca2p_hv-549eV_" …_Ca2p_hv-649eV_" …_Ca2p_hv-749eV_" 
     

Sr3d intensities    

Script Run 5 Run 6 Run 7 Run 8 

Line Ekin 100 eV Ekin 200 eV Ekin 300 eV Ekin 400 eV 

     

16 235 335 435 535 

18 75 175 275 375 

19 125 225 325 425 

44-56 \SAMPLE PEAK 
DELETE PEAK 08 
… 
\SAMPLE PEAK 
DELETE PEAK 01 

\SAMPLE PEAK 
DELETE PEAK 04 
… 
\SAMPLE PEAK 
DELETE PEAK 01 

\SAMPLE PEAK 
DELETE PEAK 08 
… 
\SAMPLE PEAK 
DELETE PEAK 01 

\SAMPLE PEAK 
DELETE PEAK 04 
… 
\SAMPLE PEAK 
DELETE PEAK 01 

60 \SAMPLE PEAK ADD 
XPSPEAK ENERGY 
100 SUBSHELLID 
"3d3/2" ELEMENT "Sr" 

“ “ “ 

61 \SAMPLE PEAK ADD 
XPSPEAK ENERGY 
103.55 SUBSHELLID 
"3d5/2" ELEMENT "Sr" 

“ “ “ 

69 …_Sr3d_hv-449eV_" …_ Sr3d_hv-549eV_" …_ Sr3d_hv-649eV_" …_ Sr3d_hv-749eV_" 
     

 

190



Results / Synchrotron radiation-based X-ray photoelectron spectroscopy

S35 
 

Python program for quickly sorting SESSA output 

After running one of the above scripts eight times, the following short Python program can be used to 
quickly summarize the content of the eight SESSA output files (.adf) in a single text file (Summary.txt). 
This program was developed using the application Spyder of the Python distribution Anaconda.17 The 
application file (.py) must be placed and run in the same folder like the SESSA output files. The data 
will then be arranged in Summary.txt in the following way: 

 

Ekin 
/ eV 

Ca2p 
 

Sr3d 
 

Ca2p/Sr3d 
 

Ca2p/(Ca2p+Sr3d) 
/ % 

100 … … … … 
200     
300     
400     

 

 

1 # -*- coding: utf-8 -*-  
2   
3 F = open("Summary.txt", "w")  
4 F.write("E(kin)[eV] Ca2p Sr3d Ca2p/Sr3d Ca2p/(Ca2p+Sr3d)[%]\n") 
5   
6 x1 = 4  
7 y1 = 7  
8 x2 = 2  
9 z = 1  
10   
11 while x1 <= y1:  
12   
13  F1 = open("SimOutput_Ca2p_hv-"+str(x1)+"49eV_all.adf","r") 
14  a1 = F1.readlines() 
15  b1 = a1[1].split(" ") 
16  c1 = float(b1[-3])+float(b1[-2]) 
17  F1.close() 
18  x1 = x1+1 
19   
20  F2 = open("SimOutput_Sr3d_hv-"+str(x2)+"35eV_all.adf","r") 
21  a2 = F2.readlines() 
22  b2 = a2[1].split(" ") 
23  c2 = float(b2[-3])+float(b2[-2]) 
24  F2.close() 
25  x2 = x2+1 
26   
27  c3 = c1/c2 
28  c4 = c1/(c1+c2)*100 
29   
30  F.write(str(z)+"00"+" "+str(c1)+" "+str(c2)+" "+str(c3)+" "+str(c4)+"\n") 
31  z = z+1 
32   
33 F.close()  
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3. Scanning transmission electron microscopy 

Scanning transmission electron microscopy (STEM) experiments were performed to characterize the 
shape and size of the nanoparticles. Exclusively the samples Sr-Ca(4)-II and Ca-Sr(4)-II  were 
investigated after purification by dialysis. 

Figure S13, S14 and S15 show STEM micrographs recorded in high-angle annular dark field (HAADF) 
mode, which were used for particle size determination. Due to the low image contrast and strong 
agglomeration of the nanoparticles, an automatized analysis of the images failed and size determination 
was performed manually using the ‘straight line’ tool provided by the software ‘ImageJ 1.52p (Fiji)’.18, 

19 The particles are not spherical, but most of them exhibit an elongated rather ellipsoidal shape. 
Therefore, both the maximum and the minimum diameter of each particle was measured.  

Figure S12 shows the distribution histograms of the maximum particle diameter, the minimum particle 
diameter as well as the ratio of maximum and minimum particle diameter. Each histogram is based on 
90 single particle measurements. All histograms were fitted using a logarithmic normal distribution 
according to the following equation with the characteristic mean μ and the standard deviation σ :20  

𝑓(𝑥 | 𝜇, 𝜎) = 1√(2𝜋𝑥𝜎) exp (− (𝑙𝑛(𝑥) − 𝜇)22𝜎2 ) 

Two further properties μ* and σ* are defined for a better comprehensibility of these logarithmic normal 
distributions. μ* = exp(μ) is the median, which is the point dividing the area under the distribution into 
two equal halves (blue dashed lines in Figure S12). σ* = exp(σ) is the multiplicative standard deviation. 
The ratio μ* / σ* and the product μ* × σ* define the lower and upper limit of the interval around μ* that 
contains ~68% of all data (bright red areas in Figure S12). In the following as well as in the main 
manuscript the logarithmic normal distribution is referred to as NL(μ*,σ*). Table S28 summarizes all 
characteristic values of NL(μ*,σ*).  

 

 
Figure S12: Size distribution histograms from STEM analysis of the nanoparticle samples Sr-Ca(4)-II and Ca-Sr(4)-II.  

All histograms were fitted with logarithmic normal distributions LN(µ*,σ*). Each histogram is based on 90 single particle 
measurements. 
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Table S28: Results of particle size determination by STEM analysis of the samples Sr-Ca(4)-II and Ca-Sr(4)-II. The particle 
diameter histograms from STEM, each based on the results from 90 single particle measurements, were fitted by logarithmic 

normal distributions LN(µ*,σ*). This table contains the characteristic properties of these distribution functions. 

