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Zusammenfassung

Diese Dissertation untersucht das Wachstum und die Oxidation von Cu Nanopartikeln (NPs) auf Rutil
TiO2(110) und Anatase TiO2(101) Einkristallen, sowie deren Interaktion mit der Aminosiure Cystein.
Die Arbeit entstand im Rahmen des Helmholtz Projekts CORAERO (KA1-Co-06), welches die Verbre-
itung von SARS-CoV-2 Viren durch Luft sowie deren Inaktivierung untersucht hat. Das Modellsystem
von Cu NPs auf TiOy wurde aufgrund der bekannten Effektivitdt bei der Deaktivierung von Viren und
Bakterien ausgewahlt. Im Gegensatz zu reinem Titandioxid, welches aufgrund seiner Bandliicke nur
unter UV-Licht photokatalytisch aktiv ist, ist fiir Cu/TiOy Aktivitdt im sichtbaren Licht bekannt. Auch
wenn somit grundlegende Fahigkeiten des Systems bereits bestétigt sind, bleiben weiterhin viele Fragen
offen, insbesondere beziiglich der Optimierung der Nanopartikel hinsichtlich Gréfle, Bedeckung und Oxi-
dationszustand sowie hinsichtlich der Interaktion mit adsorbierten organischen Molekiilen. Die Nutzung
des Modellsystems aus Cu Nanopartikeln auf TiOs Einkristallen erméglicht einen hohen Grad an Kon-
trolle iiber die Oberfache und die Nanopartikel und erlaubt die Nutzung préaziser Messtechniken der
Oberflachenphysik. Die Nanopartikel wurden mittels Molekularstrahlepitaxie (MBE) auf die Einkristelle
gewachsen. Die Epitaxie der Partikel wurde mit Rontgenbeugung unter streifendem Einfall (GIXRD),
Hochenergierontgenbeugung (HEXRD), Kleinwinkelrontgenstreuung unter streifendem Einfall (GISAXS)
und Rasterelektronenmikroskopie (SEM) untersucht. Die Oxidation der Cu Nanopartikel wurde mit
Rontgen-Photoelektronenspektroskopie (XPS) und UV-Vis Spektroskopie untersucht. SchlieBlich wurde
die Adsorption und Interaktion der Aminosaure Cystein mit dem System mittels XPS und Infrarotspek-
troskopie (IRRAS) untersucht. Auf Rutil TiO2(110) Einkristallen wurde die Cu[110]||TiO2[001] Epitaxie
mit einer [111]-Orientierung des Kupfers bestétigt. Im Gegensatz zum bisherigen Wissensstand wurde
eine Abhéngigkeit der Epitaxie von der Wachstumstemperatur gefunden: Mit steigender Wachstumstem-
peratur (von 100 °C auf 400 °C) wurde ein wachsender Anteil einer leicht gedrehten Cu[110]||TiO2[112]
Epitaxie beobachtet. Die Kinetik der Oxidation der NPs bei Raumtemperatur und atmosphérischem
Sauerstoffdruck lie sich, im FEinklang mit der Oxidationstheorie von Cabrera und Mott, fiir kurze
Zeiten mit einem linearen Wachstum der Oxidschicht und fiir lingere Zeiten mit einem invers loga-
rithmischen Wachstum der Oxidschicht beschreiben. Auch nach mehreren Wochen an Luft konnte fiir
manche NPs noch ein metallischer Kern nachgewiesen werden. Epitaktisches Oxid wurde hingegen nur
fiir sehr grofle Nanopartikel und hohe Bedeckungen gefunden. Fiir das Wachstum von Cu NPs auf
Anatas TiO2(101) Einkristallen wurde eine Cu[001]||TiO2[010] Epitaxy mit einer Cu[470]-Orienterung
gefunden. Wie auf Rutilsubstraten wurde epitaktisches Oxid nur fiir grofie Nanopartikel gefunden (etwa
>20 nm Durchmesser). Die Stabilitét des metallischen Kupfers bei hohen Bedeckungen von NPs wurde
durch eine plasmonische Cu Resonanz bestétigt, welche nach mehreren Monaten der Lagerung an Luft
gefunden wurde.

Fiir die Adsorption von Cystein auf dem Cu/TiOy system wurde gefunden, dass diese hauptséchlich
von der Cu Bedeckung und dem Oxidationszustand des Kupfers abhéngt. Auf Cu NPs auf Anatas
TiO5(101) ist die Interaktion der Oberfliche mit dem Cystein durch Cu-S Bindungen geprigt. Innerhalb
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der Auflosung der Messungen sind auch S-Ti Bindungen nicht auszuschlieen. Ein Teil der Aminoséure
zerbricht bei der Adsorpption, was durch Nitrilsignale in IRRAS-Spektren gefunden wurde. Fiir Cu NPs
auf Rutil TiO5(110) wurden andere Adsorbptionsmodi gefunden. So ist die Aminogruppe des Cysteins
meist im molekularen Zustand (d.h. ohne zusitzliches H-Atom), wodurch eine Interaktion dieser Gruppe
mit der Oberfliche angenommen wird. Des Weiteren wurden neben Signalen von Cu-S Bindungen auch
ahnlich starke Signale von molekularen Thiol-Gruppen (S-H) gemessen. Im Gegensatz zu der Adsorption
von Cystein auf Cu/Anatase, wurden keine Anhaltspunkte fiir Bindungen zwischen Titan und Schwefel (S-
Ti) gefunden. Wie auch auf Anatas-Substraten, war ein Teil der Thiolgruppen direkt nach der Adsorption
oxidiert und Nitril-Signale wurden gefunden. Zusétzlich wurden aber auch Signale von molekularen
Carboxyl-Gruppen entdeckt, welche auf weniger stark an die Oberfliche gebundene Adsorptionsmodi
schlieflen lassen.

Der photokatalytische Abbau von Cystein wurde fiir Cu Nanopartikel auf Anatas- und Rutil-Substraten
untersucht, indem die Oxidation der Thiolgruppe fiir verschiedene Expositionszeiten unter Luft- und
Lichteinfluss gepriift wurde. Es wurde gefunden, dass die Menge an oxidiertem Schwefel sowohl von der
Bedeckung mit Cu Partikeln sowie dem Oxidationszustand dieser abhingt, da die Bindung von starken
Cu-S Bindungen im Wettstreit mit der Oxidation steht. Die Oxidation des Schwefels wiederum schritt
linear mit der Zeit an Luft voran, unabhéngig von den Lichtbedingugen (Dunkelheit, weifles Licht, UV-
Licht). Eine Ausnahme bildet hier eine Cu/TiO2(110) Probe mit hoher Cu Bedeckung und einem hohen
Antail an CuO, fir welche die Oxidation des Cysteins klar vom sichtbaren Licht abhéngig war, was
wiederum eine starke photokatalytische Aktivitdt nahelegt.

Die durchgefiihrten Messungen und gewonnenen Erkenntnisse tragen zum besseren Verstandnis des
Cu/TiO2 Systems bei, sowohl im Hinblick auf die Struktur der Nanopartikel als auch auf die photokat-
alytische Aktivitat.
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Abstract

This doctoral thesis investigates the growth and oxidation of Cu nanoparticles (NPs) on rutile TiO2(110)
and anatase TiO5(101) single crystals, as well as their interaction with the amino acid cysteine. This
work was initiated within the CORAERO project (Grant KA1-Co-06), which investigated airborne trans-
mission routes of the SARS-CoV-2 to explore photocatalytic strategies for viral inactivation. Cu NPs on
TiO5 have been chosen because their effectiveness in degrading organic substances, including viruses and
bacteria, has already been proven. In contrast to pristine TiOs, which has a bandgap in the UV-light
region and thus is not active under visible light, the research for Cu/TiO4 indicates visible light activ-
ity. Nevertheless, several open questions remain regarding the optimization of the NPs size, coverage,
and oxidation state, as well as the molecular dynamics of the interaction with organic molecules. The
model system of Cu NPs on TiO, single crystals enables precise control over the surfaces and interfaces
and allows for the use of surface-science techniques for investigation. The nanoparticles were grown by
molecular beam epitaxy (MBE) and the epitaxy was investigated with grazing-incidence X-ray diffraction
(GIXRD), high-energy X-ray diffraction (HEXRD), grazing-incidence small angle scattering (GISAXS)
and scanning electron microscopy (SEM). The oxidation was additionally investigated with X-ray photo-
electron spectroscopy (XPS) and ultra-violet-visible spectroscopy (UV-Vis). Finally, the interaction with
cysteine (an amino acid) was studied using infrared reflection absorption spectroscopy (IRRAS) and XPS.
For the growth of Cu on rutile TiO3(110), the main epitaxy was confirmed to be Cu[110] || TiO2[001]
with a [111]-orientation of Cu. In contrast to previous reports, a dependency of epitaxy on growth tem-
perature could be established. An increase of the growth temperature from 100 °C to 400 °C led to an
increase in the signal of a Cu[110]||TiO2[112] epitaxy (tilted 12° in-plane with respect to the main epitaxy
Cu[110] || TiO2[001]). The oxidation kinetics at room temperature and ambient Og pressure followed an
inverse logarithmic oxide growth rate after an initial linear phase, in line with the oxidation theory of
Cabrera and Mott. Though it was found that metallic Cu NPs were still present after one week of
oxidation, epitaxial oxide was found only for very large NPs and high coverage.

For the growth of Cu NPs on the anatase TiO3(101) surface, the main epitaxy was found to be
Cu[001][|TiO2]010] with a Cu[470]-orientation, independent of the growth temperature. Similar to the
oxidation of Cu on rutile, epitaxial CusO was found only for relatively large NPs (diameters of about
20 nm). The long-term stability of Cu/oxide core-shell particles with diameters of about 20 nm was
confirmed by a strong plasmonic resonance (originating from metallic Cu) found after several months in
air.

The adsorption of cysteine on the Cu/TiO2 system depends on the Cu coverage as well as the oxidation
state. For Cu on anatase TiO5(101), the dominant adsorption mechanism is Cu-S bonding and interaction
of copper and the deprotonated carboxyl group. Within the limits of experimental resolution, adsorption
of sulfur on titanium can not be ruled out. In the presence of Cu-Oxide, parts of the thiol group of cysteine
are oxidized directly upon adsorption in UHV. In addition, the presence of nitrile signals suggests that

parts of the thiol groups in cysteine are decomposed upon adsorption. On Cu NPs on rutile TiO5(110),
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the dominant adsorption mechanisms are different. The amino group appeared mostly unprotonated and
was assumed to interact with the surface, whereas the thiol group was found both in molecular state (S-H)
as well as adsorbed on Cu (S-Cu). In contrast to the anatase substrates, no sign of sulfur adsorption on
Ti was found. As for the anatase substrates, parts of the thiol groups were oxidized upon adsorption and
some samples showed nitrile signals, corresponding to the decomposition of cysteine. In addition, a new
adsorption mode with protonated carboxyl group was observed for several samples, indicating limited
surface interaction of the carboxyl group.

The light-induced (photo-)oxidation of cysteine was studied for Cu NPs on both anatase and rutile,
following oxidation of the thiol group of cysteine. The amount of oxidized sulfur was found to depend both
on the Cu coverage and the oxidation state of the copper, revealing competition between the formation
of strong Cu-S bonds and sulfur oxidation. Moreover, the oxidation of the thiol group progressed linearly
with the time of exposure to air, independent of the light conditions, for all but one sample. For this
high-Cu-coverage sample on rutile, featuring mostly of CuO in XPS, the oxidation of cysteine was found
to only appear under white light, indicating photoactivity.

Overall, these findings enhance our understanding of the Cu/TiO2 system regarding NP growth and

oxidation as well as cysteine adsorption and degradation.
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Chapter 1

Introduction

In the aftermath of the recent coronavirus pandemic, it became clear that we must be prepared for possible
future pandemics. Especially in public spaces, efficient disinfection of surfaces is crucial to avoid mass
infection. The normal procedure, cleaning with a solvent, is both cost- and work-intensive (solvent is used
and a worker has to apply it). Concerning possible future pandemics and the overall reduction of infection
risk for diseases transmitted via surfaces, these work-intensive procedures could be circumvented by using
photo-catalytically self-cleaning surfaces. The general working principle can be seen in Figure 1.1: the
virus adsorbs on the surface. In combination with (visible) light, the surface catalyzes reactions that
damage the virus, ultimately leading to its inactivation.

Photocatalysis in general describes the use of a semiconductor material which adsorbs light and

thus creates electron-hole-pairs. These pairs can interact with the surrounding, enabling and catalyzing

Damage to
" ‘ Virus

Photocatalyst

Figure 1.1: Working principle of photocatalytic virus inactivation: the virus adsorbs on the surface. By
adsorption of (visible) light, the photocatalyst becomes active and deconstructs / damages the virus. The
damaged virus detaches, but is not infectious anymore.
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Figure 1.2: From the real world to a model system: the usage of a model system of Cu(-oxide) NPs on
single crystalline TiOg provides a high degree of control over the system, whereas the usage of L-cysteine
instead of real viruses ensures that the data can be meaningfully analyzed. The TiOs powder image was
adapted from Wikimedia Commons, CC0O. The virus graphic was adapted from ”Scientifically accurate
atomic model of the external structure of SARS-CoV-2" by Alexey Solodovnikov and Valeria Arkhipova,
Wikimedia Commons, CC BY-SA 4.0. Both accessed 08.06.2026.

reactions. For a material to be photocatalytic, it needs to have a bandgap in the visible, infrared
or UV light region - anything with very small or very large bandgap is not considered (as it would
either need extreme-UV irradiation or the recombination of electron-hole pairs would be to fast). Of
all photocatalysts, TiO is the best known, having been extensively researched since the discovery of its
photocatalytic activity in 1972 [2]. It is an abundant [52, 8] and cheap material and offers good chemical
stability [3], hence being an excellent starting point for self-cleaning surfaces. The drawback of TiOg is
its bandgap of about 3 eV, resulting in the need for UV light (about 380 nm) for photo-activity. In the
context of self-cleaning surfaces, this is a serious disadvantage: the typical light in everyday environments
is in the visible range (400 nm to 800 nm). As a result, a TiO9 photocatalyst needs a UV lamp to function.
As this is very impractical for surface coatings in communal spaces, a different solution is needed. This is
where the Cu(-oxide) enters the playing field: recently, it was shown that a mixture of CuO and CuyO on
TiO4 inactivates various strains of the coronavirus both in light and in dark conditions [33], highlighting
the effectiveness of this system as well as its visible-light activity. Moreover, combinations of Cu-oxide
and TiOy have been used effectively in various studies for the degradation of organic substances [15,
27, 30]. The mechanism for visible-light-activity of the Cu(-oxide)/TiO2 system is found in the surface
interaction between Cu and TiO9 [31, 37, 30] and it is dependent on the oxide composition.

The effectivity of the Cu(-oxide) NPs on TiO2 has thus been proven. Nevertheless, major questions
remain, as most studies focus on powder systems interacting with bacteria and viruses. Even though such

an approach yields good results on the overall activity, it is not sufficient for an atomic level understanding

4



of the interactions between catalyst and virus. Moreover, a systematic study of the Cu NP features (size,
oxidation state,...) and their impact on the catalytic properties is missing. This thesis aims to close those
knowledge gaps. To this cause, a model system is investigated instead of the real catalyst and virus,
see Figure 1.2: Instead of a powder catalyst, Cu NPs are grown onto TiOs single crystals and instead
of viruses, L-Cysteine is used. The use of single crystalline TiOs with Cu NPs enables the use of the
highly precise surface science techniques, like grazing-incidence X-ray diffraction and X-ray photoelectron
spectroscopy, as well as a high degree of control over the NPs. Cysteine is used instead of real viruses,
as real viruses and bacteria are very large (about 100 nm diameter for SARS-CoV-2) and contain a high
number of different molecules, making it difficult to draw direct conclusions about specific interactions
with the surface. In contrast, cysteine features three different functional groups (amino-, carboxyl- and
thiol-group). This means different interactions can be probed while resulting spectra and data will be
‘clean’ enough to relate signal to specific interactions. Additionally, cysteine is known to be present in
large numbers in the spike proteins of SARS-CoV-2 [54].

This thesis is structured as follows: Chapter 2 reviews the state-of-the-art knowledge regarding Cu
growth on TiOs, the oxidation of Cu (NPs), the antiviral properties of Cu and TiOs, and the specific case
of cysteine adsorption on Cu and TiOs. Open questions regarding the different topics are highlighted.
Chapter 3 provides background information on the measurement techniques and basic principles that
were used, whereas Chapter 4 offers an overview of the actual setups. Chapter 5 explores the growth
and oxidation of Cu NPs on rutile TiO2(110), based on an article that has been published in the Journal
of Physical Chemistry C [10]. Chapter 6 investigates the growth and oxidation of Cu NPs on anatase
TiO2(101) as well as the adsorption and degradation of cysteine on the system. It is based on an article
in preparation. In Chapter 7, the adsorption and degradation of cysteine on Cu NPs supported on
rutile TiO2(110) are investigated, based on an article in preparation. Finally, in Chapter 8 the work
is summarized and conclusions are drawn, thereby relating the open questions from Chapter 2 to the

results.