Sr-Ca(4)-II μ σ μ* σ* μ* × σ* μ*/σ* 

Max. diameter 2.44 0.42 11.50 1.52 17.46 7.57 

Min. diameter 2.07 0.35 7.95 1.42 11.31 5.60 

Max. diam./Min. diam. 0.37 0.17 1.45 1.18 1.71 1.22 

Ca-Sr(4)-II μ σ μ* σ* μ* × σ* μ*/σ* 

Max. diameter 2.26 0.33 9.56 1.40 13.35 6.85 

Min. diameter 1.86 0.27 6.40 1.32 8.43 4.86 

Max. diam./Min. diam. 0.40 0.20 1.49 1.22 1.82 1.23 
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Figure S13: STEM micrographs of the sample Sr-Ca(4)-II recorded in HAADF mode. Measurements of the particle size are 
indicated by green lines. Due to the non-spherical shape of the particles, two measurements were performed per particle in 

order to identify both the minimum (left) and maximum (right) diameter. 
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Figure S14: STEM micrographs of the sample Ca-Sr(4)-II recorded in HAADF mode. Measurements of the particle size are 
indicated by green lines. Due to the non-spherical shape of the particles, two measurements were performed per particle in 

order to identify both the minimum (left) and maximum (right) diameter. 
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Figure S15: STEM micrographs of the sample Ca-Sr(4)-II recorded in HAADF mode. Measurements of the particle size are 
indicated by green lines. Due to the non-spherical shape of the particles, two measurements were performed per particle in 

order to identify both the minimum (left) and maximum (right) diameter. 
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4. Dynamic light scattering 

 

Table S29: Results of particle size determination by DLS analysis of the samples Sr-Ca(4)-II and Ca-Sr(4)-II. The 
hydrodynamic particle diameter histograms from DLS were fitted by logarithmic normal distributions LN(µ*,σ*). This table 
contains the characteristic properties of these distribution functions. For more details on the logarithmic normal distribution 

see Section 3. 

Sr-Ca(4)-II μ σ μ* σ* μ* × σ* μ*/σ* 

Diameter 2.20 0.18 9.06 1.20 10.88 7.54 

Ca-Sr(4)-II μ σ μ* σ* μ* × σ* μ*/σ* 

Diameter 2.27 0.16 9.68 1.17 11.31 8.29 
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A scanning transmission X‐ray microscopy (STXM)‐based methodology is introduced

for determining the dimensions (shell thickness, core and total diameter) of core‐shell

nanoparticles, which exhibit a strong X‐ray absorption contrast and a well‐defined

interface between core and shell material. A low radiation dosage during data acqui-

sition and, therefore, less X‐ray beam‐induced damage of the sample is achieved by

recording STXM images only at 2 predetermined energies of maximum absorption

contrast, instead of recording a stack of images across the whole absorption edge.

A model core‐shell nanoparticle, polytetrafluoroethylene (PTFE) cores with polysty-

rene (PS) shell, is used for demonstration. Near‐edge X‐ray absorption fine structure

spectroscopy confirms the significant difference in X‐ray absorption behavior

between PTFE and PS. Additionally, because of the insolubility of styrene in PTFE a

well‐defined interface between particle core and shell is expected. To validate the

STXM results, both the naked PTFE cores as well as the complete core‐shell nanopar-

ticles are examined by scanning electron microscopy (SEM). The introduced STXM‐

based methodology yields particle dimensions in agreement with the SEM results

and provides additional information such as the position of the particle core, which

cannot be extracted from a SEM micrograph.

KEYWORDS

core‐shell nanoparticles, polymers, PS, PTFE, SEM, STXM

1 | INTRODUCTION

Nanoparticle fabrication has been developed intensively over the last

decades, and today, very sophisticated and well‐understood

manufacturing methods are available. These methods allow the

generation of countless material‐morphology combinations exhibiting

exciting properties for industrial applications. Consequently, products

containing nanoparticles already encounter us in most areas of our

daily life including cosmetics, clothing, detergents, paints, batteries,

or displays.1 In most cases, the particles show a core‐shell morphology

either voluntarily or involuntarily.2 The properties of the particles'

shell determine the interaction with their surroundings. Thus, reliable

control over these properties means reliable control over the

particles' performance as well as their risk for our health and the

environment. Beside the chemical composition, the thickness of the

shell is a parameter of utmost importance. In this paper, we present a

novel methodology for determining the shell thickness of core‐shell

nanoparticlesbasedonscanning transmissionX‐raymicroscopy (STXM).

Among various tools available for nanoparticle characterization,

electron microscopy (EM) and X‐ray photoelectron spectroscopy
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(XPS) are widely used. Even though EM provides adequate solutions

to many problems, its direct application for shell thickness determina-

tion is limited. As soon as the density and atomic number difference

between core and shell material is insufficient, the low contrast

leads to indistinguishability of the 2 materials in the micrographs.3

A chemical contrast between core and shell material can be achieved

by combining an electron microscope with an electron energy loss

spectrometer (EM‐EELS). Even though EM‐EELS provides superior

spatial resolution as compared with STXM, radiation damage per unit

of analytical information is typically higher in EM‐EELS. Additionally,

EM depends on vacuum conditions, while STXM investigations can

be performed at ambient pressure or in primary vacuum conditions.4,5

The advantages of STXM over EM for certain systems will be further

discussed and demonstrated by means of the presented results. In

principle, XPS is capable of average nanoparticle shell thickness deter-

mination for ensembles. However, activities here are still at an early

stage.6 Particle dimensions from independent techniques are urgently

required not only for validation but also, because all models developed

so far for quantitative evaluation of XPS data targeting the estimation

of nanoparticle shell thicknesses need either core radius or total diam-

eter as an input parameter.7-9 Moreover, XPS experiments can be

complicated for nonconductive samples where noncompensated pos-

itive charges left after photoionization leads to artifacts in the spectra

that falsify the results.

Scanning transmission X‐ray microscopy (STXM) is a powerful

technique with a 35‐nm spatial resolution and a material contrast

depending on the difference in X‐ray absorption behavior of the inves-

tigatedmaterials. In 2001, Koprinarov et al10 investigated microspheres

consisting of a polydivinylbenzene‐55 (DVB55) core (3.2 μm) and a

poly(DVB55‐co‐ethylene glycol dimethyl acrylate) shell (0.4‐0.9 μm)

using STXM by taking advantage of the absorption contrast between

core and shell material. In 2011, Burke et al11 visualized nanoparticles

with STXM composed of poly(9,9‐dioctyl‐fluorene‐2,7‐diyl‐co‐bis‐N,

N′‐(4‐butylphenyl)‐bis‐N, N′‐phenyl‐1,4‐phenylenedi‐amine) and

poly(9,9‐dioctylfluorene‐2,7‐diyl‐co‐benzothiadiazole) (52 nm diame-

ter) and, furthermore, presented a methodology for probing their

morphology on a sub‐10‐nm length scale based on chemical composi-

tional mapping by singular value decomposition (SVD) of a stack of

images. Using a similar strategy, in 2015, Belcher and coworkers

investigated core‐shell particles comprising phenyl‐C61‐butyric acid

methyl ester with poly(3‐hexylthiophene) as well as core‐shell particles

comprising poly[4,8‐bis(2‐ethylhexyloxy)benzo(1,2‐b:4,5‐b′)dithiophe

ne‐alt‐5, 6‐bis(octyloxy)‐4,7‐di(thiophen‐2‐yl)(2,1,3‐benzothiadiazole)‐

5,5′‐diyl] with phenyl‐C61‐butyric acid methyl ester (23.8‐ and 23.5‐

nm diameter). Here, simple geometric considerations were applied to

determine the core, interface, and shell regions.12

In the publications mentioned above, STXM is applied to identify

an unknown morphology of certain nanoparticles. As opposed to that,

the nanoparticles investigated in this paper are known to exhibit a

core‐shell morphology and their dimensions (shell thickness, core,

and total diameter) are carefully precharacterized by scanning electron

microscopy (SEM). This allows a reliable validation of the dimensions

obtained by the presented STXM‐based methodology. Furthermore,

this methodology is not based on SVD targeting a lower radiation dos-

age during data acquisition and, thus, less X‐ray‐induced damage and

chemical modification of the sample. This is achieved by recording

STXM images at only 2 predetermined energies of maximum absorp-

tion contrast, instead of a stack of images across the whole absorption

edge. Fitting of experimental linear and radial profiles of the particles

yields the optimum combination of core diameter, shell thickness,

and total diameter. A polymeric model core‐shell nanoparticle

consisting of polytetrafluoroethylene (PTFE) cores with a polystyrene

(PS) shell was selected to demonstrate the strengths of the methodol-

ogy and its advantages over EM.

2 | EXPERIMENTAL

The PTFE cores (Hyflon MFA 100 LS latex) suspended in water with a

concentration of 337 mg/mL were kindly provided by Solvay Specialty

Polymers. These consist of a perfluoroalkoxy polymer derived from

the polymerization of tetrafluoroethylene and a perfluoromethylvinyl

ether comonomer. X‐ray photoelectron spectroscopy analysis of the

particles revealed that such comonomers make up below 3% of the

total number of polymer units.

The PTFE‐PS core‐shell nanoparticles suspended in water with a

concentration of 88.6 mg/mL were synthesized by emulsifier‐free

batch seeded emulsion polimerization using 2.36 g of PTFE seeds

and 63.42 g of styrene.13,14 The obtained suspension was purified

from the unreacted monomer by repeated dialysis using a membrane

with molecular weight cut off of 12.4 kDa.

Scanning electron microscopy (SEM) was performed by using an

SEM Zeiss Supra 40 equipped with a high‐resolution cathode

(Schottky field emitter). InLens micrographs were recorded by using

a secondary electron detector and transmission electron micrographs

by using a dedicated transmission sample holder as described in detail

elsewhere.15 Scanning electron microscopy samples were prepared by

diluting the initial suspensions with ultrapure water, 10 000 times in

the case of the PTFE cores and 5 times in the case of the PTFE‐PS

core‐shell nanoparticles, and applying a drop of 3 μL onto a 6‐ to

10‐nm‐thick carbon film on a 3.05‐mm diameter and 10‐ to 12‐μm‐

thick copper transmission electron microscopy grid of 200 lines/inch

purchased from PLANO GmbH (Wetzlar, Germany). Analysis of the

electron micrographs for the determination of particle size and particle

size distribution was performed by using ImageJ.16 A detailed descrip-

tion of the analysis procedure can be found in the supporting

information.

Scanning transmission x‐ray microscopy (STXM) was carried out at

the STXM instrument (Research Instruments GmbH) of the HERMES

beamline at the synchrotron radiation source SOLEIL (Saint‐Aubin,

France). A Fresnel zone plate with outer ring width of 30 nm was used

with an order sorting aperture of 50 μm. The experimental chamber

was pumped down to 10−3 mbar during data acquisition. The images

were obtained in transmission mode by using a photomultiplier tube

as a detector. Beamline energy calibration was performed by aligning

the C1s→ π* feature of a test PS thin film. The STXM core‐shell nano-

particle sample was prepared by diluting the initial PTFE‐PS nanoparti-

cle suspension 500 times with ultrapure water and applying a drop of

3 μL onto a 1 × 1 mm broad and 100‐nm‐thick silicon nitride window

in a 5 × 5 mm broad and 500‐nm‐thick silicon frame manufactured by

1078 MÜLLER ET AL.
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Norcada Inc (Edmonton, Canada). The sample was air‐dried prior to

measurements. A total of 13 different particles were imaged across

10 different randomly choosen locations on the sample. The image size

was restricted to 0.7 × 0.7 μm2 with a step size of 5 nm.