Chapter 2

Current Knowledge

2.1 Cu Growth on TiO,

The growth of Cu nanoparticles on single crystalline rutile TiO3(110) by physical vapor deposition has
been studied by three different research groups [51, 9, 56]. Diebold et al. [51] used X-ray photoelectron
spectroscopy and low energy ion scattering to find that Cu grows in island (Volmer-Weber) mode and
is commensurate along the TiO2[110] axis. Moreover, they found that the effect of defects in the TiOq
crystal on the growth of Cu is negligible. Chen et al. [9] employed scanning tunneling microscopy (STM)
to study the growth mode as well as the effects of substrate temperature on the resulting NPs. They
confirmed that copper grows in island (Volmer-Weber) growth mode, nucleating especially at step edges.
Higher growth temperatures led to larger particles, and it did not matter if the temperature was used
during growth or during annealing afterwards. Wilson et al. [56] investigated the epitaxy by using X-ray
diffraction methods. They found that the particles are (111)-oriented and form hemispherical shapes.

No direct study is available for the growth of Cu NPs on anatase TiO2(101). The closest approximation
of this is either found in the growth of Cu on other high-index substrates (approximating the stepped
anatase TiO2(101) surface) or in the growth of other metals on TiO3(101). The former was studied
by Gleifiner et al., growing Cu NPs on vicinal ZnO surfaces [12]. They found Volmer-Weber growth
mode and an alignment of the Cu[111] axis with the ZnO[0001] axis on the ZnO(1014) surface, creating
a ‘tilted’ epitaxy. Gong et al. studied the growth of Au and Pt NPs on anatase TiO2(101) via vapor
deposition [14], finding island growth of the NPs. Additionally, they discovered that Pt mostly nucleates
at terraces, whereas Au grows at step edges. The Volmer-Weber growth mode of Pt on anatase was also
confirmed by Zhou et al. [58]. In their work they also concluded that the Pt atoms have a high mobility
along the Anatase[010] axis as compared to the [101] axis.

In total, the open questions regarding the growth of Cu NPs on rutile and anatase TiOs are:
e Are all Cu NPs (111)-oriented on rutile TiO2(110)?

e What is the orientation of the NPs on anatase TiO5(101)7

e Does growth temperature affect the resulting epitaxy?

The questions regarding the growth of Cu on rutile TiO5(110) will be addressed in Chapter 5, while the
questions regarding the growth of Cu NPs on anatase TiO5(101) will be addressed in Chapter 6.



2.2 Cu Oxidation

The oxidation of metal has been studied for a long time and the modern theories of oxidation date back
about 90 years when Wagner published a theoretical work on the oxidation of metals in Oy atmosphere
in 1936 [53]. He proposed that for the oxidation Cu—CuzO the rate is governed by the diffusion of Cu™
atoms to the surface of the oxide and described a parabolic growth law for the oxide thickness with time.
About 20 years later, Cabrera and Mott presented a differentiation between a thin oxide film (< 10 A)
and a relatively thick oxide film (>10 A). For the latter, they agree with the parabolic growth law of the
oxide thickness and the assumption that either metal or oxygen diffuses through the other. For the case
of a thin oxide film, they find that the oxidation is governed by an inverse logarithmic law. Moving from
the oxidation of bulk Cu to the case of Cu NPs, the situation becomes more difficult. The oxidation of
the NPs does not only depend on the oxygen pressure and the temperature, but can also be influenced by
the nanoparticle size and shape as well as the substrate. Additionally, the oxide can either be epitaxial or
polycrystalline. It can have the same orientation as the metal or exhibit a different one. For the oxidation
of Cu NPs on ZnO at ambient conditions Gleifiner et al. [13] reported the emergence of epitaxial CuaO
after a few days. When heating the NPs under argon atmosphere to 500 K, the particles sintered and
in the case of a vicinal ZnO substrate different orientations of Cu were observed. More differences for
the NPs on the different substrates were found when reducing the NPs in Hy gas: on basal Zn-ZnO
substrates, the NPs were reversibly reduced and maintained their epitaxy. On vicinal ZnO they formed
Cu powder. Pedersen et al. [38] investigated the oxidation of small Cu NPs (3 nm diameter) on glass
substrates under dry air and at ambient conditions. They reported that at temperatures below 220 °C a
Cus0 shell formed, which prevented further oxidation. When heating to higher temperatures, CuO was
found. Moreover, it was reported that the initial Cu NPs as well as the Cuy;O NPs were well-ordered, but
the CuO NPs were powder-like (not ordered). Similarly, slow or self-limited oxide growth on Cu NPs was
also reported in other publications [35, 29, 40, 41]. When heated to higher temperatures under oxygen,
the creation of Kirkendall voids is reported for Cu NPs [34, 41]: By diffusion of the Cu towards the outer
oxide layer, the NPs become hollow shells of CuzO. This high degree of different results for the oxidation
of Cu NPs shows that it is inherently dependent on the specific conditions.

The open questions regarding the oxidation of Cu NPs on TiOs thus are:
e How fast do the NPs oxidize?

e Which oxides are formed?

e Are the oxides epitaxial?

These questions are addressed in Chapters 5 and 6.

2.3 Cu and TiO; for Organic Degradation

Various studies have investigated TiO2 for the degradation of organic substances [1, 11, 16, 21, 24,
25], finding the system to be effective under UV-light. Though catalytic activity is reported both for
anatase and rutile, anatase TiOs is often considered to be more active [44, 36]. In recent times, especially
the antiviral properties of TiOy have attracted interest. It was shown that SARS-CoV-2 viruses and
virus-like-particles are degraded under UV light on the surface of anatase TiO2(101) [24, 25]. Structural
degradation of the virus was observed, attributed to reactive oxygen species attacking the virus. In
general, the creation of reactive oxygen species is considered the mechanism causing the antiviral activity

of TiOy [4, 26, 50, 57]. Reactive oxygen species are molecules produced by the oxidation and reduction
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of water or oxygen molecules present at the TiOy surface and include molecules like hydrogen peroxide
(H203) and the superoxide anion (O ).

Cu NPs have been investigated for various applications including waste degradation, water cleaning
and for antibacterial and antiviral surfaces. For pure CuO and CusO powder on glass substrates, Sunada
et al. [47] showed that only CusO achieves a significant degradation of pathogens (specifically bacterio-
phage QS and E.coli). Notably, these experiments were done under dark conditions. In contrast, several
reports exist for CuO/TiO; systems, describing their catalytic efficiency under visible light for the degra-
dation of organic substances [19, 28, 32, 30]. Moreover, CusO supported on TiOs has also been shown
to be effective for the degradation of organic substances under visible light [15]. Several studies focus
on Cu,O, a mixture of CuO and Cus0O, deposited on powder TiOq [39, 33]. This system was found not
only to effectively degrade SARS-CoV-2 under visible light, but with reduced effectivity also under dark
conditions [33]. That behavior was attributed to an interplay of both oxides, effectively acting as storage
for (photo-) electrons produced under light conditions. Additionally, they showed that both the spike
proteins of the virus (which are located on the outer shell) as well as the RNA were attacked, resulting
ultimately in the complete fragmentation of the virus.

In contrast to pure TiOq, the mechanism which deactivates viruses and bacteria on Cu/TiOs systems
is debated. Three main routes are possible: (1) Reactive oxygen species, generated at the surface, attack
viruses or bacteria [18]. These are molecules like hydrogen peroxide (H302) and the superoxide anion
(O?7), generated from photo-excited electrons and holes interacting with surrounding water and air.
(2) Direct interactions between adsorbed molecules and Cu or TiO4 lead to organic degradation [47] by
oxidation or reduction. (3) Cu ions are released, which are known to be harmful to organic molecules [49].
For the Cu/TiO4 system, recent studies indicate that direct interaction with Cu constitutes the dominant
pathway for antiviral activity: Investigations of CuO/TiOs powder for propanol degradation revealed
the possibility of CuO to be reduced in the absence of Os, degrading the propanol [19]. For CuO
powder, the degrading properties for organic substances were found to remain untouched by the absence
of oxygen [47]. The release of Cu ions is only possible in aqueous media. For CuO powder, it was shown
that it contributes to the catalytic activity [47]. For this thesis, it is not of interest as only solid-state
samples are investigated.

In total, the research situation regarding Cu(Oxide)/TiO2 clearly shows its high effectiveness for the
degradation of viruses, bacteria or organic waste. Nevertheless, the working mechanism and the optimal
configuration are not yet known and different studies come to opposite conclusions, e.g. regarding the

need for CuO to achieve activity. Hence, the open questions are:

e How do the interactions between the NPs and the organic molecules work on a microscopic level?
e Can specific NP geometries, coverages or epitaxies affect the activity?

e Which oxidation state of Cu is best?

These questions are addressed in Chapters 6 and 7.

2.4 Cysteine on TiO; and Cu

Cysteine consists of of three different functional groups, see Figure 2.1: a thiol group, an amino group and
a carboxyl group. These distinct groups allow for distinction between different adsorption geometries,
e.g. with XPS or IRRAS.

The adsorption of amino acids in general and cysteine in particular has been studied both on single

crystalline TiOy and metallic Cu. On rutile TiO2(110) single crystals, a recent study found that several
9
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Figure 2.1: Skeletal structure of l-cysteine, the constituting functional groups are marked.

adsorption geometries are possible [6]: a combination of IRRAS, XPS and DFT calculations leads to the
conclusion that cysteine almost exclusively adsorbs in a bridging configuration (on two Ti atoms) and
with de-protonated carboxyl group. The interaction with the Ti is realized either by the carboxyl group
or by a combination of the carboxyl group and a second functional group. Moreover, a stabilization
of the protonated amino group NH;‘ by residual water molecules is reported. A very similar study was
conducted for cysteine adsorption on anatase TiO2(101) [5]. As for rutile, the adsorption is found to favor
a bridging configuration between two Ti atoms. In contrast to the adsorption on rutile, the amino group
is found to be rarely protonated, indicating a stronger interaction with the surface and binding through
the thiol group is common. On Cu, it is known that organic molecules with a thiol group will form Cu-S
bonds [22, 23, 20]. Moreover, for the adsorption of thiol-containing molecules on CuO it was reported
that the oxide became partially reduced by Cu-S bond formation [55]. No studies for the adsorption of
cysteine on Cu/TiO2 systems exist, leaving the following open questions:

e How does Cysteine adsorb on Cu/TiO2?
e Does the adsorption depend on the Cu coverage and oxidation state or on the TiOy substrate?

These questions will be addressed in Chapters 6 and 7.
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Chapter 3

Basic Principles & Theoretical

Background

3.1 Crystal Lattices

We are surrounded by a lot of ’hard’ material - things that are not gas-phase (like air) or liquid-phase
(like water). Most of these fall into the category of so-called ’solid state’ systems. What they have in
common (and what constitutes their ’solidness’), is a long-range order of their building blocks. Where
the gas-phase features no order at all between the gas molecules and where the liquid-phase allows only a
short-range order (that is: neighboring molecules have preferred orientations toward each other, but a few
molecules away it does not matter anymore), solid-state systems are ordered at large scales. Considering
single crystals, this order can extend as far as having all atoms in a crystal aligned in a specific direction,
where the crystal can be of macroscopic size (of the order of centimeters).

The specific order of the solid-state systems can vary a lot, depending on the actual system. Consid-
ering a material that has long-range order of macroscopic scales (at least a few micrometer), one often
talks of ’crystals’. This will be done from here onward.

A crystal can be described as a system of ordered minimal building blocks. Mathematically, this is
described by a Bravais lattice: Each point in the lattice can be reached by integer multiples of basis

vectors. For a 3-dimensional case, this means

—

R=niad-+ n25+ nsc (3.1)

with integers n;. An example of such a lattice can be seen in Figure 3.1: every point of this lattice can

be reached by a combination of the vectors @, b and @
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Figure 3.1: Simple Bravais lattice. By adding basis vectors @ and 5, every point can be reached.

3.2 X-ray Diffraction from the Lattice

For the interaction of X-rays with matter, we can consider plane waves interacting with each lattice point.
At each lattice point, a new wave is created, according to Huygen’s principle. We can describe the wave
by

@(F) = eF" (3.2)

neglecting the amplitude and temporal dependencies, with 7 being the distance to the origin. For con-

structive interference to appear, we need
W(7) = @(7 + R) (3.3)

with an arbitrary Bravais lattice vector R. This means

oIFT _ iR(F+R) _ ik7 ik R (3.4)
which demands
eLkR -1 (3 5)
meaning
kR = 27N (3.6)

with n € N. Using a set of basis vectors to describe the wave vector

k= bymy + byma + bym3 (3.7)

12



Figure 3.2: X-ray diffraction in geometric terms: The incident beam enters the sample at an angle 6.
Inside the sample, the distance between lattice planes is d.

with integer m; leads to
aibj = 5@‘ (38)

The b; describe the so-called reciprocal lattice. Mathematically, it is the Fourier transform of the Bravais
lattice in real-space. Physically, it represents the allowed scattering wave vectors. Moreover, each point
in the reciprocal lattice represents a set of planes in the real lattice that diffract the X-rays. Now, for

arbitrary scattering of X-rays with initial wavevector k; and final wavevector k¢, the Laue condition
ky—ki=Grkr (3.9)

has to be fulfilled, that is the scattering vector needs to be part of the reciprocal lattice.

3.3 Bragg’s Law

A different way to approach the diffraction of X-rays with matter is the geometric approach taken in
Bragg’s Law: Consider a surface, and underneath it several layers with uniform distance d, see Figure 3.2.
Considering monochromatic radiation with wavelength A, and an incoming angle 6 equal to the outgoing
angle. The incoming and the outgoing waves need to have a path difference equal to integer multiples of

A to achieve constructive interference. With sinf = £, this means
nxA=2xdxsinf (3.10)

which is Bragg’s Law. It can be shown that Bragg’s Law and the Laue condition are equivalent.

3.4 Grazing-Incidence X-Ray Diffraction

When studying model systems of nanoparticles on single crystals, only the surface of the sample is of

interest (where the NPs are). Very high surface sensitivity can be reached by utilizing grazing-incidence
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for X-ray diffraction. For X-rays, the refractive index n is given by:
n=1-6+1ip (3.11)

Here, § describes the refraction and 3 the adsorption. Both are positive-valued. When the X-rays pass
the barrier from one medium with index n; to another medium with index ns, they have to fulfill Snell’s
Law,

ny X sina] = ng X sin ay (3.12)

where «; are the angles between the radiation and the surface normal in both media. When the quotient
Z—; becomes larger than 1, there is an angle o .r;+ above which this equation can no longer be fulfilled.
This angle is called the critical angle. At the critical angle, the wave does not move into the second
medium, but it travels along the surface. This is exploited in GIXRD, as such a wave is only sensitive to

the surface of the material.

3.5 High-Energy X-Ray Diffraction (HEXRD)

The diffraction on a crystal can be visualized with an Ewald Sphere, see Figure 3.3. In this 2D visual-
ization, the reciprocal lattice points (gray) that lie on the Ewald Sphere (purple) are accessible to the
experimental setup. the length of the wavevectors k is determined by the wavelength, k % As a result,
when decreasing the employed wavelength, the radius of the Ewald Sphere increases. In standard XRD
setups, the detector has to be moved around the Ewald Sphere to detect different peaks on it. When
the Ewald sphere becomes almost flat, however, a large 2D detector is able to probe large parts of the
reciprocal space at once. This effect is exploited in High-Energy X-Ray Diffraction (HEXRD): beam
energies typically above 60 keV allow probing large parts of the reciprocal space at once. This has the
benefit of being able to study reactions in-situ or probe large amounts of the reciprocal space in relatively

short time.

3.6 Rutile and Anatase Structure

Titanium dioxide exists in several polymorphs, representing different crystal structures for the same

combination of elements. The most common are rutile and anatase. Rutile features a tetragonal crystal

structure, with lattice constants a=b=4.59308 and ¢=2.95889 [7]. A drawing of its most stable surface,

[110], can be seen in Figure 3.5.  The lattice constants for rutile are [7]: a=b=4.59308 and ¢=2.95889
The lattice constants for anatase are [7]: a=b=3.78479, ¢=9.50226
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Figure 3.3: Ewald Sphere: The reciprocal space is represented by the gray lattice points with its origin
at the black lattice point. The incoming wavevector kj, ends at the origin of the reciprocal space.
Considering elastic scattering, where the lengths of both incoming and outgoing wavevectors are the
same, all allowed outgoing wavevectors (red) have to connect to a lattice point on the Ewald circle
(purple). Thus, all momentum transfer vectors (green) are part of the reciprocal lattice. When the
real-space crystal is turned, the reciprocal space is also turned around its origin. As a result, all peaks
that can be probed lie within the black circle with a radius of double the wavevector.

[010]

[100]

[010]

Anatase

Figure 3.4: Unit cells of Rutile and Anatase TiO5. Oxygen atoms are represented in red, titanium atoms
in grey.
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[010] [100]

Figure 3.5: Schematic drawing of the rutile TiO2(110) surface. Oxygen atoms are represented by red
balls, Titanium atoms by grey balls.

Figure 3.6: Schematic drawing of the anatase TiO5(101) surface. Oxygen atoms are represented by red
balls, Titanium atoms by grey balls.