Near edge x‐ray absorption fine structure (NEXAFS) spectra were

obtained at the same instrument as the STXM images. The NEXAFS

samples were prepared by diluting the initial suspensions of PTFE

cores and PTFE‐PS core‐shell nanoparticles 4 times and applying a

drop of 0.5 μL onto the same kind of silicon nitride window that

was used for the STXM measurements. The samples were air‐dried

prior to measurements. In the case of the PTFE cores, a region free

of large aggregates was chosen and defocused line scans were

performed. In the case of the PTFE‐PS particles, the spectra were

carefully extracted from the edge of more than 1 individual core‐shell

particle and compared with literature data of PS thin films. The raw

signal (Io) was obtained through a bare silicon nitride window to

normalize the measured transmitted signal through the samples.

3 | RESULTS AND DISCUSSION

The investigated nanoparticles consist of PTFE cores, which were

coated with PS via seeded emulsion polymerization. To determine

dimensions and shape of the particles, SEM was applied, both before

and after the growth of the PS shell. Drop‐casting the 2 suspensions

onto the substrates resulted in some regions containing mostly large

particle aggregates and other regions exhibiting a very homogeneous

and dense single layer particle distribution. Sample micrographs of

the latter are shown in Figure 1. The dimensions gained from a

quantitative analysis of the SEM micrographs are summarized in

Table 1. Stated core and total diameter from SEM are Feret's

diameters (shape descriptor defined by ImageJ).16

A differentiation between core and shell material was not possible

in the SEMmicrographs of the core‐shell particles, neither in the InLens

nor in the transmission mode. The difference in density between PTFE

(2.2 g/cm3) and PS (1.05 g/cm3) is too small to generate a sufficient

image contrast.17 Consequently, for this particle system, a shell thick-

ness from SEM can only be estimated indirectly by subtracting the core

from the total diameter. Furthermore, the micrographs revealed a

higher polydispersity for the PTFE cores (48 ± 12 nm) than for the

core‐shell nanoparticles (135 ± 4 nm) indicated by the higher standard

deviation for the diameter of the core than for the total diameter. Addi-

tionally, the circularity (shape descriptor defined by ImageJ) of the par-

ticles increases with the shell growth from 0.80 ± 0.10 to 0.88 ± 0.03.16

A detailed description of the SEM analysis as well as the histograms

representing the particle size distributions can be found in the

supporting information. Because of the insolubility of the styrene

monomer in PTFE, it is reasonable to expect a core‐shell morphology

FIGURE 1 Scanning electron microscopy

images of naked polytetrafluoroethylene

cores (upper row) and of

polytetrafluoroethylene‐polystyrene core‐

shell nanoparticles (lower row) recorded in

transmission mode (left) and in InLens mode

(right). All scale bars equal 100 nm

TABLE 1 Dimensions of polytetrafluoroethylene‐polystyrene core‐

shell nanoparticles from STXM and SEM investigations

Core
Diameter σcore

Shell
Thickness σshell

Total
Diameter σtotal

STXM 42.8 4 (10) 51.8 5 (10) 146.4 11 (8)

SEM 48.0 12 (25) 43.5 8 (18) 135.0 4 (3)

All values are in units of nanometers, apart from the numbers in parenthe-
ses, which are relative standard deviations in percent. The scanning trans-
mission X‐ray microscopy (STXM) results are based on the analysis of 13
core‐shell nanoparticles. The scanning electron microscopy (SEM) results
are based on the analysis of 494 naked cores and 452 core‐shell
nanoparticles.
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after the seeded emulsion polymerization with a relatively sharp and

distinct interface between core and shell material.18 However, because

of the lacking material contrast, the particles' core‐shell morphology

cannot directly be confirmed by SEM. It is neither possible to determine

the position of the PTFE core inside the particles nor whether there is a

PTFE core at all.

Whereas the densities of PTFE and PS are very much alike, their

X‐ray absorption behavior differs significantly. This becomes clear

when comparing the NEXAFS spectra of the C K‐edge in Figure 2.

The transition of electrons from C1s orbitals to the empty σ*

antibinding molecular orbitals of C‐F bonds is responsible for a sharp

resonance at 292.5 eV in the spectrum of PTFE.19 In contrast to that,

the most dominant resonance in the PS spectrum can be found at

285.0 eV and is caused by the transition of electrons from the C1s

orbitals to the empty π* antibinding molecular orbitals of C¼C bonds

in the phenyl rings.20 In STXM, such a difference in absorption behav-

ior leads to an image contrast enabling a direct differentiation

between particle core and shell. Consequently, STXM images of the

core‐shell particles were recorded at 292.5 and 285.0 eV. Since a

lower particle density at the surface was desired to enable single

particle characterization, the core‐shell nanoparticle suspension was

further diluted before drop‐casting it onto the substrate for the STXM

measurements. The software aXis200021 was used for processing the

images. The I0 signal (incident photon flux) obtained at a particle‐free

region was used to convert the absorption images into optical density

images. Drift correction and noise filtering (fast Fourier transform

filter) were performed before the images at 292.5 eV were subtracted

from the image at 285.0 eV. This subtraction was necessary to further

enhance the contrast between core and shell region. The enhance-

ment of contrast is further clarified by Figure S13 in the supporting

information.

Figure 3A shows an image resulting from such a subtraction that

contains 2 core‐shell particles. Both particles consist of a dark area

of low optical density representing the core surrounded by a bright

area of high optical density representing the shell. Thus, in opposition

FIGURE 2 Near‐edge X‐ray absorption fine structure spectra of the

C K‐edge of the polytetrafluoroethylene cores and

polytetrafluoroethylene‐polystyrene core‐shell nanoparticles. The

vertical lines indicate the energies 285.0 and 292.5 eV, which were

used for recording scanning transmission X‐ray microscopy images

FIGURE 3 Scanning transmission X‐ray microscopy image resulting from the subtraction of an image recorded at 292.5 eV from an image

recorded at 285.0 eV (A). The scale bar equals 200 nm. The position of a radial profile is indicated in A, by a yellow circle. The result of this

profile is shown in B, together with a fit indicated by the red curve. The position of a linear profile is indicated in (A) by a red line. The result of this

profile is shown in D, together with fits on both sides of the particle center indicated by red curves. The black dots in C, show shell thicknesses and

core diameters resulting from all linear profiles indicated in (A). Shell thickness and core diameter resulting from the radial profile are also shown in

the diagram by the red dot. The error bars of the linear profiles are the standard deviations of core diameter and shell thickness. The error bars of

the radial profile reflect an error of 5% that originates from fitting
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to the SEM micrographs, STXM enables a direct differentiation

between core and shell because of the image contrast. The existence

of the core can be verified, and its position with respect to the shell

can be identified. In this case, the core seems to be not fully central

and the shell thickness not fully homogeneous, respectively. As a con-

sequence, the center of the core does not equal the center of the

complete core‐shell particle. To extract the particle dimensions from

the STXM images, a mixture of linear and radial profiles was analyzed.

Linear profiles were applied whenever the close proximity to neigh-

boring particles or a high background due to carbon contaminations

made the application of a radial profile impossible. The center of the

core was considered for positioning of linear and radial profiles as

opposed to the center of the particle. The experimental profiles of

the particles were fitted with theoretical profiles (Figure 3B,D). Theo-

retical profiles were obtained by convoluting the calculated zone plate

intensity profile with a calculated core‐shell thickness profile. The best

core radius and shell thickness were obtained by systematically vary-

ing these 2 parameters during a least squares fitting procedure. More

detailed information about the generation of experimental and theo-

retical radial profiles can be found in the supporting information.

Table 1 lists the dimensions of shell, core, and total core‐shell particle

derivedfromSTXM. Italsocontains thedimensions fromSEMforcompar-

ison. Corresponding histograms can be found in the supporting informa-

tion. Because of the elaborate analysis procedure, the STXM results are

based on 30 times less particles then the SEM results. The investigation

of a higher number of particleswould lead to an improvement of the stan-

darddeviations; however, the tendencies indicated byTable 1 are reason-

able. The values for the total diameter from STXM and SEM are in best

agreement (9% difference), while the core diameter from STXM is 12%

smaller and the shell thickness 19% larger than from SEM. The reason

for these differences is the nonspherical shape of the nanoparticle cores.

During the ImageJ analysis of the SEM micrographs, the largest

possible diameter within a nonspherical particle is counted, which leads

to an overestimation of the average nanoparticle core diameter. Addi-

tionally, the overall diameter distribution becomes broader, which

causes a higher standard deviation compared with STXM. In contrast,

the analysis of particles in STXM images with a radial profile (compare

Figure 3A,B) underestimates the average core diameter. Furthermore,

the core diameters of different particles are tendentially equalized

and the standard deviation is, therefore, smaller. The analysis of parti-

cles in STXM images with a linear profile (compare Figure 3A,D) yields

a realistic representation of the corresponding cross section of the par-

ticle. However, calculating the average of many linear profiles has the

same underestimation effect as the radial profile analysis.

As alreadymentioned the shell thickness in SEMwas calculated indi-

rectly bysubtractinganaverage core fromanaverage total diameter.Con-

sequently, the overestimation of the core leads to an underestimation of

the shell thickness. Vice versa, the underestimation of the core in STXM

leads toanoverestimationof the shell thickness.The reason for thehigher

standard deviation of the average shell thickness in SEM than in STXM is

the same as for the standard deviation of the average core diameters.

Finally, the small deviation of the total diameter between STXM

and SEM can be explained by the high degree of sphericity of the

complete core‐shell nanoparticle as opposed to the cores. Thus, the

effects of overestimation and underestimation described above cancel

each other in both the case of SEM and STXM analysis. The standard

deviation of the total core‐shell particle diameter from STXM is higher

than from SEM. That is because the total diameter from STXM is

derived from core diameter and shell thickness, whereas it is a directly

measured quantity in the SEM experiment.

In the end it should be mentioned that variations of core diameter

and shell thickness within a single particle are lost in the SEM analysis

of the core‐shell nanoparticles. Only the variations among different

particles are reflected by the standard deviation. The same is true

for a full radial profile applied to a nanoparticle in a STXM image.

However, application and analysis of single linear profiles of that same

nanoparticle in a STXM image make it possible to determine shell

thickness and core diameter variations even within a single particle.

The diagram in Figure 3C shows shell thicknesses and core diameters

of 6 linear profiles through the same core‐shell nanoparticle. The posi-

tion of these profiles is indicated in Figure 3A by red and white lines.

The distribution of dots in the diagram indicates that the shell thick-

ness within this particle varies between 55 and 67 nm, while the core

diameters vary between 25 and 53 nm. A broader standard deviation

for the core diameter than of the shell thickness reflects the

nonsphericity of the nanoparticle cores. The variation of the total

diameter underlines the observation that the core is not in the center

of the particle. The possibility to extract such information about the

internal structure of single particles is a clear advantage of the STXM

analysis compared with SEM.

4 | CONCLUSION

For the first time, a STXM‐based methodology for determining the

dimensions (shell thickness, core and total diameter) of core‐shell

nanoparticles has been validated by applying it to a model system,

which is known to exhibit a core‐shell morphology and which dimen-

sions have been carefully precharacterized by SEM. The methodology

is not based on SVD leading to a reduction of the radiation dosage

during data acquisition and, therefore, less beam‐induced damage of

the sample.

For a PTFE‐PS core‐shell model nanoparticle system, dimensions

that are in acceptable agreement with results from SEM were

obtained. The total diameter from STXM and SEM are in best agree-

ment (9% difference), while the core diameter from STXM is 12%

smaller and the shell thickness 19% larger than from SEM. These dif-

ferences could be explained by the corresponding analysis mecha-

nisms. No direct differentiation between particle core and shell was

possible in the SEM micrographs because of similar material densities.