3.7 X-ray Photoelectron Spectroscopy (XPS)

With X-ray photo-electron spectroscopy (XPS), the elemental and chemical composition of the surface of
a sample is probed. To this end, the surface is illuminated with X-rays. The X-ray source, in conventional

XPS setups, is typically Al K, or Mg K, radiation. The spot size depends on the setup, but is typically
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in the range of ym to mm. A schematic view of the XPS working principle can be seen in Figure 3.7:
The X-rays are absorbed by electrons in the material. As the typical X-ray energies are around 1 keV,
the electrons are easily removed from their atoms, with the kinetic energy of the electron determined by

the difference between binding energy and photon energy (neglecting setup-dependent offsets):
Ekinetic = Lphoton — Ebinding (313)

The kinetic energy of the ejected electrons is detected. By knowing the kinetic energy of the electron and
the energy of the photon, the binding energy is calculated. The binding energy depends on the individual
element, the chemical bindings the element has and the surroundings that may influence energy levels.
As a result, the spectra reveal detailed information about the sample. In addition to the XPS working
principle, it is also possible to detect Auger electrons. These follow a different generation mechanism,
see Figure 3.7 b) and ¢): The X-rays eject an inner-shell electron. The created vacancy is filled by a
higher shell electron. This still leaves energy in the system. This energy is used to eject another higher
shell electron. The kinetic energy of this electron is independent of the photon energy and only depends
on the energy levels of the participating electrons. Like XPS, the resulting spectra are sensitive to the
atomic species they were ejected from. Though Auger electrons are sensitive to chemical bonds, their
dependence on inner shell reactions causes this sensitivity to be low compared to core-level spectra from
outer shell electron in XPS. Instead of photons, Auger electrons can also be created by bombarding the
surface with high-energy electrons (Auger Electron Spectroscopy, AES).

The naming of XPS peaks is based on the quantum numbers: for example, the Cu 2p3/, peak means
the peak for the element Cu, principal quantum number n=2, p-orbital (which means that angular
momentum quantum number is 1=1), and the total angular momentum quantum number j=3/2. Peaks
from all shells except the s-shell exhibit peak splitting due to spin-orbit coupling: j=l+s, where different
total angular momentum results in different energy levels. The splitting is distinct for each element.
The magnitude of it can range from barely detectable (two overlapping peaks) to two separate peaks
(as it is the case for Cu 2p). The intensity ratio is governed by the degeneracy of each state. From
quantum mechanics, it is known that each of the total angular momentum states can be filled with 25 +1
different electrons, corresponding to all possible magnetic quantum numbers m, for a given total angular
momentum j, m, € [§,4,7 — 1,...,0,...,—j + 1,—j]. For the 2p peaks, this results in a ratio of 1:2 for
2p1/2) t 2p3/2).

The probing depths of both XPS and AES is defined by the mean free path of electrons in the material.

The mean free path of electrons can be calculated by a formula only dependent on the electron energy [45]:

A
A=t b BV (3.14)
kinetic
with A and B as constants, depending on the specific material. With the kinetic energy given in eV and
A in nm, A is typically ~100 nm-(eV)?2 and B is typically~0.05 nm/(¢V)z. The resulting dependency can
be seen in Figure 3.8. It can be seen that typical XPS electron energies have inelastic mean free paths of

below 5 nm. Hence, XPS and AES are inherently surface sensitive.
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Figure 3.7: Working principle of XPS and AES. a) Schematic view on an atom for XPS measurements:
X-rays are adsorbed by an electron, which in turn is ejected and detected. b) The same XPS working
principle, but from point of view of energy levels. ¢) Schematic view on an atom for Auger spectroscopy:
By adsorption of the X-rays, an inner shell electron is ejected. To fill the vacancy, a higher shell electron
takes its place. By the remaining energy, a different electron is ejected. d) The same Auger spectroscopy
prnciple, but from point of view of energy levels.
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Figure 3.8: Inelastic mean free path (IMFP) for electrons in a solid. Produced with the formula and the
values from Seah&Dench [45].
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3.8 Infrared Reflection Absorption Spectroscopy (IRRAS)

The individual atoms in a molecule can be described as being in a potential, where the energy depends
on the specific positions of the atoms with respect to each other. In the simple case of carbon monoxide,
this breaks down to the distance between carbon and oxygen. Especially in this example it is apparent
that a description similar to a spring can be used: the atoms are in a harmonic potential, in which the

energy is proportional to the square of the distance to the equilibrium, 7:

V(r) ocr? (3.15)

Considering this system as a quantum mechanical harmonic oscillator, the well-known energy levels are:

1
Viarmonic = hV(n + 5) (316)

Here, F is the energy, h Planck’s constant, v the frequency associated with the vibration and n is the
vibrational quantum number.

The harmonic oscillator description is useful, but a more realistic description uses a Morse potential:

Vatorse = Viarmonic + hvke(n + %)2 (3.17)
The constant k. is called the anharmonicity constant. A comparison of both potential types can be seen
in Figure 3.10.
This simple model describes the CO vibration well, but the basic principles are also shared with more
complex vibrations (see Figure 3.9).

When such a molecule has a dipole moment (which it possesses as long as not all atoms are identical),
it can absorb electromagnetic radiation and change its vibrational energy level. The photons needed for
this typically lie in the infrared light region (wavenumbers between 4000 cm™! and 500 cm™!, where
the wavenumber is the inverse of the photon wavelength). Considering a pure harmonic oscillator, only
energy transitions with An = 41 are possible. In a Morse-type potential, also larger energy differences
are allowed, the so-called overtones.

The potential the molecule experiences is influenced by its surroundings and chemical bonds. Thus,
the photon energy needed to excite the vibration is sensitive to the surroundings. This effect is used in
infrared spectroscopy: The position of the absorbed light on the spectrum allows for conclusions on which
molecules are present in which surroundings. In this thesis, this principle is applied by investigating the
gas-phase adsorption of molecules on single-crystals and NPs. In this case, the resulting absorption lines
are very weak, as only the surface of the system allows for adsorption of molecules. The signals are

identified by dividing the spectra with adsorbed molecules by the spectra measured before adsorption.

I V V. .Ef gf

) Symmetric Asymmetric Symmetric Asymmetric
Stretching Stretching Stretching Bending Bending
M Vsym Vas sym 635

Figure 3.9: Examples of molecular vibrations. From left to right: CO stretching, CO2 symmetric stretch-
ing, CO5 asymmetric stretching, NH; symmetric bending (all blue H molecules move in and out of the
page layer), NH;,r asymmetric bending (the blue H atoms do not move in the same directions).
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Figure 3.10: The potential describing vibrational modes: The harmonic potential works as an approxi-
mation for a more realistic, anharmonic model, e.g. Morse type. The vibrational modes are marked by
horizontal lines. The energy levels are labeld by their quantum number n.

To probe the response of a system to infrared light, the easiest approach would be to use a single
wavelength of light and to measure its absorption, probing one wavelength after another. Even though
this is how the first infrared spectrometers operated, this is not optimal. On the one hand, it is very
slow to probe one wavelength after another, considering typical probing ranges of a few thousand cm™!.
On the other hand, it requires the use of a complicated monochromator to achieve IR light of a single,
specific wavelength. A solution to this difficulty is found in the Michelson interferometer. A Michelson
interferometer, see Figure 3.11, uses a beam-splitter to split a beam of light into two. Each of these rays
runs a specific length and is reflected back via a mirror. Both rays re-unite at the detector, forming an
interference pattern. The interference depends on the path difference for the split light rays, . When this
path difference is an integer multiple of the light wavelength A, §/\ = n, n € N, constructive interference
is formed. Destructive interference (extinction) occurs for §/\ = Q"Q—H The path difference can be
adjusted by moving one of the mirrors. When light of multiple wavelengths \ and respective frequencies

Co

v = (with the speed of light co) is used, the full intensity of all wavelengths combined is:
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Figure 3.11: Schematic representation of a Michelson interferometer and the creation of the IRRAS signal.

S(6) = / " 8 (0)dv (3.18)

Here, S(9) is the detected signal, S, is the signal corresponding to light of the frequency v. It is integrated
over the range of light frequencies that are used: Vi, t0 Vmae. The intensity of a single wavelength of

light is known to vary periodically with the path difference. Hence, the expression can be rewritten as:

S(0) = / " Sy cos(27r(51)du (3.19)

Co

min

Here, S, contains all information of the intensity for a given light frequency v, including experimental
variables. This expression has the form of the Fourier transform of S,. Hence, the reverse Fourier
transform of S(§) will produce S(v). By this principle, a white light infrared source can be used to probe
a whole set of wavelengths at once when using the Michelson interferometer. Instead of "moving” through
different light wavelengths, the interferometer ”moves” through different path differences, which can be

done efficiently.
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Figure 3.12: Working principle of the SEM: an electron beam is focussed on the sample. The sample
is rastered point by point. At each point, the high-energy e-beam kicks out electrons from the sample.
These are detected.

3.9 Scanning Electron Microscopy (SEM)

Scanning electron microscopy is used to get high-resolution real-space images of the samples. The working
principle of scanning electron microscopy can be seen in Figure 3.12: electrons are focused and accelerated
onto a sample (with about 5 keV to 20 keV). These can create a multitude of interactions, but the most
important one is the creation of secondary electrons: these are electrons, which are kicked out by the
beam. They typically have low energies (below 100 eV) and are thus very surface sensitive. They
are detected by an electron detector, placed above the sample. Other interactions that occur are the
creation of Auger electrons, back-scattering of the beam electrons, creation of X-ray fluorescence and
Bremsstrahlung. Specialized setups make use of these to obtain information about the sample. The
secondary electrons are used in most setups as they offer a high surface sensitivity. Moreover, as they are
only ejected from the surface, they are also affected by changes in the morphology. This is beneficial for
SEM, allowing for good depth resolution. The surface is subsequently rastered with the electron beam,

collecting (secondary) electron signal at each spot, thus creating a real-space image of the sample.
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3.10 Scanning Auger Microscopy (SAM)

Scanning Auger Microscopy (SAM) is very similar to SEM, but instead of detecting secondary electrons,
Auger electrons are detected. In practice, this means that the detector for scanning Auger measurements
resolves the energy of the electrons, enabling the measurement of spectra. While SEM measures the
absolute intensity of ejected electrons at each raster point, SAM takes an energy spectrum at each raster
point. Hence, for each point a full elemental analysis is possible. This allows for element-resolved maps

and linescans.

3.11 Grazing-Incidence Small Angle X-ray Diffraction (GISAXS)

Grazing-Incidence Small Angle Scattering (GISAXS) is used to probe structures of thin films and nanopar-
ticles. In contrast to X-ray diffraction, which probes Bragg peaks, GISAXS probes the electron density
modulations on the surface. As a result, it is sensitive not only to crystalline structures but also to
amorphous layers and NPs. The basic principle can be seen in Figure 3.13: the X-ray beam is set to
grazing incidence. This causes the X-rays to travel as an evanescent wave over the surface, where they
can be scattered by the NPs (or other density modulations). Scattering from an array of NPs causes in-
terference patterns on the detector. As the detector captures two-dimensional images, information about
the particle height as well as the lateral dimensions and ordering can be obtained. A typical feature
of the scattering pattern is the so-called Yoneda peak (or the Yoneda wings) which appear around the
critical angle of the substrate. The analysis of the diffraction patterns is often not straightforward, as
many contributions create the actual image. In the case of NPs, the height, diameter, roughness, typical

interparticle distance, and material can influence the pattern. As a result, theoretical calculations are

Interference
Pattern from
NPs

Figure 3.13: GISAXS working principle: the X-ray beam is set to hit the sample below (or at) the critical
angle, thus creating an evanescent wave. This is scattered by the NPs on the sample. An interference
pattern from the scattering of the NPs is formed on the detector.
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often needed for the analysis, comparing the actual images with expected images.
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3.12 Ultra-High Vacuum (UHYV)

Most of the experiments in this thesis are performed in ultra-high vacuum (UHV). This means that the
pressure in the corresponding chamber is below 107 mbar, see Figure 3.14 - for the setups used in this
thesis the base pressures were on the order of 107'° mbar. This offers distinct advantages: samples stay
clean (no contamination with carbon), Cu NPs do not oxidize, and the low pressure enables the use of

techniques like XPS, which depend on low pressures for a long mean-free path of electrons.

Atmospheric
Pressure

Ultra-High
Vacuum
(UHV)

Outer
Space

High Vacuum
(HV)

1000 <103 <107 <1012
mbar mbar mbar mbar

Figure 3.14: Comparison of pressure ranges for UHV.
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3.13 Molecular Beam Epitaxy (MBE)

Molecular beam epitaxy (MBE) is a method to grow thin films and NP systems in UHV. A rod of the
material that should be deposited is heated, such that it partially sublimates and gas-phase material is
created. The jet of gas is directed at the sample. A typical MBE setup can be seen in Figure 3.15, for the
case of Cu evaporation. The evaporator consists of a Cu rod, which is heated by applying high voltage
between the rod and a filament (a separate current is running through the filament). This bombards the
Cu rod with electrons, heating it. A droplet of Cu can be seen at the tip of the rod, indicating its liquid
form upon heating. To keep the surroundings cool, water cooling and a cooling shroud are used. The Cu
beam can be controlled by a movable shutter, enabling precise deposition times. Growth rates for MBE
evaporators are typically round 1 Angstrom per minute. Instead of a Cu rod, a crucible can be used, in

which Cu pellets are melted.
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Figure 3.15: MBE evaporation of Cu: by applying a voltage between the filament and the Cu rod, the
rod is heated. This creates gas-phase Cu. The jet of Cu is directed at the sample.
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3.14 Low Energy Electron Diffraction (LEED)

Low-energy electron diffraction (LEED) is used to identify surface structures and probe if a sample is
clean. The working principle can be seen in Figure 3.16. Electrons are shot at the sample at about 100 eV
kinetic energy. They are elastically diffracted. This happens according to the Laue condition, represented
by the Ewald sphere. On the fluorescent screen, the diffracted electrons create patterns resembling the
reciprocal space of the sample’s surface. The appearance of the pattern signifies that the surface is clean,
as any dirt would block the signal due to the short mean free path of the electrons (see Figure 3.8).
Moreover, as the diffraction signal is dependent on the surface structure, it can be used to confirm that

a crystal has a specific surface or to find superstructures.

3.15 Photocatalysis

Electronic Structure of Solids The ordered structure of crystals also affects their electronic struc-
ture. Considering a single atom, the allowed energy states for electrons are described by the well-known
solutions to the Schrodinger equation, with energy levels given by the main quantum number, the spin,
and the orbital quantum numbers. The energy levels are discrete and sharp. When introducing a second
atom, the molecular orbitals may overlap, producing a different set of allowed states for both atoms,
with a higher number of energy levels. When going from a few atoms to a bulk crystal (with about 1023
atoms), the spacing between energy levels becomes very small and they effectively form bands of certain
dimensions (a continuum of allowed energy levels). Restrictions on these energy levels come from the
crystalline nature, determining the position of the bands. The energy level up to which bands are filled

with electrons is called the Fermi energy Ef. Typically, three different cases emerge, see Figure 3.17.
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Figure 3.16: Working principle of LEED: Electrons are shot on the sample. There, they are diffracted
according to the Ewald sphere (see also Figure 3.3). The fluorescent screen detects the scattered electrons.
The pattern shows the reciprocal lattice at the surface and is indicative of specific structures, e.g. rutile
and anatase.
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Figure 3.17: Schematic drawings of the energy levels for semiconductors, metals and insulators.

When the Fermi level lies in a band, electrons can conduct charge as they can move freely through the
crystal, and the structure is called a metal. When the Fermi energy is in-between two bands, the lower
one (fully filled) is called the valence band and the upper one (fully empty) is called the conduction band.
In this state, the electrons cannot conduct charge, as all allowed levels are full. The space between valence
band and conduction band is the bandgap. If the bandgap is small, the thermal energy distribution may
allow for a certain number of electrons to be in the conduction band. This effect can be enhanced by
applying an electric potential. Materials which can thus be made conductive is called a semiconductor.

When the bandgap is large, this does not occur and the material is an insulator.

Photoexcitation and Photocatalysis For a semiconductor, the absorption of light by an electron
in the valence band can lead to the promotion of the electron into the conduction band if the photon
energy is at least as large as the bandgap, see Figure 3.18. Both the electron in the conduction band
and the hole in the valence band can interact with the surroundings of the semiconductor, allowing the
catalysis of certain reactions at the surface (which use either electrons, holes or both). The electron-hole
pair can also recombine, however, which is not beneficial for photocatalysis. To avoid recombination, the
charge carriers can be separated, for example by the introduction of metal nanoparticles on top of the
semiconductor, by doping or by the addition of molecules that either scavenge electrons or holes, leaving

no options for recombination.
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Figure 3.18: Schematic depiction of photocatalysis: Light of sufficient energy is absorbed by an electron
in the semiconductor valence band. As a result, the electron is promoted to the conduction band, and a
hole is left in the valence band. Both electron and hole can interact with molecules on the surface of the
semiconductor, either acting as a reducing or oxidizing agent.
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Chapter 4

Experimental Setups

4.1 DESY NanoLab: UHV lab

The DESY NanoLab [46] is part of the Centre for X-Ray and Nano Science (CXNS) at DESY. It comprises
different laboratories: A UHV laboratory, an electro-chemistry laboratory, a chemistry laboratory, an X-
ray laboratory and a microscopy laboratory. For the work conducted for this thesis, the UHV laboratory
was used for the majority of the experiments. An image and schematic drawing of the UHV laboratory
can be seen in Figure 4.1. The UHV laboratory is built around the concept of being able to do various
measurements and treatments on a sample without leaving the UHV. To this end, it is set up such that
all instruments and chambers are connected to a tunnel (which is also pumped to UHV). The samples
can be brought from the individual chambers onto a trolley in the tunnel, which in turn can be moved
to switch from one chamber to another. In this way, samples can be kept inside UHV all the time.