As opposed to that, a strong image contrast between core and shell

region was found in the STXM micrographs caused by the characteris-

tic X‐ray absorption behavior of PTFE and PS. Here, the existence of

the core could be verified and its position identified. Furthermore,

the application of linear profiles for nanoparticle analysis in STXM

visualizes the variation of shell thickness and core diameter within a

single particle. This information is not accessible by SEM analysis at

least not for the investigated model core‐shell particle and comparable

systems. Consequently, for certain material combinations, STXM pro-

vides information that cannot be extracted from SEM.
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The next step will be the testing of the novel methodology's appli-

cability and accuracy for alternative systems such as nanoparticles

with inorganic core and organic shell. Further effort will also be

focused on automatization of the STXM data analysis to improve sta-

tistics to report average values.
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STXM analysis of PTFE-PS core-shell nanoparticles 

 

 

 

  

Figure S1: Histograms representing the distribution of the results of core diameter, shell thickness and total core-

shell particle diameter based on the STXM analysis of 13 PTFE-PS core-shell nanoparticles.    
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SEM analysis of the PTFE cores 

Figure S2 and S3 contain SEM micrographs of two different regions on the same substrate rec-

orded in the transmission mode before image processing. Figure S4 and S5 show the same micro-

graphs after image processing via ImageJ, in order to determine the particle dimensions. The re-

sulting particle size distributions are summarized in Figure S6. 

 

Image processing steps applied to the micrograph of region 1 (Figure S2 and S4): 

1. Via Image/Adjust/Threshold the threshold was set from 0 to 120 and applied. 

2. Via Analyze/Analyze Particles the size of particles counted for the analysis was restricted 

to 200 - 2500 nm² and their circularity was restricted to 0.6 - 1.0. The options exclude 

edges and include holes were tagged.  

 

Image processing steps applied to the micrograph of region 2 (Figure S3 and S5): 

1. Via Image/Adjust/Threshold the threshold was set from 0 to 134 and applied. 

2.  Via Analyze/Analyze Particles the size of particles counted for the analysis was restricted 

to 200 - 2500 nm² and their circularity was restricted to 0.6 - 1.0. The options exclude 

edges and include holes were tagged. 
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Figure S2: SEM micrograph in transmission mode of naked PTFE cores distributed on the carbon 

film of a copper TEM grid. (Working distance: 2.8 mm, accelerating voltage: 20 kV, magnification: 

100.000�, scale bar: 200 nm). Region 1 on the substrate.  

Figure S3: SEM micrograph in transmission mode of naked PTFE cores distributed on the carbon 

film of a copper TEM grid. (Working distance: 2.8 mm, accelerating voltage: 20 kV, magnification: 

100.000�, scale bar: 200 nm). Region 2 on the substrate. 
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Figure S4: SEM micrograph of PTFE cores in region 1 after image processing via ImageJ (scale 

bar: 200 nm). 

 

Figure S5: SEM micrograph of PTFE cores in region 2 after image processing via ImageJ (scale 

bar: 200 nm). 
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Figure S6: Particle size distribution from the analysis of (a) 192 PTFE cores in the SEM micrograph of region 1 (b) 

302 PTFE cores in the SEM micrograph of region 2 (c) all PTFE cores in the two SEM micrographs of region 1 and 

2 combined. 
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SEM analysis of the PTFE-PS core-shell nanoparticles 

Figure S7 and S8 contain SEM micrographs of two different regions on the same substrate rec-

orded in the transmission mode before image processing. Figure S9 and S10 show the same mi-

crographs after image processing via ImageJ, in order to determine the particle dimensions. The 

resulting particle size distributions are summarized in Figure S11. 

 

Image processing steps applied to the micrograph of region 1 (Figure S7 and S9): 

1. Via Image/Type/8-bit the image was turned into an 8-bit grayscale image. 

2. Via Image/Adjust/Threshold the threshold was set from 0 to 123 and applied. 

3. Via Process/Binary/Watershed those particles touching one another are separated. 

4. Via Analyze/Analyze Particles the size of particles counted for the analysis was restricted 

to 100 - Infinity nm² and their circularity was restricted to 0.0 - 1.0. The options exclude 

edges and include holes were tagged.  

 

Image processing steps applied to the micrograph of region 2 (Figure S8 and S10): 

1. Via Image/Type/8-bit the image was turned into an 8-bit grayscale image. 

2. Via Image/Adjust/Threshold the threshold was set from 0 to 112 and applied. 

3. Via Process/Binary/Watershed those particles touching one another are separated. 

4. Via Analyze/Analyze Particles the size of particles counted for the analysis was restricted 

to 10.000 - Infinity nm² and their circularity was restricted to 0.0 - 1.0. The options exclude 

edges and include holes were tagged.  
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Figure S7: SEM micrograph in transmission mode of PTFE-PS core-shell nanoparticles distributed 

on the carbon film of a copper TEM grid. (Working distance: 2.8 mm, accelerating voltage: 20 kV, 

magnification: 100.000�, scale bar: 300 nm). Region 1 on the substrate. 

Figure S8: SEM micrograph in transmission mode of PTFE-PS core-shell nanoparticles distributed 

on the carbon film of a copper TEM grid. (Working distance: 2.8 mm, accelerating voltage: 20 kV, 

magnification: 100.000�, scale bar: 100 nm). Region 2 on the substrate. 
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Figure S9: SEM micrograph of PTFE-PS cores-shell nanoparticles in region 1 after image pro-

cessing via ImageJ (scale bar: 300 nm).  

 

Figure S10: SEM micrograph of PTFE-PS cores-shell nanoparticles in region 2 after image pro-

cessing via ImageJ (scale bar: 100 nm).  
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Figure S11: Particle size distribution from the analysis of (a) 356 PTFE-PS core-shell nanoparticles in the SEM 

micrograph of region 1 (b) 96 PTFE-PS core-shell nanoparticles in the SEM micrograph of region 2 (c) all PTFE-

PS core-shell nanoparticles in the two SEM micrographs of region 1 and 2 combined. 
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Generation of experimental radial intensity profiles: The intensity at a certain distance from 

the particle center is an average intensity based on the intensities at all points with that distance 

from the particle center (points located on a circle around the particle center with a certain radius).   

 

Generation of the theoretical radial intensity profiles: The radial intensity profile R(r) was 

obtained by first performing a convolution of the theoretical zone plate profile I(r) with a geo-

metrically calculated thickness profile (t(r)). This was followed by pixel-wise radial integration.  

 

���� = ���� ∗ 	��� 

here ���� =  ��. �. �2. ����� �� �
�� �� �

�
, Io is the illuminating intensity of the zone plate, N is the num-

ber of zones, k is the wave number (2), a is the radius, f is the focal length of the zone plate 

and J1 is the spherical Bessel function. 
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Figure S12:  Stepwise schematic representation of STXM micrograph analysis procedure. All scale bars equal 

200 nm. The transformation into optical density (OD) was performed according to OD = ln(I/I0) with I0 being the 

average intensity of a particle free region in the STXM micrograph.  
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Figure S13:  Simulated optical density images (a) and corresponding cross sections (b) for a core-shell particle with 

47 nm core diameter and 40 nm shell thickness. Red line in image (a) indicates position of cross section (b). All 

scale bars equal 50 nm. I is the zone plate profile at 285.0 eV. II is the core-shell nanoparticle profile at 285.0 eV. 

III is the profile resulting from the convolution of I and II. IV is the zone plate profile at 292.5 eV. V is the core-

shell nanoparticle profile at 292.5 eV. VI is the profile resulting from the convolution of IV and V. VII is obtained 

by subtracting VI(b) from III(b). Profile VII is used for fitting the experimental linear and radial optical density 

profiles. 
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Impact of the background noise level on uncertainty of the measurement 

Due to background noise caused by carbon contaminations on the sample some of the experi-

mental radial profiles used for particle analysis exhibit bumps such as at approximately 120 nm 

in Figure 3b of the main manuscript.  In order to demonstrate the influence of this impurity in-

duced optical density on the calculated particle dimensions (shell thickness, core and total diam-

eter) and their uncertainties, the range of the experimental profile taken into account for the fit 

was varied. All input parameters of the fit were kept constant, apart from the upper limit of the 

peak to fit (Table S1). 

Table S1 shows that including values of the experimental profile above 80 nm the shell thickness 

increases, because the contamination bump starts to influence the fit. This is also underlined by a 

significant rise of the residual of the least square fit. Consequently, by the choice of an appropriate 

range for the fit the influence of the carbon contamination can be minimized and considered as 

negligible.    

 

Table S1: All results here are based on the experimental radial profile shown in Figure 3b in the main manuscript. All 

input parameters for the fit were kept constant apart from the upper limit of the range of the experimental profile taken 

into account for the fit. The values under ‘Residual’ are the sum of all squared residuals of the corresponding fit. 

Upper limit / 

nm 

Core radius / 

nm 

 Shell thickness / 

nm  
Residual 

70 16.0 56.0 0.022 

75 16.0 56.0 0.025 

80 16.0 56.0 0.033 

85 16.0 58.0 0.051 

90 16.5 60.0 0.094 

95 16.5 60.0 0.139 

100 16.5 60.0 0.230 

105 16.5 60.0 0.358 

110 16.5 62.0 0.509 

115 16.5 62.0 0.711 

120 16.5 62.0 0.860 

125 16.5 62.0 0.981 

Lower limit for shell thickness  40 nm  

Upper limit for shell thickness  70 nm  

Step width shell thickness  2 nm  

Maximum position of the peak to fit  40 nm  

Lower limit of peak to fit  10 nm  

Upper limit of peak to fit  varied  
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Figure S14: This profile is the same experimental radial profile shown in Figure 3b in the main manuscript. The diagram 

also includes the fits resulting from the simulations summarized in Table S1.    
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5. Conclusion and Outlook

In this cumulative PhD thesis, XPS and STXM methodologies for the efficient and accurate
characterization of the actual morphology of CSNPs were presented. A special focus was on
such CSNPs which deviate from an ideal core-shell morphology.

Nanoparticle coating thicknesses were determined by XPS and STXM for a series of PTFE-
PMMA and PTFE-PS polymer CSNPs with constant core diameter but varying shell thick-
nesses. T-SEM investigation suggested a complete encapsulation of the core by the shell
material for the PTFE-PMMA and an incomplete encapsulation for the PTFE-PS sample set.
CSNP coating thicknesses were determined based on the analysis of, firstly, the XPS elastic-
peak intensities using the software SESSA (cf. Section 4.1.1), secondly, the XPS inelastic back-
ground using the software QUASES (cf. Section 4.1.1 and 4.1.3) and, thirdly, linear and radial
profiles of the nanoparticles in STXM micrographs by a self-written code (cf. Section 4.3.1).
While the coating thicknesses from SESSA were based on the assumption of an ideal core-
shell morphology, the shell thicknesses from QUASES and STXM take the nonuniformity of
the nanoparticles into account. Whereas shell thicknesses from XPS always represent a large
nanoparticle ensemble, STXM measures shell thicknesses of individual nanoparticles. Note,
that this was the first time that nanoparticle coating thicknesses were extracted exclusively from
the inelastic background of XPS spectra.

Beside coating thickness determination, the following deviations from an ideal core-shell mor-
phology could be identified and quantified: Intermixing between core and shell material, nonuni-
formity of the shell thickness and incomplete encapsulation of the core by the shell material.

Analysis of the internal morphology of CSNPs based on a single elastic-peak intensity ratio
from laboratory-based XPS cannot prove or disprove the presence of nonuniformities. As op-
posed to this, the amount of information provided by a chemical depth profile from SR-XPS
comprising several intensity ratios at different analysis depths is higher. In Section 4.2.1 of this
thesis, such a depth profile was acquired for the characterization of (Ca/Sr)F2 core-shell like
nanoparticles. This profile unveiled intermixing between a calcium-enriched surface region and
a strontium-enriched core region.