The UHV laboratory hosts several instruments: Two chambers are equipped with several molecular
beam evaporators (and hence called "MBE’ chambers). In addition to the evaporators, they feature a
sputter gun, a LEED/AES system, sample heating (resistive heating and e-beam heating) and gas-dosing
systems (e.g. for oxygen). Two infrared spectrometers are available for adsorption studies, either at room
temperature or cooled to liquid nitrogen or liquid helium temperature. An XPS is combined with a UPS,
as is an STM combined with an AFM. Finally, there is a dedicated chamber for zinc evaporation and
free space to connect mobile chambers to the UHV system. The samples are mounted on sample holders

made of molybdenum, typically by spot-welding with tantalum clips, see Figure 4.2.

31



[ |
Tunnel

slaquieyd

Figure 4.1: The DESY NanoLab UHV laboratory. top: schematic view on the different end-stations
connected to the tunnel. Bottom: image of the UHV laboratory, facing the XPS.
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Sample (Single Crystal)
Ta Clips, Spot-Welded

Figure 4.2: A sample holder used in the UHV lab: The sample (single crystal, here: rutile TiO5(110))
is fixed by spot-welded tantalum clips to a molybdenum plate. This plate is on a molybdenum sample
holder.
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4.1.1 IRRAS

The IRRAS setup of NanoLab can be seen in Figure 4.3. The spectrometer and the detector are separated
and the IR light is led through an UHV chamber, containing the sample. Measurements are done in
reflectance mode, over 512 scans with a resolution of 2 cm™! and a measurement time of 5 minutes.
The spectrometer is a Bruker Vertex 80V, employing a liquid-nitrogen-cooled mercury cadmium telluride
(MCT) detector. The UHV chamber was kept at a base pressure of 1079 mbar. A gasline with separate

pumping is connected to the chamber for cysteine dosing.
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Figure 4.3: The IRRAS setup in the UHV lab of DESY NanoLab. The schematic view at the bottom is
roughly alingned with the actual setup on-top. A detailed description of the principles can be found in
the corresponding theory section, Section 3.8
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Cysteine Dosing Cysteine is dosed in the IRRAS chamber by evaporation, the specific setup can be
seen in Figure 4.4. Cysteine powder is in a glass vial, which is connected to a pumping line as well as
to a leak valve towards the IRRAS UHV chamber. It can be heated via a heating tape. Before usage in
TRRAS measurements, the cysteine is degassed by heating it to 100 °C for two hours, leaving the valve
to the vacuum pump open. In this way, residue of water is removed. For dosing cysteine to the main
chamber, it is heated to 120 °C to 140 °C and the valve to the pumping line is closed. Cysteine is dosed

via the leak valve to the main chamber.

Leak Valve for Dosing
(towards IRRAS Chamber)

Valve to Turbo Pump for
Cysteine Cleaning

Heating Tape
(will be wrapped around
the cysteine)

Thermocouple
to Control Heating
Temperature

Cysteine Powder

Figure 4.4: Cysteine dosing setup: Cysteine is in a glass vial, connected to a UHV pumping system.
The valve to the pump can be closed, and cysteine can be dosed via a leak valve into the main IRRAS
chamber. The heating of the powder is done by wrapping the vial with a heating tape and controlling
the temperature via a thermocouple.
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4.1.2 XPS

The XPS setup at DESY NanoLab [46] can be seen in Figure 4.5. A SPECS FOCUS 500 Al Ko source
(1486 €V) is used in combination with a SPECS PHOIBOS 150 2D-DLD hemispherical analyzer. The

UHV chamber is kept at a base pressure of less than 1071 mbar.

5
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Figure 4.5: The XPS Setup in the UHV lab at DESY NanoLab [46], actual image and schematic drawing.
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4.1.3 Growth Chamber

The sample preparation and NP growth are done in one of the two growth chambers at NanoLab. Both
feature sample heating up to 1100 °C, gas dosing systems for Ar and Os, low energy electron diffraction
(LEED) and Auger electron spectroscopy (AES) setups and several differently loaded molecular beam
epitaxy (MBE) evaporators. The evaporators used in this thesis are of type FOCUS EFMS3, either
employing a Cu rod or Cu in a crucible. Sample heating is done either by filament heating or by e-
beam heating. The former applies electrical current through a thin tungsten filament behind the sample
holder, heating it resistively. The latter applies a voltage between the filament and the sample holder.
This leads to electrons being ejected from the filament, accelerated and then absorbed by the sample

holder, producing heat by their kinetic energy.

Ti o)
Electron Energy (eV)

Auger Electron
Spectroscopy

Molecular Beam
Epitaxy

Figure 4.6: One of both growth chambers at NanoLab. The chamber is equipped with a LEED/AES
system, a sputter gun, a sample heating station, several gaslines (typically used for O2 and Ar) and three
different MBE evaporators (Cu, Fe and Pd/Pt/Rh).
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4.2 SEM

SEM images were obtained in the secondary electron mode with a field emission instrument at an accel-

erator voltage of 5 kV, providing a nominal lateral resolution of 1.3 nm.
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Figure 4.7: SEM setup at DESY NanoaLab [46], along with a schematic drawing.
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4.3 SAM

SAM measurements were done using a PHI 710 Scanning Auger Nanoprobe instrument at an acceleration
voltage of 20 kV with a nominal lateral resolution of 8 nm. An image of the instrument can be seen
in Figure 4.8.
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Figure 4.8: The SAM setup at DESY NanoLab and a schematic drawing.
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4.4 PETRA 111 P23

The PETRA III beamline P23 is dedicated to surface and grazing-incidence X-ray diffraction. It features
photon energies between 5 keV and 30 keV, a heavy-duty six-circle diffractometer and a 2D LAMBDA
pixel detector with GaAs sensor. For the experiments conducted throughouth this thesis, a mobile UHV
chamber from NanoLab was placed on the heavy duty diffractometer, see Figure 4.9. The chamber is
equipped with a Be window (beryllium is transparent to X-rays) and a Cu MBE evaporator. Moreover,
the chamber features sample heating and can be flooded with gases up to ambient pressure (about 1
bar). As a result, this setup enabled the study of Cu NP growth under UHV by GIXRD, as well as the

subsequent oxidation under controlled Os pressure.

Cu Evaporator L P P,

f.‘ Wz
UHV Chamber =B L '"/ 77 7
with Be ! ) '
Window

Figure 4.9: Experimental setup at PETRA III beamline P23: a mobile UHV chamber is placed on the
diffractometer. The chamber has a Beryllium window (transparent to X-rays) and a Cu MBE evaporator
is mounted on-top. The diffracted signal is detected with a 2D GaAs detector.

40



4.5 Petra II1 P07

Beamline P07 at PETRA III is dedicated to HEXRD [42]. To this cause, photon energies of 40 keV
to 150 keV are used in combination with a large 2D-detector, see Figure 4.10. For the studies in this
thesis, a Varex XRD4343CT amorphous silicon flat panel detector with Csl scintillator was used and the

samples were placed in air on the diffractometer.
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Figure 4.10: The HEXRD setup at PETRA III beamline P07: The sample is placed in air on a movable
stage. The detector is a Varex pixel detector. The substrate Bragg peaks have to be covered with lead
or tungsten beamblocks on the detector to avoid oversaturation.
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4.6 Petra II1 P22

Beamline P22 at PETRA III features a Hard X-ray Photo Electron Spectroscopy (HAXPES) endstation.
The setup and working principle are almost the same as for a conventional XPS, see Figure 4.11, but
instead of an Al K, source the radiation is produced in the synchrotron, with photon energies between
2.4 keV to 15 keV [43].
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Figure 4.11: The experimental setup at PETRA III beamline P22, HAXPES endstation. The setup is
very similar to a conventional XPS (see Figure 4.5, but instead of an Al K, source synchrotron radiation
is used. The setup features a hemispherical analyzer and a storage chamber for samples in UHV.
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4.7 Sample Preparation

The sample preparation followed the same formula for all samples, with differences found for rutile and

anatase substrates. An overview can be seen in Figure 4.12.

Pre-Cleaning of the Crystals The rutile and anatase crystals used are commercially available and are
cut and polished to a nominal miscut smaller than 0.5 °. Before the samples were inserted into the UHV
system, they were cleaned in an ultrasonic bath in acetone, ethanol, isopropanol and de-ionized water
for 15 minutes in each solvent. Following this cleaning procedure, they were mounted on molybdenum

sample holders by spot welding them with tantalum clips.

Sputter-Annealing In the UHV system, the single crystals were sputter-annealed to produce clean
and flat surfaces. Sputtering was always done at 1 kV acceleration voltage, 10 mA emission current,
10~% mbar Ar pressure and about 2 pA drain current, for 10 minutes. Sputtering and annealing were
always done alternating. For anatase substrates, annealing was done by heating the crystal to 400 °C
in 2 x 107 mbar O, for 10 minutes, then to 650 °C in UHV for 15 minutes. This cycle was repeated
six times. For rutile substrates, the samples were annealed to 800 °C for 15 minutes in UHV for two
cycles. Then, annealing to the same temperature for the same time was done in 1076 mbar O, followed
by another cycle of UHV annealing. The fifth annealing cycle was in UHV again (to 800 °C), but after
15 minutes 10~% mbar Oy were introduced during the sample cool down. After the fifth cycle, the rutile

crystals were not sputtered again, but annealed in UHV for 10 minutes to 420 °C.

Crystal Check After the sputter-annealing, the success of the preparation was evaluated by LEED or
by scanning tunneling microscopy. The LEED signal should yield the corresponding clean surface pattern

(see Figure 3.16) and the STM image should show monolayer steps and terraces.

Cu Growth When the crystal was prepared and tested, Cu was grown via MBE. The relevant growth
parameters, sample temperature and the amount of deposited Cu (which is the product of deposition
time and the Cu flux) were varied for different samples. After growth, the Cu NPs could be investigated

via scanning tunneling microscopy or XPS before oxidation.

Oxidation The oxidation of the NPs was done in different ways. The samples coud be taken out of
UHV and be stored in air for hours or days to oxidize the NPs, or a UHV chamber could be flooded
with up to 1 bar molecular Oy for hours. Finally, some samples were annealed in a tube furnace in air to

achieve even stronger oxidation.
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Figure 4.12: The sample preparation procedure - the red line is the timeline the procedure follows. a) A
rutile TiOy crystal mounted with Ta clips on a Mo sample holder plate (the crystal appears black in the
image, but is actually transparent) and an anatase TiO2(110) crystal. b) Ultrasonic bath for cleaning of
the crystals. ¢) Mounted rutile TiO3(110) crystal inside an UHV chamber. d) The same crystal during
annealing in a sputter-annealing cycle. e) LEED pattern of a clean rutile TiO3(110) crystal. f) LEED
pattern of a clean anatase TiO2(101) crystal. g) Scanning tunneling microscopy image of the clean rutile
surface with monolayer steps visible. h) MBE evaporator for Cu deposition. i) STM image of Cu NPs
after deposition. j) The tube furnace used for annealing in air.
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4.8 Photocatalysis & Light Exposure

For the photocatalytic experiments, the samples were taken out of UHV and exposed to ambient con-
ditions. This was done in steps of 30 minutes exposure to air. The samples were either kept in dark
conditions during their time in air, or were specifically exposed to either white light or UV light. The
setup for the ambient exposure consisted of a box with an aluminum lid, where the samples could be
placed to avoid the influence of ambient light. Inside the box, either a UV lamp (HeroLab UV-6L) or a
white broadband LED (ThorLabs MBB1L3 with a 450 nm cutoff filter) could be directed at the sample.

The setup can be seen in Figure 4.13. The lamp spectra can be seen in Figure 4.14.

+ Merola®

- : i‘ Lwassnm- ®
uv-6L

& : @

Figure 4.13: The setup used for photocatalytic light-exposure experiments. a) Top-down look into the
box for light exposure: the sample is placed at the bottom, light sources can be directed at it. b) The
box is closed with an aluminum cover once the sample is in to avoid exposure to ambient light. ¢) The
two lamps used: ThorLabs MBB1L3 broadband LED and HeroLab UV-6L.
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Figure 4.14: Spectra of the two light sources used. a) ThorLabs MBB1L3 Broadband LED, spectra
reproduced from [48]. A 450 nm cutoff filter was used additionally to avoid light close to the TiOq
bandgap (~380 nm). b) Herolabs UV-6L, spectrum reproduced from [17].
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Chapter 5

Article I: In-Situ Growth and
Oxidation of Cu Nanoparticles on
Rutile TiO9(110)
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ABSTRACT: Copper (oxide) nanoparticles on TiO, substrates are of Cu[110]
interest for various applications, ranging from waste cleaning to
photocatalytic virus inactivation. We studied the growth and oxidation
of Cu nanoparticles (NPs) on single crystalline rutile TiO,(110) using X-
ray grazing incidence diffraction and small angle scattering (GIXRD,
GISAXS) and X-ray photoelectron spectroscopy (XPS) methods,
complemented by scanning Auger electron microscopy (SAM) and
scanning electron microscopy (SEM). Cu NPs were grown via physical
vapor deposition under ultrahigh vacuum (UHV) conditions at different
temperatures. We found that higher growth temperatures result in not
only larger NPs but also different NP epitaxy. The particle’s shape and ! ! !
size were studied with SAM, SEM, GIXRD, and GISAXS, revealing 000 in-plan?iﬂgle[”] 12000

homogeneous size distributions and oxidation states across the whole

surface. It was found that the particles either fully oxidize to a mixture of CuO and Cu,O or form core—shell particles with a metallic
Cu core and an oxide shell after oxidation at 1 bar O, and exposure to ambient (atmospheric) conditions. With the exception of
minor amounts of Cu,O(111), all of the other oxides are amorphous. Testing the long-term stability of the NPs revealed that their
oxidation state at different oxidation times (beyond the initial oxidation) did not change, confirming the stability of the NPs under
ambient conditions.

Cu[110]

intensity [counts]

1. INTRODUCTION over the past 90 years. Wagner (1936)*' described the
parabolic growth of the oxide layer governed by the diffusion

Copper and copper oxide nanoparticles (NPs) on TiO, are of
of ions and vacancies through the growing oxide film. Later,

interest for various applications, especially for photocatalytic

inactivation of viruses and bacteria as well as for the Cabrera and Mottt (1949)* presented the inverse logarithmic
degradation of environmental pollutants."™® It has been rate law for Cu oxidation in thin layers (below 10-20 nm),
shown that visible light activity can be achieved by the where the electric potential across the oxide controls the
addition of Cu and Cu oxide nanoparticles to TiO, and that diffusion rate of ions. They estimated that at room temper-
these s;rstems can be used for bacteria and virus inactiva- ature, a Cu,O layer of approximately 3 nm will form before
tion.”>’~"" TiO, itself is one of the most well-known further oxidation is inhibited. The size of the oxide layer was
photocatalysts and has been extensively studied since the later confirmed.””** A more recent study focusing on the
discovery of its photocatalytic activity in 1972."” It is an oxidation of a Cu thin film under standard ambient conditions
abundant material® and offers good chemical stability."> The finds a stable Cu,O layer after 122 days with S nm thickness.

use of TiO, in coatings and as a catalyst is safe, as dermal
contact poses no risks to humans.'* The use of Cu and Cu
oxide NPs for visible light activity, especially in contrast to the
more frequently used combination of noble metal NPs such as ]
Au and Ag"~" with TiO,, provides the distinct advantage of Recf“ved: Feb.ruary 6, 2026
significantly greater availability,'® which is particularly critical Revised: Aprfl 9, 2026
for potential large-scale applications. The oxidation state of Cu Accepted: April 10, 2026

is a crucial factor for the performance of the catalyst,””'**° Published: May 6, 2026
resulting in the need for precise control over it. The oxidation

of Cu has been extensively studied for thin films and bulk Cu

For nanoparticles, the oxidation behavior can be different: the
outcome shows strong dependencies on the NP size, substrate,

© 2026 The Authors. Published b
American Chemical Socie& https://doi.org/10.1021/acs.jpcc.6c00835

W ACS Publications 7136 J. Phys. Chem. C 2026, 130, 71367147
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and temperature, ranging from disordered CuO*® over
Kirkendall voids®**” to stable core—shell particles.””*” To
date, no study has explicitly investigated the oxidation of Cu
NPs on oxide surfaces.

Rutile TiO, features a body-centered tetragonal unit cell
with a,ge = 4.59 A, Crue = 2.95 A° space group P4,/mnm.
The rutile TiO,(110) surface has a rectangular face-centered
surface lattice with lattice constants
arutile,surface = \/5 X Arutile = 6.49 A and Crutile,surface — Crutile =
2.95 A. Cu features a face-centered cubic (fcc) crystal system
with the lattice parameter ac, = 3.62 A, space group FM3m.
(111)-oriented Cu can be described in a hexagonal surface

= % =256A and

CCu hexagonal surface = V3 X ag, =627 A. Cu,O crystallizes in

a cubic lattice, where oxygen atoms are at the lattice points and

system, w here aCu,hexagom\l surface

the Cu atoms form an inset fcc lattice shifted by (i, i, i)

(cuprite structure), space group Pn3m. The lattice constant is
acy,0 = 427 A% CuO forms a monoclinic lattice with a =
467 A, b=348A,c=512A, a=y=90°and ff = 98.60°>
space group C2/c.

It is known that Cu exhibits 3D island growth on several
oxide single crystals’>™*° and that the NP size can be
controlled via growth temperature.’® At 187 °C growth
temperature, Cu on rutile TiO,(110) results mostly in
(111)-oriented particles with Cu(220)/TiO,(001) epitaxy
and minor amounts of (112) orientation.”” Similar results
are reported for the growth of Cu on Zn0(0001),*® where Cu
was found to grow mainly (111)-oriented. In contrast to the
growth of other 3d metals on metal oxide surfaces,” Cu is not
known to form subsurface species.*>*’

The key unresolved questions regarding the Cu(oxide)/
TiO, system include, on one hand, how growth conditions
influence the resulting epitaxy of the NPs and, on the other
hand, how the epitaxy of the NPs impacts their oxidation. To
systematically study the effect of the growth parameters on the
Cu NPs and subsequently their oxidation, we employ in situ
grazing incidence X-ray diffraction (GIXRD) at beamline P23
at the PETRA III synchrotron inside a vacuum growth
chamber.*" This chamber can be flooded with up to 1 bar of
pure O,, allowing the study of nanoparticle oxidation by using
X-ray diffraction. Furthermore, to understand the oxidation
over time scales of several days at ambient conditions, we
employ high-energy X-ray diffraction (HEXRD) at the high
energy materials science beamline P07 at the PETRA IIL,*
grazing-incidence small-angle X-ray diffraction (GISAXS) at
the micro- and nanofocus X-ray scattering beamline P03" at
PETRA III, and X-ray photoelectron spectroscopy (XPS),
scanning Auger microscopy (SAM), and scanning electron
microscopy (SEM) at DESY NanoLab.**

2. METHODS

All experiments were performed at DESY Nanolab," PETRA III
beamline P23, PETRA III beamline P03,* and PETRA III beamline
P07-DESY."” The nanoparticles were grown in a mobile UHV
chamber with an electron beam evaporator by using a Cu rod at
beamline P23. The rutile TiO,(110) crystals were prepared in a UHV
system before being inserted into the mobile UHV chamber."' They
were cleaned four times in an ultrasonic bath: first in acetone, then in
ethanol, afterward in isopropyl, and finally in deionized water and
then introduced to a UHV system. They were sputtered at 1 kV
acceleration voltage, 10 mA emission current, and 10~ mbar Ar and
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subsequently annealed at 800 °C six times: three times with UHV
annealing, once with annealing in 1 X 107 mbar O,, once with
annealing in UHV, and finally once with annealing in UHV and
cooling down in 1 X 107¢ mbar O,. Afterward, the sample was flashed
to 420 °C in UHV. The substrate crystals were brought to the mobile
UHYV chamber under ambient conditions and were degassed for 5 min
at 450 °C after inserting them into UHV again. High-purity oxygen
(99.999%) was used for sample preparation. The XRD measurements
at beamline P23 were done at a photon energy of 18 keV. High
Energy X-ray Diffraction (HEXRD) measurements were performed at
the PETRA III beamline P07 at 73.34 keV and an incidence angle of
0.03°. Scanning electron microscopy (SEM) images were obtained in
the secondary electron mode with a field emission instrument at an
accelerator voltage of S kV, providing a nominal lateral resolution of
1.3 nm. For XPS measurements, the X-ray source employed was Al
Ka at 1.486 keV and a hemispherical energy analyzer with a base
pressure of 1.2 X 107'% mbar. All XPS spectra were fitted by CasaXPS
software™ with a Shirley background and a Gaussian—Lorentzian line
profile, employing the Marquardst fitting algorithm. Peak position and
fwhm were constrained; see SI for details. All spectra were normalized
by setting the Ti 2p;, position to 458.7 eV. GISAXS measurements
were performed at the Petra IIT PO3 beamline at a photon energy of
12.1 kV with a 30 um beam diameter at a detector distance of 4.18 m
and an incidence angle of 0.4°. In order to study the NP morphology,
different spots of the sample were imaged, moving the sample
perpendicular to the beam and using 0.1 s illumination. The data were
analyzed by using a convolutional neural network (CNN); details can
be found in the SI. Scanning Auger Microscopy (SAM) measurements
were done using a PHI 710 Scanning Auger Nanoprobe instrument at
an acceleration voltage of 20 kV with a nominal lateral resolution of 8
nm.

3. RESULTS

3.1. Cu Nanoparticle Growth

We investigated the epitaxial growth of Cu NPs on rutile
TiO,(110) single crystals by in situ GIXRD. Cu was thermally
evaporated onto the crystal in an ultrahigh vacuum (UHV)
chamber with a base pressure of 3 X 107! mbar. Three Cu
nanoparticle samples were grown at different temperatures to
evaluate the influence of the growth temperature on the
epitaxy and shape of the resulting NPs. Sample A was grown at
a 100 °C substrate temperature, sample B at 200 °C, and
sample C at 400 °C. After growth, X-ray reflectivity (XRR)
measurements were performed to evaluate the amount of
deposited Cu. From fits to the reflectivity curves, the NP
coverage was evaluated (Table 1). Samples A and B show
coverages of about 40%, while sample C shows a coverage of
about 10%.

Table 1. Cu Growth and Characterization Parameters”

growth temperature  nominally deposited material ~ coverage
sample [°Cf [nm] [%]
A 100 12 44
B 200 0.79 38
C 400 0.27 10

“The coverage and the nominally deposited material are calculated
from XRR data; see Figures S1 to SS.

The epitaxy of the NPs was investigated by in-plane rocking
scans, searching for signals from Cu(220), Cu(200), and
Cu(111); see Figure 1 and S6—S8. A signal from these scans
means that the corresponding crystal planes exist perpendicular
to the substrate surface. The combination of the three scans
allows for the identification of out-of-plane growth directions
as well as in-plane epitaxies, as specific epitaxies feature

https://doi.org/10.1021/acs.jpcc.6c00835
J. Phys. Chem. C 2026, 130, 71367147
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Figure 1. a) In-plane rocking scans set to detect Cu(220) planes. The measurements were taken at a photon energy of 18 keV. For sample B, a
different setting of beam slits was used below y = 0, resulting in a different background and an extra peak at ~u = —15°, as well as a higher intensity
for the peaks. b) Real-space atomic model of the system: The TiO,(110) surface (Ti: silver, O: red) and Cu (blue). The left Cu island is oriented
in the main growth direction Cu[110]IITiO,[001], while the right island is 12° tilted away, resulting in the orientation Cu[110]IITiO,[112]. c) Fits
for the “trident” peaks for samples A, B, and C. For samples A and C, a fourth peak (in magenta) had to be used, as the “trident” contains a peak
from [100]-oriented NPs (for sample B, the used “trident” peak does not contain this peak).

characteristic angular patterns in the different scans. The scans
sensitive to Cu(220) feature a set of peaks with a 60° spacing
for all samples. Together with the absence of strong (111) in-
plane Bragg peaks, this is characteristic of a Cu[111] out-of-
plane orientation with a hexagonal in-plane lattice. Compared
to peaks in rocking scans set to detect different planes (Figure
S6—S8), this peak exhibits the highest intensity and peak-to-
background ratio, supporting its assignment as the primary
out-of-plane growth direction for the Cu NPs. The in-plane
growth direction, with respect to the substrate crystal, is
Cu[110]lITiO,[001]. Both are in agreement with the
literature.”®”” For all samples, each Cu(220) peak features
two distinct new smaller peaks, resembling a “trident”, with the
outer peaks being ~12° away from the main peaks. The real-
space representation of the corresponding Cu and TiO, lattice
can be seen in Figure 1. The turning angle of 12° shows a good
alignment of the Cu[110] direction with the TiO,[112]
direction. The theoretical angle between TiO,[112] and
TiO,[001] is 47.7°, which is well in line with the experimental
results for the tilted epitaxy angle, 60°—47.7° = 12.3° = 12°.
To evaluate the extent of [111]-oriented particles with the
previously unreported 12° tilted epitaxy, a “trident” was fitted
with three peaks for each sample; see Figure 1. Comparing the
area of the main peak with 60° spacing to the side peaks with
12° spacing results in 7.9% =+ 4.9% side-peak area for sample A,
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7.3% + 0.9% for sample B, and 21.8% =+ 0.8% for sample C.
Hence, sample C features the highest fraction of Cu particles
showing the tilted epitaxy. Regarding the effect of the growth
temperature on the epitaxy, it can be seen that it mainly
influences the extent to which the “tilted” particles appear but
not which epitaxies occur in general. It should be noted that
the Cu(220) in-plane peaks feature not only a “trident” but
also a shoulder approximately 6° off the main peaks. This is
most likely not related to another in-plane tilt of the [111]-
oriented particles, as it is asymmetric with respect to the
turning angle and can be attributed to [100]-oriented NPs; see
Figure S10. In addition to the primary out-of-plane growth
direction of Cu[111], several minor growth directions are
found in the in-plane rocking scans: Cu[112], Cu[100], and
Cu[110]; details are found in the Supporting Information.
The in-plane and out-of-plane diameters of the particles with
Cu[l111] out-of-plane orientation and Cu[110]IITiO,[001]
epitaxy on sample A were investigated further by radial scans
(see Figure 2 and $26) and linescans through Bragg peaks. For
the analysis, hexagonal surface coordinates are introduced for
the [111]-oriented Cu. They are denoted by a subscript s in
(HKL) notations; the transformation matrix can be found in
the SI. The particle sizes resulting from fits of these peaks were

. , 2 .
calculated with Scherrer’s formula D ~ é and can be seen in

https://doi.org/10.1021/acs.jpcc.6c00835
J. Phys. Chem. C 2026, 130, 7136—7147
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Figure 2. Oxidation kinetics and NP size changes for sample A: a)
The oxide radius, as estimated by the intensity of the Cu peak and the
percentage intensity of the Cu(220) peak. The fitting parameters can
be found in Table S6 and S7. b) Nanoparticle diameter and heights,
calculated from (in-plane) radial scans (through Cu(220)) and
linescans through Bragg peaks for different oxidation times.

Table 2. The fits can be found in Figure S21, and details on the
fitting are provided in the Supporting Information. The

Table 2. Particle Sizes for Sample A, Calculated from Fits of
Linescans through the Cu(101), and Cu(113), Bragg Peak”

aspect ratio height/diameter

particle size (nm) (111

(101), Bragg  (113), Bragg

scan (101), Bragg ~ (113), Bragg

direction peak pea peak peak
H, 6.02 + 028 544 + 0.15 0.46 + 0.02 0.62 + 0.02
K 542 + 0.07  not measured 0.51 + 0.01 not measured
(HK), 5524015 524+ 0.5 050 + 0.01  0.64 + 0.03
L, 2.74 £ 0.02  3.37 + 0.02 - —

“The L, scan is orthogonal to the surface, and the other scans are
parallel to it.

particles feature diameters (D) between S5.44 + 0.15 and
6.02 + 0.28 nm and heights (H) between 2.74 + 0.02 and 3.37
+ 0.02 nm. From the linescans through the (101), Bragg peak,
the aspect ratio is calculated to be roughly H/D = 0.5 (see
Table 2). A similar aspect ratio is achieved when employing
the NP diameters calculated from radial scans; see Table 3.
Employing the linescans through the (113), Bragg peak, the
ratio H/D is approximately 0.6. To evaluate possible size
differences for the different epitaxies, a radial scan was done
through the large center peak in the Cu(111) rocking scan
(attributed to [112]-oriented Cu). Fitting the data results in an
average particle size of 6.3 + 1.0 nm; see the SI for details on
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Table 3. Particle Sizes Obtained from Fits for Radial Scans
through Cu(220) In-Plane Bragg Peaks as well as the
Particle Height as Calculated from Linescans in Out-Of-
Plane Direction through the Cu(101), Bragg Peak (See
Table S3)“

diameter D (nm)

(radial scan) height H (nm) H/D
before oxidation 7.30 + 1.97 2.74 + 0.02 0.38 + 0.10
20 min in 1 bar 6.03 + 1.69 3.59 + 0.24 0.59 + 0.17
0,
100 min in 1 bar 7.23 + 2.02 3.85 £ 049 0.53 £ 0.16
0,

“The corresponding fits can be found in Figures S21 to S27.

the fitting. No significant difference in diameter was observed
between the main epitaxy Cu[110]lITiO,[001] and the minor
epitaxy with Cu[112] out-of-plane orientation.

3.2. Nanoparticle Oxidation

The oxidation of the nanoparticles is of particular interest for
two reasons: first, metallic Cu is highly susceptible to oxidation
under ambient conditions; second, the various oxidation states
of Cu nanoparticles on TiO, lead to distinct pathways for
visible light activity. Therefore, we investigated the oxidation
process of Cu NPs under ambient conditions following growth
in UHV. The UHV chamber was then exposed to 1 bar of pure
oxygen gas for 20—30 min to evaluate the oxidation behavior.
Afterward, the chamber was pumped to UHV (base pressure of
1.2 X 107'° mbar) again, and the samples were analyzed with
GIXRD. Samples A and C were exposed to the same oxygen
pressure for an additional time, resulting in a total of 100 min
exposure. Sample C was heated to 100 °C during this second
oxidation. Sample A was analyzed a third time, and all three
samples were subsequently brought to ambient atmospheric
conditions afterward. The detailed oxidation times for each
sample can be found in Table SI.

The existence of the oxide was confirmed by comparing
XRR measurements before and after oxidation: for all samples,
the nominal thickness increased, indicating that the oxide is
formed; see Table S2. To evaluate the possibility of epitaxial
oxide, multiple in-plane rocking scans were set to detect
different oxide epitaxies; see Figures S16 and S17. In contrast
to invest{gations of similar systems where epitaxial Cu,O was
detected,™ epitaxial oxide was not found here.

The change in the Cu signal was monitored for each
oxidation step. In-plane rocking scans for samples A and C
after the oxidation steps can be seen in Figures S12—S1S,
following the change in the signal corresponding to metallic
Cu. The 60° spaced peaks corresponding to [111]-oriented Cu
(in the Cu(220) rocking scan) are still visible after the first
oxidation, as are the “trident” peaks, but decreased significantly
in intensity. All other signals in the rocking scans vanished,
indicating a complete oxidation of all “minor epitaxies”. For
the second oxidation of sample A, the Cu signals decrease even
further (see Figure S12), but they remained detectable. The
second oxidation of sample C (at 100 °C) resulted in the
complete loss of all Cu signals (see Figure S15).

For sample A, in-plane radial and linescans were conducted
for the main epitaxy, [111]-oriented Cu[110]IITiO,[001], to
track changes of the metallic Cu particle size. The results of the
fits can be seen in Table 3 and Figure 2. No clear shift in the
NP diameter is detected. The height of the NPs decreases by
about one-third in the scans through the Cu(113), Bragg peak,

https://doi.org/10.1021/acs.jpcc.6c00835
J. Phys. Chem. C 2026, 130, 71367147
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Figure 3. HEXRD data for sample B with a photon energy of 73.34 keV. The image is a sum of 40 images, while the sample was in-plane rotated 1°
around the TiO,[110] direction. The red star markers correspond to peaks from [111]-oriented Cu with Cu[110]lITiO,[001] epitaxy. The pink
circle markers correspond to [112]-oriented Cu, and the green square markers correspond to [109]-oriented Cu.

but increases by the same amount in the scans through the
Cu(101), Bragg peaks. (113), is a higher index Bragg peak,
thus being more sensitive to strain broadening.*” Hence, an
internal strain distribution is present. As a result, the
discrepancies in the calculated size may be attributed to strain
on the particle. As the loss of Cu signal intensity clearly
indicates the oxidation of the NPs, the lack of any change in
the calculated NP dimensions implies that the NP ensemble is
evolving: smaller nanoparticles undergo complete oxidation
more rapidly and are no longer detected in the ensemble,
leading to an apparent increase in the average particle
diameter. This effect is partially offset by the ongoing oxidation
of larger nanoparticles, resulting in an overall relatively stable
average NP size. This effect has been observed in the oxidation
of Pd NPs."® The oxidation kinetics were investigated by
following the change in Cu Bragg peak intensity during the
oxidation for sample A; see Figure 2. Compared to the signal
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intensity before oxidation, about 98% of the Cu signal is lost at
1 bar O, in 100 min. The Cu signal intensity is proportional to
the metallic Cu volume, which is proportional to the third
power of the metallic Cu radius, Ic, & r¢,. An approximation
of the oxide thickness can be reached by taking 7oqe = 7cy, ¢ = 0
— rcu The resulting oxide radius is shown in Figure 2. The
oxide radius was fitted with the Cabrera & Mott inverse

1 )
ABxiogt T C (the constant C is an

offset used here, as we do not have real oxide thickness). The
model reproduces the oxidation kinetics very well at times

logarithmic function r =

beyond 20 min, whereas the early stage is more accurately
captured by a linear growth regime. Similar behavior has been
reported in the literature,*’ where the initial oxidation is
attributed to a limitation by oxygen dissociation at the surface.
In our case, the transition to the plateau-like oxide growth

https://doi.org/10.1021/acs.jpcc.6c00835
J. Phys. Chem. C 2026, 130, 71367147
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occurs after approximately 30 min, consistent with previous
reports.22

3.3. High Energy XRD Characterization

After the in situ growth and oxidation measurements, the
samples were stored at ambient conditions for up to 1 week;
see Table S1. The most notable difference is that sample A was
only 2 h at ambient conditions, whereas sample B was exposed
to air for more than a week. Sample C was heated to 100 °C in
1 bar O,. High-energy X-ray diffraction (HEXRD) was used to
further elucidate the mechanisms of long-term oxidation.