The presence of certain nonuniformities in a CSNP ensemble can also be identified by an
analysis of the inelastic background of XPS spectra. This is demonstrated at the example of
the aforementioned PTFE-PMMA and PTFE-PS polymer CSNPs using the software QUASES
(Section 4.1.1 and 4.1.3). The poor agreement of the experimental inelastic background shape
and the QUASES fit was a clear indication of the nonuniform nature of the investigated samples.
Experiment and QUASES fit could successfully be brought into accordance with one another,
if the selected model morphology accounted for the nonuniform coating thickness and the in-
complete encapsulation of the core by the shell material.
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Finally, if core and shell material exhibit a sufficient X-ray absorption contrast, they can be
differentiated by STXM. In this case, the internal morphology of a CSNP, including deviations
from ideality, can be determined directly from a STXM micrograph. In Section 4.3.1, the same
PTFE-PS CSNPs as in 4.1.1 and 4.1.3 were visualized by STXM and the nonuniformity of the
shell thickness could be confirmed. As opposed to XPS analysis, the STXM micrographs fur-
thermore could identify the off-center position and nonsphericity of the nanoparticle core as
reasons for the shell thickness variation.

The methods for the characterization of the internal morphology of CSNPs presented in this
PhD thesis are of major importance, because they can provide nanoparticle manufacturers
with the information they depend on to fulfill current and future requirements of both consumers
and regulatory authorities.

The consumers expect a constant quality of the supplied products. It is well conceivable that
CSNP coating thickness and nonuniformity determination with laboratory-based XPS is imple-
mented in the production process for quality control, because it facilitates a quick and straight-
forward comparison between several batches of a specific CSNP. Due to the limited availability
of synchrotron radiation, it is not feasible to implement SR-XPS and STXM standardly in the
nanoparticle manufacturing process for quality control purposes. Instead, if a completely new
CSNP system is developed, these methods can be applied once in the beginning to obtain a
thorough understanding of the new system. Beyond that, they will be relevant for very special-
ized problems where laboratory-based techniques come to their limits.

As already discussed in Section 1 of this thesis, the data requirements when registering a
nanomaterial in the European Union are already extensive and they will become even more
demanding in the next years. Therefore, to continue the making available of nanoparticles on
the market of the European Union will only be possible for those manufacturers who know the
morphology of their nanoparticles really well. The REACH registration dossier clearly requires
not only the final result about chemistry and morphology of the nanoparticles, the determination
approach must also be presented sufficiently detailed to be fully reproducible. Therefore, more
than usual effort was spent on gapless documentation of the experiments and analyses in this
thesis to enable the responsible scientists to transform them readily into the required protocols
for their own specific nanoparticle systems.

Eventually, because only a profound understanding of the nanoparticle chemistry and morphol-
ogy can lead to an understanding of the particle’s interaction with its environment, ambitious
development of analytical techniques is vital to ensure our own health and the safety of our
environment in a world where the use of nanomaterials increases every day.
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7. Appendix

7.1 Abbreviations

AES Auger electron spectroscopy

AFM atomic force microscopy

BAM Bundesanstalt für Materialforschung und -prüfung

BESSY Berliner Elektronenspeicherring-Gesellschaft für Synchrotronstrahlung

BSA bovine serum albumin

CHA concentric hemisperical analyzer

CLI command line interface

CSNP core-shell nanoparticle

DLD delay-line detector

DLS dynamic light scattering

DCS differential centrifugal sedimentation

DVB55 polydivinylbenzene-55

EAL effective attenuation length

ECHA European Chemicals Agency

EDMA ethylene glycol dimethyl acrylate

EDX energy-dispersive X-ray

EELS electron energy loss spectroscopy

EM electron microscopy

EUON European Union Observatory for Nanomaterials

F8BT poly(9,9-dioctylfluorene-co-benzothiadiazole)

FAT fixed analyzer transmission

FZP Fresnel zone plate

HERMES High Efficiency and Resolution Beamline Dedicated to X-Ray Microscopy and
Electron Spectroscopy

HE-SGM High Energy - Spherical Grating Monochromator Beamline

IgG immunoglobulin G

IMFP inelastic mean free path

LEIS low-energy ion scattering

MCP microchannel plate
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NAP-XPS near-ambient pressure X-ray photoelectron spectroscopy

NEXAFS near edge X-ray absorption fine structure

NIST National Institute of Standard and Technology

NPL National Physical Laboratory

NTA nanoparticle tracking analysis

P3HT poly(3-hexylthiophene)

P4VP poly(4-vinylpyridine)

PCBM phenyl C61 butyric acid methyl ester

PEG poly(ethylene glycol)

PEY partial electron yield

PFB poly(9,9-dioctylfluorene-co-N,N-bis(4-butylphenyl)-N,N-1,4-phenylenediamine)

PFPME perfluoromethylvinyl ether

PMMA poly(methyl methacrylate)

PS polystyrene

PSBTBT poly[4,8-bis(2-ethylhexyloxy) benzo(1,2-b:4,5-b’)dithiophene-alt-5,6-
bis(octyloxy)-4,7-di(thiophen-2-yl)(2,1,3-benzothiadiazole)-5,5’-diyl]

PTFE poly(tetrafluoroethylene)

QPA quantified peak area approach

REACH Registration, Evaluation, Authorization and Restriction of Chemicals

SAM scanning Auger microscopy

SANS small angle neutron scattering

SAXS small angle X-ray scattering

SEM scanning electron microscopy

SESSA Simulation of Electron Spectra for Surface Analysis

SOLEIL Source Optimisée de Lumière d’Énergie Intermédiaire du Laboratoire pour
l’Utilisation du Rayonnement Électromagnétique

spICP-MS single particle inductively coupled plasma mass spectrometry

SR-XPS synchrotron radiation X-ray photoelectron spectroscopy

STEM scanning transmission electron microscopy

STXM scanning transmission X-ray microscopy

SVD singular value decomposition

TFE tetrafluoroethylene
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TEM transmission electron microscopy

TEY total electron yield

TGA thermogravimetric analysis

ToF-SIMS time-of-flight secondary-ion mass spectrometry

T-SEM transmission scanning electron microscopy

UHV ultra-high vacuum

VLS-VGD variable line spacing - variable groove depth

XAES X-ray excited Auger electron spectroscopy

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction
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