Diffraction images for all samples can be seen in Figure 3
and Figures S18—S20. All samples feature a smeared-out
specular peak that can be attributed to Cu,O(111).
Considering that the Bragg angle of the reflection is ~ 1° at
the used photon energy (73.34 keV), it can be assumed that
the samples contain [111]-oriented Cu,O NPs with a few
degrees of misalignment. Sample C features a faint Cu(111)
powder ring; sample A shows no signs of metallic copper.
Sample B, however, features various Bragg peaks from several
Cu epitaxies; see Figure 3 and Table S3. The strongest peaks
belong to the [111]-oriented Cu[110]IITiO,[001] epitaxy, in
agreement with the in situ measurements (see Figure 1).
Similarly, the signals from the 12° tilted epitaxy are found as
well as [112]-oriented Cu and [100]-oriented Cu. Even
though the in situ measurements suggested the existence of
three different in-plane epitaxies (Cu[110]IITiO,[110] and
Cu[110]ll + 24° TiO,[110]) of [001]-oriented Cu, only two
of them are found in the HEXRD data. This may be due to low
signal intensity, as it would be unlikely that one of the two
tilted epitaxies for Cu[001]-orientation exists, while the other
one does not. In addition, two high-index NP epitaxies are seen
in the HEXRD data that were not found before: [109]-
oriented NPs are present, as well as one type of high-index-
oriented Cu particles. The exact orientation for the latter is not
clear, as only two Cu(111) peaks can be attributed to them,
fitting with several possible out-of-plane orientations, e.g.,
[105], [134], and [239]. Line integrations were done through
the Bragg peaks, and the NP diameters and heights were
calculated with Scherrer’s formula. The averaged sizes for all
fits of a specific epitaxy can be seen in Table S3, and the
complete set of fits can be seen in the SI For the [111]-
oriented Cu particles with Cu[110]lITiO,[001], the fits result
in an average diameter of 14.53 nm + 0.76 nm and an average
height of 7.15 nm =+ 0.68 nm; see Figure 4. The other epitaxies
feature similar sizes with two exceptions: the [111]-oriented
Cu NPs with the 12° tilted Cu[110]IITiO,[001] epitaxy have a
significantly smaller diameter of 9.39 nm + 1.45 nm, while
maintaining the same height. Similarly, the [109]-oriented NPs
have a comparable height but a reduced diameter of 9.43 +
1.58 nm.

3.4. SEM

Scanning electron microscopy (SEM) images of the samples
were taken after the samples were exposed to ambient
conditions for about a week. For each sample, five images
were taken: one at the center of the sample and four toward
the four sides. From the SEM images, the coverage and the
average particle size were calculated, approximating the NPs as
half-spheres; see Table 4 and Figure S and Figure S28. Samples
A and B have almost identical coverages of ~52%, whereas
sample C has only 20% coverage. These coverages match the
pattern seen before oxidation with XRR, but all samples show a
larger coverage. On the one hand, this can be attributed to Cu
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Figure 4. Nanoparticle height and diameter of [111]-oriented Cu on
sample B, calculated from linescans of Cu(200) Bragg peaks at several
in-plane angles y from HEXRD data.

Table 4. Particle Diameters and Coverage as Determined
from SEM Images Taken about 1 Week after the Samples
Were Introduced to Ambient Conditions”

sample A B C
diameter [nm] 10.0 +£ 0.8 134 + 1.1 10.8 + 1.2
coverage [%] S2+5S 3+2 20+ S

“The corresponding SEM data can be seen in Figure S28; the size is
the average of the mode of the individual SEM images and the
coverage is the mean coverage of the individual SEM images.

Figure 5. Raw SEM images and the masks used to identify individual
particles for the size calculations. a and b for sample A, ¢ and d for
sample B, and e and f for sample C. The images and masks
correspond to the SEM images from the central region of the samples.

oxidation and, on the other hand, to the fact that SEM image
analysis may overestimate sizes due to shadowing. The particle
sizes were calculated by taking the mode (the bin with the
highest counts) of each of the five SEM images per sample and

https://doi.org/10.1021/acs.jpcc.6c00835
J. Phys. Chem. C 2026, 130, 71367147
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Figure 6. NP diameter distribution for a) sample B and b) sample C as determined by GISAXS (red) and SEM (gray). The thick red line
corresponds to the size calculated from all GISAXS images combined, whereas the thinner red lines correspond to partial sections of the sample.

averaging them, revealing particle sizes of around 10 nm for
sample A, 13 nm for sample B, and 11 nm for sample C. The
comparison of samples A and B is particularly helpful for
understanding the influence of growth conditions on the
diameters, as both samples experienced similar treatments
(whereas sample C was heated in oxygen, resulting in different
oxidation conditions). The data clearly show that the higher
growth temperature resulted in overall larger particles, even at
the same coverage. As shown by the in situ in-plane rocking
scans in Figure 1 and Figures S6—S8, all samples exhibit the
same Cu epitaxies before oxidation, so the size differences
cannot be related to differing epitaxies. Hence, the different NP
sizes are solely related to the growth temperature.

The comparison of samples B and C highlights the influence
of the coverage on the resulting NP size: Sample C was grown
at a higher temperature (400 °C) than sample B (200 °C), yet
it exhibits more than double the coverage. Consequently,
sample B has significantly larger particles, even though the
higher growth temperature of sample C would normally
suggest larger particles.

3.5. GISAXS

To further investigate the particle size distribution, grazing-
incidence X-ray diffraction (GISAXS) was employed on
samples B and C using a 12.1 keV beam. These measurements
were performed after the samples had been stored under
ambient conditions for six months. Measurements were taken
at several positions across the sample. To evaluate the detector
images, we trained a convolutional neural network (CNN) to
evaluate the NP size distribution based on the detector image.
To this cause, pregenerated data were used for training. Full
details of the procedure can be found in Section 2. For each
image, the diameter distribution was calculated. The resulting
NP diameter distribution for both full sums over all scans and
partial sequences can be seen in Figure 6. For samples B and C,
the diameter distribution obtained from GISAXS, featuring
particle diameters of 12.4 nm for sample B and 11.0 nm for
sample C, fits closely with those obtained from SEM (13.4 nm
for sample B and 10.8 nm for sample C). For sample C, the
GISAXS analysis also detects larger particles (about 20 nm
diameter) for two sequences. The corresponding sequences are
related to scans close to the single crystal edge (unlike
sequences that did not exhibit these larger particles). Overall,
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the GISAXS results confirm the homogeneity of the particle
size distributions across the single crystal surface and the
particle diameters.

3.6. Long-Term Oxidation of Cu NPs

To investigate the long-term oxidation and stability of the
nanoparticles, XPS measurements were taken after 2 months of
storage at ambient conditions. The results can be seen in
Figure 7 and Table 5. Samples A and B feature approximately
the same ratio of CuO and Cu,O as determined from their Cu
2p spectra (88% and 84%), whereas sample C features
significantly more CuO (97%). The Cu 2p spectra do not
allow the differentiation of Cu,O and metallic Cu, as both
peaks are separated only by 0.1 éV.°>" For this reason, the Cu
LMM Auger peak was measured, which provides clear
identification of Cu,O at ~916.5 eV and Cu at ~918.5
eV.>"? Due to a large background TiO, signal and broad
peaks, consistent fitting was impossible for these spectra. From
the position of the peak; it is clear for all samples, however, that
no metallic Cu is present (in the area probed by XPS).

These measurements were repeated after a combined 6—8
months of storage under ambient conditions. The results can
be seen in Table S5 and Figure S30. The spectra reveal no
significant changes with respect to the measurements after 2
months of storage, thus showing that the oxidation state is
stable and no full oxidation to CuO takes place in air. The
information depths of the XPS measurements can be
approximated by employing the well-known mean free path
for electrons:> for Cu 2p;,, it is about 1 nm, while for Ti 2p
and Cu LMM, it is roughly 2 nm. Compared to the particle
heights of 5—10 nm, this indicates that only the outer layers
are being probed.

3.6.1. Homogeneity of the Oxidation. Both XRD and
XPS techniques can distinguish different oxidation states
through lattice parameters or the kinetic energy of the
photoelectrons, but both techniques probe ensembles of
particles. Since individual NPs may feature different oxidation
states, we employed surface-sensitive scanning Auger spectros-
copy (SAM) with high spatial resolution to evaluate the
oxidation state of individual NPs on sample B. The results of
the SAM measurements can be seen in Figure 8: an SEM
image of the sample was taken to determine a suitable
measurement area; see Figure 8a. Next, a linescan was

https://doi.org/10.1021/acs.jpcc.6c00835
J. Phys. Chem. C 2026, 130, 71367147
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Figure 7. a) Deconvoluted XPS spectra of Cu 2p core levels obtained
after the samples were stored at ambient conditions for two months.
The Cu 2p;/, peaks were deconvoluted into the CuO and Cu,O and
Cu contributions. The percentages represent the part of the whole Cu
2p area that is attributed to one of the peaks. b) Cu LMM XPS
spectra after the samples were stored at ambient conditions for two
months. For peak identification, reference spectra for a Cu(100)
single crystal in metallic state (UHV annealed) and in an oxidized
state (1 h in 1 bar O,) are included.

Table S. Parameters from Fitting the Cu 2p;,, XPS Peak
after the Samples Were Stored under Ambient Conditions
for Two Months”

CuO Cu & Cu,O
Binding fwhm  Area Binding fwhm  Area
sample Energy [eV]  [eV] [%]  Energy [eV] [eV] [%]
A 934.37 2.88 87.70 932.95 1.41 12.30
B 934.40 2.98 84.11 932.82 1.31 15.89
C 933.00 2.88 97.24 932.73 1.10 2.76

“The area percentage relates to the combined area of the peak
assigned to CuO and the peak assigned to Cu and Cu,O.

performed over several particles, with each data point
representing an Auger scan of Cu LMM, O KLL, and Ti
LMM. The change in intensity was evaluated by integration of
the signal; see Figure 8 b. Finally, individual Cu LMM scans on
NPs and off NPs were summed to compare their structure; see
Figure 8c. In the Cu Auger signal, the intensity increases on
particles, whereas the O and Ti signals show peaks between
particles, indicating the dominance of the substrate signal.
Small variations in Cu signal intensity were observed between
different NPs, indicating slight particle-to-particle differences.
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However, it becomes apparent that the peak structure is the
same everywhere. The Cu signal observed between particles
can be explained by interparticle distances of approximately 10
nm and an instrument resolution of 8 nm, which prevents Cu-
free regions from being resolved. This allows the conclusion
that the oxide structure of all NPs is the same and that the
different oxide states seen in XPS must exist in a core—shell
structure or as an intermixed state.

4. DISCUSSION & CONCLUSION

For the growth of Cu nanoparticles on rutile TiO,(110) single
crystals, we find that the main growth direction is Cu[111]
out-of-plane with Cu[110]lITiO,[001] in-plane epitaxy. This is
well in line with existing reports for Cu islands on rutile.”*”
Moreover, we find distinguishable particles with no tendency
to form a thin film, which is consistent with the Volmer—
Weber growth mode of Cu reported for several substrates.”* >
In contrast to a report of the growth of Cu NPs on
Zn0(0001),’**” we find a monodisperse particle size
distribution. In addition to the [111]-oriented Cu particles,
we find several other epitaxies but with minor contributions to
the amount of particles. Most of these “minor epitaxies” feature
the Cu[110]lITiO,[001] in-plane epitaxy. This is likely due to
the good match of the Cu(220) direction with the TiO,(001)
direction on the surface. The former is
Ace X 1/42 =3.615A X 1/3/2 = 2.556 A, while the latter
is 2.96 A. Hence, over the distance of three unit cells of Cu, the
lattices mismatch only by 3.3%. The growth temperature has
no effect on the “minor epitaxies”. In addition to the “minor
epitaxies”, a fraction of the [111]-oriented Cu NPs is tilted 12°
in-plane, resulting in a Cu[110]lITiO,[112] epitaxy instead of
the Cu[110]lITiO,[001] epitaxy. At a 100 °C growth
temperature, 7% of the particles grow in this epitaxy. With
increasing temperature, we find an increase in this tilted
epitaxy, reaching 21% for a growth temperature of 400 °C. The
Cu[110] planes have a distance of 2.556 A, while the
TiO,[112] planes have a distance of 1.346 A. The resulting
mismatch of 5.3% for two TiO, planes and one Cu plane is
larger than the mismatch of the Cu[110]lITiO,[001] epitaxy,
which likely explains why more of these tilted particles appear
at higher growth temperatures. The Cu particles grown at 400
°C feature an aspect ratio H/D of about 0.5, calculated from
linescans through the Cu(101) Bragg peak. This agrees with
previous reports of Cu on rutile’” and is in contrast with Cu
growth on ZnO(0001), which is known to feature flatter
particles.’® Linescans through the Cu(113), Bragg peak feature
a slightly larger ratio of H/D ~ 0.6. The difference can be
attributed to strain in the particles, resulting in different peak
broadening for different Bragg peaks. Additionally, the (113),
Bragg peak may be influenced by particles of different sizes
compared to the (101) Bragg peak, as the overall particle size
distribution ranges from 2 to 25 nm. The H/D ratio of 0.5,
together with the SEM images (Figure S), indicates that the
particles resemble half-spheres or flattened half-spheres.

The oxidation of the well-defined Cu NPs grown on rutile
TiO,(110) was studied by exposing them to 1 bar O,. The
signal from all minor growth directions is completely lost after
20 min, whereas for samples A and B, the signal from the main
growth direction Cu[110]IITiO,[001] can still be detected. For
sample A, the Cu signal can even be detected after 100 min
exposure to oxygen, although its intensity is drastically
reduced. The signal from the particles 12° tilted away from

https://doi.org/10.1021/acs.jpcc.6c00835
J. Phys. Chem. C 2026, 130, 71367147

55



The Journal of Physical Chemistry C

pubs.acs.org/JPCC

a)
S
s |Cu
&
=
‘@
C
KO
£
o
Ti
T T T T T
0 50 100 150 200
length (nm)

] SY——
SCAN

on
particle

intensity (arb.u.)

off
particle

T T T T T T T T
870 880 890 900 910 920 930 940

kinetic energy (eV)

Figure 8. Scanning Auger microscopy measurement of sample B. a) SAM linescans with the corresponding intensities of the Cu, O, and Ti Auger
signals. b) The SAM-SEM image with the marked area of the linescan. c) The individual Cu AES scans taken at the positions on the scan indicated

with the color bars in a).

the main Cu[110]lITiO,[001] epitaxy does not oxidize faster
than that of the particles of the main growth direction. Heating
sample C to 100 °C under 1 bar of oxygen pressure results in
the loss of all Cu signals. HEXRD measurements reveal that
sample B features metallic Cu NPs of various epitaxies even
after exposing it to ambient conditions for 1 week, whereas
sample A, which underwent similar treatments, no longer
exhibits epitaxial Cu after prolonged exposure to ambient
conditions. The oxidation kinetics were investigated by
following the Cu Bragg peak intensity as calculated from
radial scans; see Figure 2. It can be seen that the decay of the
Cu signal follows the inverse logarithmic law described by
Cabrera and Mott,” indicating the self-passivating oxide shell.
At the start of the oxidation (the first 20 min), the Cu signal
loss is better described by a linear decay. This suggests that the
oxidation kinetics in this regime are controlled by the high
surface area and the high amounts of steps and edges of the
nanoparticles compared to the thin film in the model by
Cabrera and Mott. The stable Cu NPs of sample B, as detected
by HEXRD, are larger (~14 nm) than the average Cu NP size
detected after growth (~7 nm, based on XRD data), indicating
that larger particles are more resistant to oxidation. This also
explains the increased stability against oxidation of sample B
compared to sample A: Due to its higher Cu growth
temperature, sample B features overall larger particles, as
shown by the diameter distributions from SEM measurements
in Figure S28. Similar size-dependent effects on oxidation
states have been reported in the literature for Pd NPs.*'
Moreover, comparing the NP diameter distributions for
samples B and C from the GISAXS calculations shows that
the coverage plays an important role in determining the
resulting NPs: Where sample B was grown at 200 °C with a
coverage close to 50%, sample C, which was grown at 400 °C,
has only about half of that coverage. Based on growth
temperature, sample C would be expected to have larger
particles. However, both GISAXS and SEM reveal that sample
C actually exhibits smaller NP diameters than sample B,
indicating that coverage can outweigh the effect of temperature
on particle size. From the GISAXS NP diameter distributions,
it can be concluded that sample B is homogeneous across the
whole surface, as partial sequences of GISAXS images do not
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reveal different size distributions. This is not the case for
sample C, where some sequences indicate the presence of
larger particles (which were not imaged in SEM). This may be
attributed to local variances in the heating of the sample during
growth or during heating under O,, resulting in a change in
particles sizes. The oxide formed after oxidation is partially
epitaxial in the case of Cu,O, with [111]-orientation, but
completely amorphous for CuO. The latter is in line with
existing reports of Cu NP oxidation on Zn0(0001).*° The
presence of epitaxial Cu,O is also expected with respect to this
reference, but the extent seen here is much less, indicating that
only a minor amount of Cu has formed epitaxial Cu,O, in
contrast to the fully epitaxial NPs reported in the reference.*
This difference may be attributed to the fact that the
nanoparticles studied here are only about one-fifth the size
of the NPs reported on ZnO." The distribution of CuO and
Cu,O, as measured with XPS, is similar for samples A and B
with both featuring approximately 85% CuO after two months
of storage under ambient conditions. In contrast, sample C
contains around 90% CuO after annealing in oxygen and two
months of storage at ambient conditions. The XPS Cu,O
signal can also contain contributions from positively charged
copper that is not part of an oxide. Such states have been
reported for the first monolayer of Cu deposited on oxide
single crystals and have been attributed to an interaction with
oxygen vacancies.”* In our study, the nanoparticles are several
nanometers in height, diminishing the influence of the first
layer. Furthermore, XPS measurements do not show any
detectable Ti** signals (Figure S29 in the Supporting
Information), which are commonly used as indicators of
oxygen vacancies. Therefore, we infer that oxygen vacancies do
not play a significant role in the observed behavior of the Cu/
TiO, nanoparticles. Additionally, it has been shown that Cu
interacts only weakly with TiO,.”> The oxidation states of all
samples remain essentially unchanged after an additional 4—6
months of storage under ambient conditions. As the HEXRD
data reveal the presence of stable Cu NPs for sample B and as
XPS only probes the uppermost nanometers, whereas hard X-
rays fully penetrate the NPs, this indicates that for sample B a
copper/copper-oxide core—shell structure has formed. This is
not the case for sample A, which can be attributed to the

https://doi.org/10.1021/acs.jpcc.6c00835
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smaller dimensions of the nanoparticles, resulting in full
oxidation. The absence of strong signals from epitaxial Cu,O
and the lack of any signal originating from CuO in the HEXRD
data indicates that the oxide is mostly amorphous.
Furthermore, it could be shown via scanning Auger
microscopy that the nanoparticle oxidation state is homoge-
neous across the whole sample.

In conclusion, the growth temperature of the Cu particles
dictates the NP sizes and the amount of tilted Cu[111] epitaxy.
Oxidation leads to core—shell metal-oxide structures for
sufficiently large particles, whereas smaller particles (below
~14 nm) fully oxidize. Importantly, the oxidation state of the
oxide shell is determined by the oxidation temperature rather
than the particle size, with higher temperatures favoring the
formation of CuO.

These findings demonstrate the critical role of growth and
oxidation behavior in controlling the structure and composi-
tion of Cu nanoparticles on TiO,(110). The oxidation state of
Cu determines possible pathways for visible light activity, and
thus, the ability to produce different stable oxidation states for
the NPs is highly relevant for further studies aimed at
identifying the most efficient NP configuration for virus
inactivation or organic pollutant degradation.
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Figure 5.1: HEXRD detector image for a sample grown in similar conditions as sample C from [10]. The
image is a sum of all images taken during a sample rotation by 180 ° around the surface normal.

In addition to the studies detailed in the publication above [10], another sample of Cu NPs on
rutile TiOy was investigated. It was grown similarly to sample C in [10] (400°C substrate temperature
during growth, grown in the same mobile chamber), but roughly triple the amount of Cu was deposited.
Crucially, it was not heated in O for oxidation, but stored in ambient air at room temperature for about
two months. Afterwards, it was measured with atomic force microscopy (AFM) (see Figure 5.2) and
HEXRD (see Figure 5.1). The sample exhibits a high NP coverage and particle diameters of about 60 nm
(though diameters measured with AFM are prone to overestimation). The HEXRD data show (111)-,
(200)- and (220)-type Bragg peaks and powder rings. For a cubic crystal system, the angles between
the [111] axis and selected other axes are: [111]<([111] ~ 70 °, [111]<t[200] ~ 55 ° and [111]<([220] =~
35 °. Hence, from the HEXRD data in Figure 5.1 it can be concluded that both the CusO and the Cu
NPs are [111]-oriented. Additionally, as both oxide and metallic Cu feature the same epitaxy (seen by
the alignment of the peaks), it can be assumed that core-shell particles of Cu/oxide have formed. This
measurement complements the results presented in [10], verifying that the large NPs grown at 400 °C

can oxidize to epitaxial CusQO, not seen for the smaller NPs.
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Figure 5.2: AFM image of the sample grown similarly to sample C in [10].
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Abstract

Copper and copper oxide nanoparticles sup-
ported on TiO9 are of interest for various ap-
plications ranging from organic pollutant degra-
dation to photocatalytic virus inactivation. We
investigated the growth, structure and heteroge-
neous oxidation of Cu nanoparticles on anatase
TiO2(101) single crystals as well as the sur-
face reactivity of Cu and Cu-oxide nanoparticles.
Thereby, we focused on cysteine adsorption and
its photocatalytic degradation, as a biologically
relevant sulfur-containing amino acid and model
compound for thiol-containing biomolecules. Cu
NPs were grown by physical vapor deposition
under ultra-high vacuum (UHV) conditions at
different growth temperatures and characterized
using high-energy X-ray diffraction (HEXRD),
grazing-incidence X-ray diffraction (GIXRD),
scanning electron microscopy (SEM) and X-ray
photoelectron Spectroscopy (XPS). We found
out that below 200 °C, no epitaxial particles are
formed, whereas higher temperatures (200 °C -
400 °C) lead to well defined epitaxial nanopar-
ticles with Cu[470]||TiO2(101) out-of-plane and
Cu[100]||TiO2[010] in-plane orientations. The
oxidation of Cu NPs was studied by exposing
them to 1 bar O9 at room temperature for up
to 2 hours and monitoring the size changes of
the NPs. We found that the oxidation is rapid
in the first hour and then slows down signifi-
cantly, allowing metallic Cu to still be detected
even after one week of exposure to ambient con-
ditions. Additionally, larger NPs favor the for-
mation of epitaxial CugO shells. The adsorption
of cysteine amino acid on the Cu(-oxide) NPs on
TiOy was investigated using infrared reflection-

*silvan.dolling@desy.de
Theshmat.noei@desy.de

absorption spectroscopy (IRRAS) and XPS, re-
vealing dissociative adsorption. Sulfur oxidation
occurs even under ambient dark conditions, evi-
dencing intrinsic catalytic activity, which is fur-
ther enhanced under white light and ultraviolet
(UV) irradiation. These findings reveal struc-
ture-reactivity relationships in Cu/Cuz0O-TiOq
hetero-structures and underscore their potential
for photocatalysis and self-disinfecting surfaces.

1 Introduction

Copper and its oxides are well known for their
antiviral and antibacterial properties, more re-
cently including the inactivation of SARS-CoV-
2 [18, 47, 33]. The use of nanoparticles (NPs),
compared to thin films, offers a higher surface-
to-volume ratio and enhances the surface reac-
tivity. In particular, combining Cu oxides with
TiO2 has attracted significant interest due to the
dark and photo-reactivity of the resulting hetero-
structures. The antiviral properties of TiOs un-
der UV light are well known [5, 31, 30] and for
visible light activity, it has been shown that Cu
oxide on TiO, is photoactive in the visible light
spectrum, deactivating bacteria and degrading
organic dyes [36, 37]. In 2022 it was shown that
TiOy decorated with Cu oxide particles effec-
tively inactivate SARS-CoV-2 [40]. Remarkably,
this system exhibits activity not only under vis-
ible light but also in the dark, albeit with re-
duced efficiency compared to illuminated condi-
tions. This activity was attributed to changes
in the oxidation state of Cu:
Cu(I) and Cu(II) was proposed to act as elec-
tron storage, being able to either accept photo-
electrons by locally reducing, or giving them
away by locally oxidizing. The combination of
visible light driven activity and catalytic func-

A mixture of
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tionality under dark conditions makes this sys-
tem highly promising for indoor self-disinfection
surfaces. In this context, Cu oxides alone are
known to exhibit degradation activity toward or-
ganic molecules, both as individual phases and
in mixed oxide systems [18, 47].

To systematically study the self-cleaning and
antiviral properties of the Cu(-oxide)/TiO2 sys-
tem, well defined model systems are required.
Here, we present results of metallic Cu NPs
grown on atomically flat anatase TiO2(101) sin-
gle crystal substrates and their subsequent ox-
idation. Recently, the growth and oxidation of
Cu NPs on rutile TiO2(110) single crystals were
investigated [12]. It was found that the Cu
NPs grow predominantly adopt a [111]-oriented,
while oxidation at atmospheric pressure (1 bar
O2) leads to the formation of polycrystalline cop-
per oxide. In contrast to rutile, anatase TiOq
is often considered the more catalytically active
polymorph [55, 66]. Moreover, unlike the rela-
tively flat rutile (110) surface, the anatase (101)
surface is possesses an intrinsic stepped struc-
ture [62]. This stepped topology is expected
to influence Cu nanoparticle epitaxy by modi-
fying surface diffusion pathways and nucleation
sites [17]. Anatase TiOy features a tetragonal
unit cell with lattice parameters a = b = 3.78 A,
¢ = 9.50 A [7], Cu features a face-centered cu-
bic (fcc) crystal system with the lattice param-
eter ac, = 3.62 A [27] and CuyO crystallizes
in a body-centered cubic lattice with constant
acu,0 = 4.26 A. For all crystal systems, bulk
coordinate Miller indices are used. The oxida-
tion of bulk and thin film Cu has been studied
since the mid of the last century, dating back to
the theoretical investigation of metal oxidation
by Cabrera and Mott [39]. It is known that the
Cu oxidation is limited by ion transport and elec-
tric fields at room temperature and ambient con-

ditions, yielding an inverse logarithmic rate law.
The expected thickness of oxide before the sur-
face is passivated is about 2-5 nm at time scales
of a few hours, as demonstrated in experiments
on bulk Cu, Cu thin films and Cu NPs [35, 58].
In case of nanoparticles, the situation is more
complicated, as particle size, the interaction with
the substrate and facet distribution influence the
oxidation process. In particular, the presence of
edges and associated Cu defects accelerates ox-
idation. It is well established that more defec-
tive Cu lattices oxidize more rapidly [51], that
the Cu[111] facet is more resistant against oxi-
dation than the Cu[200] and Cu[220] facets [11],
and that smaller grains or particles tend to ox-
idize more readily [11]. At elevated tempera-
tures, Kirkendall void formation has been re-
ported [1, 41, 42]. At room temperature and
below 100 °C, stable oxide shells of 3 - 5 nm
are typically formed on nanoparticles with sizes
of 10-100 nm [42, 49], while even very small Cu
NPs of only 3 nm in diameter can develop sta-
ble core-shell metal-oxide structures [45]. Most
studies show that below 100 °C, CuzO is the pre-
dominant oxide formed, while CuO formation
becomes dominant at higher oxidation temper-
atures or longer oxidation times at atmospheric
conditions [45, 48]. Additionally, CusO can grow
epitaxial on the nanoparticle (it expands by in-
take of oxygen) or the particles fracture, creating
a polycrystalline system [16]. Furthermore, the
oxidation of Cu nanoparticles can be influenced
heavily by the compressive stress of the oxide-
copper interface [10].

Considering the antiviral properties of the
Cu(-oxide)/TiOg system, three main routes to-
wards degradation of organics are possible: (1)
Reactive oxygen species (ROS), generated at
the surface, attack viruses or bacteria [20]. (2)
Direct interactions between adsorbed molecules



and Cu or TiOq lead to organic degradation [57].
(3) Cu ions are released, interacting with the
virus [60]. For our system, we exclude the lat-
ter possibility, as we are investigating a solid
model system without a liquid carrier substance
for Cu ions. In reports about pure TiOs sys-
tems for photocatalysis, ROS generation is of-
ten considered to be the main mechanism driving
the degradation of organic substances [3, 32, 61,
65]. In Cu(-oxide)/TiO2 systems, recent studies
indicate that direct interaction with Cu consti-
tutes the dominant pathway for antiviral activ-
ity [21, 57]. To understand the interaction of
the nanoparticle system with viruses and bacte-
ria, amino acids can be used as model system.
In particular, cysteine is known to be one of
the key building blocks of the SARS-Cov-2 spike
protein. Moreover, with its three functional
groups (amino, thiol and carboxyl), cysteine al-
lows for clear distinction of specific interactions
with the surface during adsorption. The adsorp-
tion of cysteine on Cu and bare TiO; single crys-
tals has been studied. On Cu, it has been re-
ported that cysteine interacts through its amine
group, the deprotonated thiol group, and the dis-
sociated sulfur group [26, 29]. On TiOs2, cys-
teine is known to interact through the carboxyl
group and the thiol group, however, several stud-
ies report dissociative adsorption through depro-
tonation of the thiol group [2]. Our recent
study combined density functional theory (DFT)
with infrared reflection-absorption spectroscopy
(IRRAS) and XPS to provide a detailed atom-
istic picture of cysteine adsorption. The results
show that cysteine can adsorb on the surface
in four distinct geometries, differing in molec-
ular orientation and binding motifs. Notably,
this study also identifies the presence of cystine
dimers (two cysteine molecules that are bonded
by an S=S bridge), indicating that dimerization

via disulfide bond formation can occur alongside
molecular adsorption [5]. A similar study was
done for the adsorption of cysteine on anatase
TiO2(101) [4]. It was found that cysteine ad-
sorbs primarily in bidentate modes coordinated
over Ti atoms: either adsorbing with the de-
protonated carboxyl group oxygen (COO™) and
the amino group (NHs), or adsorbing with thiol
group (S-H) and amino group (NHz). In the lat-
ter case, the carboxyl group is found to stay pro-
tonated. In contrast to the findings on pristine
rutile, protonated amino groups are only a minor
contribution. Here, we investigate the adsorp-
tion of cysteine on a model system consisting of
Cu (-oxide) NPs supported on single crystalline
anatase TiO2(101). This approach enables us
to disentangle and distinguish the interaction of
the amino acid with both the Cu species and
the oxide substrate, in analogy to a recent re-
port on cysteine adsorption on pristine anatase

TiO4(101) [4].

2 Results

For the investigation of Cu NPs on anatase
TiO2(101) single crystals, Cu was deposited by
thermal evaporation in an ultra-high vacuum
(UHV) chamber with a base pressure of 10710
mbar [56]. To achieve different growth condi-
tions, the substrate temperature during growth
was varied for different samples. Oxidation of
the NPs was achieved either by flooding a UHV
chamber with molecular oxygen or by exposing
the samples to air. The interaction with cys-
teine was investigated by gas-phase adsorption
with IRRAS and by XPS. The experiments were
performed in three different steps: 1) growth of
Cu NPs, 2) their oxidation, and 3) the (photo-
)catalytic interaction with cysteine. After the
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Table 1: Sample Overview: Coverages and particle
sizes are acquired via SEM once the samples had
reached a stable ozidation state after several months
at ambient conditions. Further details are provided
in the SI, see Figures S1 to S4. For sample D, SEM
images do not resolve particles. The coverage is es-
timated based on comparison to the other samples’
growth conditions. The samples names are catego-
rized in terms of the substrate temperature during Cu
growth: A’ for 400 °C growth, B’ for 100 °C growth,
'C’ for 200 °C growth and ’D’ for 20 °C growth.
Samples with the same growth temperature are dis-
tinguished by a separate number.

Growth Coverage NP
Sample | Temp. (%] diameter
°C] o]
Al 400 29 £ 2 21.6 + 7.3
A2 400 52+ 9 22.9 £ 10.7
A3 400 16 £5 22.0 £ 5.0
B1 100 12+ 2 13.8 £ 5.8
B2 100 31+5 7.9 + 4.6
B3 100 42 + 8 11.0 £ 4.3
C 200 64 +4 | 21.7 £ 10.0
D 20 30 £ 20 | not resolved

experiments, the samples were characterized us-
ing SEM. The resulting coverage and NP diam-
eters are represented in Table 1. Notably, the
samples were fully oxidized at the time the SEM
images were taken (they were stored at ambient
conditions for months). Based on the substrate
temperature during Cu growth, the samples are
categorized as: "A’ for 400 °C growth, 'B’ for 100
°C growth, ’C’ for 200 °C growth and D’ for 20
°C growth, and are subsequently numbered.

2.1 Cu NPs Structure:
Shape

Epitaxy and

From a detailed analysis of XRD patterns, the
epitaxy, average size and the average shape of

the NPs can be determined. Samples Al and Bl
were investigated with HEXRD, samples A2, B2
and C were investigated with GIXRD.

Samples Al and Bl were measured by
HEXRD with a 2D detector directly after
growth, experiencing only 4 hours of exposure to
air prior the measurement. To elucidate the NP
epitaxy, in-plane rocking scans over 180° were
performed in grazing incidence geometry. The
results for sample Al can be seen in Figure 1
and Table S1, as well as in Figures S5 to S7.
The Cu NPs are grown in a tilted epitaxy, align-
ing the Cu[100] direction with an angle of 8° +
0.5° to the TiO2[100] axis, see Figure 1. This
can be described as Cu[470]||TiO2(101). From
the positions of the Cu Bragg peaks relative to
the TiOy substrate, the in-plane NP epitaxy is
determined to be Cu[001]||TiO2[010]. This re-
sults in an in-plane lattice mismatch of 4.4%
(along TiO2[010], the lattice constant is 3.78
A [7] and the lattice constant of Cu is 3.62 A [6]).
Along the the TiO2[101] direction, the specific
tilt of Cu with respect to TiOg can be explained
by row-matching: The projected lengths of 2.5
times the Cu lattice constant (along Cu[010],
2.5 x 3.62 A/cos30° = 10.45 A) is very close
to the projected distance of the TiOs along
TiO5[100] (9.50 A/cos22° = 10.24 A), result-
ing in a mismatch of only 1.9 %. Similar effects
have been seen for Ni on Yttria stabilized zirco-
nia [63]. Similar effects have been seen for Ni on
Yttria stabilized zirconia [63].

The NP sizes were calculated via Scherrer’s
formula for different Bragg peaks (see Table S1).
The resulting sizes were used to propose a parti-
cle shape based on the sizes along different direc-
tions, see Figure 1 ¢). The same scans were per-
formed for sample B1, but no sign of epitaxial Cu
was found, see Figures S5 and S7. The signals
seen in the scans for sample Bl are all related



to substrate defects and background (e.g. from
scattering from the central beam-block). While
XPS confirms the presence of Cu (see Figure 4
and the oxidation discussion later), and SEM
clearly demonstrates particle formation (see Fig-
ure S3), HEXRD analysis indicates the absence
of epitaxial Cu-related reflections. In combina-
tion, this leads to the conclusion that the NPs
are polycrystalline with small enough grain sizes
to not be resolved by HEXRD.

To further investigate the epitaxy and growth,
we performed in-situ GIXRD on samples A2 and
B2 and C. To elucidate the epitaxy, in-plane
rocking scans were performed over a range of
190 ° to detect Cu(111), Cu(200) and Cu(220)
planes. The results can be seen in Figures S8
to S10. Sample A2 was found to contain
nanoparticles with Cu[111], Cu[100], Cu[110]
and Cu[112] orientation in addition to the [470]-
oriented NPs, see Figures S8 to S10. By compar-
ing the integrated Bragg peak intensities from
the different NP orientations with strongest in-
tensity ([470], [111] and [100]), their relative cov-
erage is determined, see Figure S14 and table S2
and SI (Equations (2) to (4)) for details. It is
found that about 54% =+ 5% of the Cu is [470]-
oriented, roughly 28% =+ 5% is [111]-oriented and
18% =+ 5% is [100]-oriented. This is in contrast to
the HEXRD measurements of sample A1, where
only [470]-oriented particles were found. As both
samples A1 and A2 were grown at the same con-
ditions and feature particles of similar size, it
would be expected to also find the same NP epi-
taxies. As coverage is the main differentiator of
the samples, it can be assumed that all minor
epitaxies only form at high coverages (of about
50 %).

By comparing the in-plane rocking scans of
sample A2 and C it becomes apparent that
both feature the same epitaxies, see Figures S11

Table 2: Calculated percentage of the different Cu ori-
entations (out-of-plane orientations) for sample A2.
The values were determined by comparing in-plane
rocking scan peak areas, see Figure S14 and table S2.

[470] | [100] | [111]
54+6 | 18+£2 |28 + 3

Orientation
Percentage

to S13. In contrast, sample B2 only features a
very weak signal from Cu[470]. This is in line
with the HEXRD measurements for samples Bl
(which was also grown at 100 °C), which featured
no diffraction signal of Cu. The GIXRD finding
thus confirm the polycrystalline nature of the Cu
NPs grown at 100 °C.

For sample C, radial scans were conducted to
determine the sizes of the NPs with different epi-
taxial orientations. It is found that the [470]-
oriented particles exhibit an avarage diameter of
8.7 nm, which is smaller than that of Cu(100),
9 nm and Cu(111), 11 nm, as shown in Figure 2.
Compared with SEM (see Table 1), which show
a mean NP size of 7.9 nm. These results suggest
that the [470] orientation is the main epitaxy, in
line with the XRD results.

2.2 Cu NP Oxidation

The oxidation of sample C was studied in de-
tail by GIXRD. The oxidation was performed
by flooding the UHV growth chamber with 1 bar
Og at room temperature. Radial scans through
the Cu(200) and Cu(220) peaks belonging to the
[470]-, [111]- and [100]-oriented particles were
performed. The resulting NP size changes can
be seen in Figure 2. The oxidation kinetic is
similar for all of epitaxies: After 60 minutes ex-
posure to oxygen the NP diameters decrease by
1-2 nm, but further 60 minutes exposure to Oo
does not change the NP size anymore. The small
increase in size seen in Figure 2 after 120 minutes
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Figure 1: a) HEXRD measurement of sample Al depicting the HL map TiO2(101), measured after the
sample was exposed to ambient conditions for about 4 hours. The Bragg peaks belonging to the Cu NPs are
marked, as well as the TiO2(100) direction. The image is a sum of 500 individual images taken £5° along
the TiO2[010] azis (with the TiO2[101] surface normal). b) Schematic depiction of the Cu NPs based on
sizes calculated for different Bragg peaks, see Table S1. The calculated NP sizes along different Bragg peaks
were used to generate a schematic view of the NP. The NP dimension (number of atoms) was scaled down by
a factor of 10. ¢) Proposed particle shape based on sizes calculated for different Bragg peaks (see Table S1).
The different facet types are color labeled: red is [111]-type, blue is [110]-type and purple is [100]-type. They
correspond to the Bragg peak that was used to calculate the NP size in the specific direction. The model does

not represent the actual facets, but only the general shape of the NPs.




exposure to oxygen is within the error bars of its
size after 60 minutes oxidation, thus a constant
size can be assumed.

The oxidation of sample Al was studied by
repeating the HEXRD measurements (initially
done after 4 hours exposure to air) for a second
time after 11 days of exposure to air (264 h total
exposure). The resulting average NP diameters
calculated from the Bragg peak widths can be
found in Table S1 and Figure 2. It can be seen
that only minor changes in nanoparticle size oc-
cure after 264 hours of air exposure. Notably, the
sizes calculated from the (111) and the (111) re-
flections decrease, whereas the size derived from
the (111) reflection remains unchanged. Due
to the [470]-particle orientation, the directions
are not symmetric. As illustrated by the model
in Figure 1 b) and c), the (111) facet is small
and almost vertical to the substrate, whereas the
(111) and the (111) facets are larger and more
parallel to the substrate. Therefore, it can be
assumed that the top of the NPs is more readily
oxidized than the sides.

Both in the HEXRD data after 4 hours as well
as after 264 hours, CuaO(111) Bragg peaks from
epitaxial CusO are found, see Figure 3: The ox-
ide has the same orientation as the metallic Cu,
seen by the radial alignment of the CuyO(111)
peak with the Cu(111) peak. As it will be
discussed later with XPS data, it is assumed
that core-shell particles of Cu/Cuz0 are formed.
The size of the oxide NPs is calculated to be
10.4 £ 2.9 nm after 4 h and 10.8 &+ 2.8 nm af-
ter 264 h exposure to air. This size reflects the
average size for pure CusO NPs as well as for
Cu/Cuz0 core-shell particles. The oxidation is
further studied by comparing the ratio of the ox-
ide peak and the metallic Cu peak areas, see Fig-
ure 3. It is found that the ratio of Cu oxide/Cu
increases after 264 hours oxidation compared to

4 hours oxidation, indicating an ongoing oxida-
tion. As the average particle size barely changes,
this highlights that small particles oxidize faster,
changing the NP ensemble such that the average
diameter does not change.

To evaluate the chemical state of the samples,
XPS was employed on sample Al and Bl after
the HEXRD measurements. The resulting Cu
2p spectra can be seen in Figure 4, details on
the fitting can be found in Table S7: Both sam-
ples feature CuO as well as CupO. The amount
of Cu found either as CuO or as Cu and CuzO
can be determined by fitting the 2p3/, peaks, re-
sulting in percentages relative to all available Cu
signal. Due to the peak structure, Cu and CuzO
can not be distinguished. Sample Al features
4145 % CuO, sample Bl contains of 5445 %
CuO, indicating that the smaller NPs of sample
B1 either feature a faster oxidation kinetic or
evolve towards a different end-state of the oxide.

UV-Vis To investigate the interaction with
visible light directly, UV visible reflectance spec-
tra (UV-Vis) were taken for samples Al, A2,
B2 and C (as well as for clean anatase as ref-
erence), after about 6-8 months of exposure to
air, see Figure 5. Samples Al and B2 exhibit
no features that would distinguish them from
clean anatase. Sample C features a very broad
peak, between 600 nm and 1000 nm. In com-
parison with literature [9, 15, 46, 34] this is con-
sistent with localized surface plasmon resonances
(LSPR) from metallic Cu cores of Cu / Cu-oxide
core / shell NPs. The broad feature indicates
a non-homogeneous size distribution and partial
oxidation. Sample A2 has a smaller peak around
450 nm. This can be attributed to CusO exci-
tons, as seen in literature [52, 19, 50]. The UV-
Vis measurements were complemented with XPS
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Figure 5: UV-Vis reflectance data for the different
samples.

measurements of the samples oxidation state ei-
ther in the month before or on the months after
the UV-Vis measurements. The results can be
seen in Figure S18 and Table S8. Within the
probing depths of the XPS (3-5 nm), sample Al

features the highest amounts of either metallic
Cu or Cus0, about 64%. The other samples all
feature close to 70% CuO. Considering that sam-
ple Al and A2 are very similar and sample Al
even features less CuQ, it is not obvious why only
sample A2 exhibits the CuoO exciton. Both sam-
ples were grown and oxidized under similar con-
ditions and feature similar results in SEM analy-
sis. The main differentiator is the lower coverage
for sample Al. This could cause a loss of signal
intensity, meaning that a possible CusO peak
for sample Al is lost in the background. Sim-
ilar reasoning can be applied to the plasmonic
resonance of sample C, which also features the
highest coverage of all samples (see Table 1). In
combination with particles of the same size as for
sample Al and A2, this may lead to detectable
plasmonic resonances from metallic Cu cores.

2.3 Cysteine Adsorption, Dark, and
Light-Induced Degradation

Amino acids, as the fundamental building blocks
of organic matter, serve as important model sys-
tems for investigating the interactions of organic
compounds with metal-oxide surfaces. Cysteine
in particular is known to be abundant in the
SARS-CoV-2 spike protein, which is relevant for
the infectiousness of the virus.

Adsorption: IRRAS & XPS To investigate
the interaction between cysteine and the Cu(-
oxide)/TiO9 system, we employed IRRAS and
XPS. Samples A3, B3 and D were used to study
the adsorption with IRRAS and XPS and sam-
ples A2 and B2 were used to study the N1s spec-
tra in detail with XPS. Samples B3 and D were
oxidized for 2 h in 1 bar Oy at room tempera-
ture, whereas sample A3 was not exposed to air
prior to cysteine adsorption. Samples A2 and B2
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were exposed to air for several weeks before cys-
teine adsorption. Cysteine was evaporated onto
the samples by evaporation in an UHV chamber.

An overview of the samples’ state before cys-
teine exposure can be seen in Figure 7, incor-
porating the NP characterization measurements
from above as well as XPS measurements either
directly before adsorption or directly after ad-
sorption (see Figure S19 and Table S10). It is
known that sample A2 features epitaxial core-
shell particles of oxide and metallic Cu and does
not have CuO. Sample A3 is metallic before cys-
teine deposition and both A2 as well as A3 fea-
ture epitaxial NPs of about 20 nm diameter.
Samples B2, B3 and D feature polycrystalline
NPs with a roughly 50/50 mixture of CugO and
CuO and diameters of 7-12 nm.

The IRRAS results for cysteine adsorption on
samples A3, B3, D and a clean anatase crys-
tal can be seen in Figures 6 and S21. All mea-
surements were performed at room temperature.
After dosing 100 L cysteine, several bands are
found: The symmetric and asymmetric stretch-
ing vibration of COO™ are seen at 1366 and 1575
cm™! for all samples. A signal from a proto-
nated carboxyl group is only detected on sample
A3 at 1740 ecm~!. At 1513 and 1610 cm™! the
symmetric and asymmetric bending vibrations
of NHj is found on samples A3 and D, whereas
the NHjy stretching band is only found for sam-
ple A3 (at 1539 cm™!). Surprisingly, a strong
vibrational band is found at 2208 cm ™! for sam-
ple B3 and D. This wavenumber is characteris-
tic for the C=N stretching vibration of nitrile.
No S-H stretching band was detected, but this
may be caused by the low intensity of this vi-
bration. The IRRAS results show that the cys-
teine molecules predominantly adsorb with their
deprotonated carboxyl end-group. Furthermore,
samples B3 and D feature significant amounts
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of nitrile signal. After dosing 550 L cysteine, the
NH; band increases significantly for all samples.
Additionally, the NHs signal and the CHy band
also increase. Similar effects have been reported
for the adsorption of amino acids on metallic Cu
single crystals when going from lower to higher
coverages [26, 28, 29]. Two recent studies on
cysteine adsorption on clean rutile and anatase
highlighted that on anatase, vibrational signals
associated with C=0 and NHs groups dominate
over those of COO™ and NH;, while the oppo-
site behavior is observed on rutile [5, 4].

Here, on the Cu oxide/TiOy system, how-
ever, we observe a mixture of both contribu-
tions: Weak signals from from NHJ and C=0
and a strong COO™ band. This means that the
molecules most likely adsorb with the deproto-
nated carboxyl group on the copper atoms. The
lack of a strong NHy band and the appearance
of a nitrile signal indicate that the amino group
is also interacting with the NPs, and that at
least some cysteine molecules are fractured to
create nitrile. In combination, this implies that
cysteine preferentially binds to the Cu nanopar-
ticles, leaving minimal contribution from direct
adsorption on the TiO4 surface.

After the adsorption of cysteine for the IRRAS
measurements, the samples were transferred via
UHYV to the XPS setup.

The S 2p spectra for the clean reference show
two different S 2p3/, peaks (see Figure S28
and Table S13) at 161.5 eV and at 163.7 eV. In
accordance with literature [5], these peaks are
attributed to intact thiol groups (R-S-H, 163.7
eV) and to sulfur adsorbed on Ti (R-S-Ti, 161.5
eV). For the Cu NP samples, cysteine adsorp-
tion leads to distinct changes in the core level
spectra. In sample B3 in Figure 8, a new peak
emerges at 167.1 eV. Although, the features be-
tween 165 eV and 160 eV appear similar to those
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Figure 7: Ouverview of the samples used for cysteine dosing. The SEM images are 500 nm by 500 nm in size.
The drawings represent the different oxidation state (colors) and the polycrystalline or epitaxial state (round
shape or angular shape). Detailed information about coverage and particle size can be found in Table 1 and
in Table S10 and Figure S19.
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cysteine adsorption.

observed for bare TiOg, they can not be ac-
curately described using the same fitting func-
tions. Further details of the fitting parameters
are provided in the supporting information (Fig-
ure S20). Within the resolution limits, contribu-
tions from S-H and Ti-S species are plausible;
however, the dominant feature of the peak is at-
tributed to a new doublet with the S 2p3/, com-
ponent located at 162.3 eV. For the adsorption
of amino acids on single crystalline copper, the
core level region between 161.8 eV to 162.8 eV
is commonly assigned to the interaction of a de-
protonated thiol group (thiolate) with Cu atoms
(R-S-Cu) [59, 38, 29, 28]. In contrast, a fully
dissociated (atomic) sulfur atom bound to Cu
would be expected at a lower binding energy of
approximately 161 eV. Hence, the present peak
is best described as arising from a deprotonated
thiol group and still remaining part of the intact
cysteine molecule adsorbed to Cu, rather than
isolated sulfur atoms. The weak peak at 167.1

The envelope is orange. b) The N1s spectrum after

eV can be attributed to oxidized forms of sulfur.
Due to the large FWHM, the best explanation
for this peak is a combination of different oxi-
dation states SO, (typically fully oxidized sul-
fate is attributed to binding energies of 168 eV
and partial oxidation between 165 eV and 167
eV [22, 4]). Notably, this feature has not been
seen for cysteine adsorption on bare anatase and
only appears after photocatalytic reaction under
UV irradiation in air, following photo-oxidation
of cysteine [4]. Sample D exhibits the same fea-
tures in the S 2p peak after cysteine adsorption
as sample B3, with a blue shift in binding energy
up to 0.5 eV, which is considered to be due to
broad peak shapes and slightly different chemical
environments. Sample A3 shows a different be-
havior. While the S-Cu peak remain unchanged,
no oxide-related peak is observed between 166 eV
and 169 eV. Instead, a feature at 164.4 eV is de-
tected, attributed to protonated sulfur (R-S-H)
(see Table S12), similar to the bare anatase sam-
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ple. Since sample A3 was not oxidized prior to
cysteine dosing, this behavior can be explained
by the limited availability of oxygen for cysteine
oxidation via sulfur group. As a result, the sur-
face is characterized by a mixture of S-Cu and
protonated thiol groups (R-S-H). The O 1s and
C 1s spectra are provided in the SI, while they
are not discussed in detail. These data comple-
ment the analysis but due to overlapping contri-
butions from Cu oxide, TiOq lattice and carboxyl
group for O 1s, as well as carbon contamination
arising from NP oxidation prior to cysteine dos-
ing, they do not allow for a clear, independent
interpretation of the adsorption and photocat-
alytic processes.

A comparison between the Cu 2p spectra be-
fore and after cysteine adsorption reveals a re-
duction of CuO to Cu and CuyO for sample B3
and D, visible in the decrease of the CuO satel-
lite, see Figure S29 and Figure S31. Similar ef-
fects have been reported for the adsorption of
organics with thiol groups on CuO surfaces [64,
8]. On the reduced surface, thiols form Cu-S
bonds, forming self-assembled monolayers. The
subsequent formation of sulfur dimers is also re-
ported [64]; however, no corresponding dimer-
related peaks are observed in the present data.
As sample A3 was not oxidized prior to cys-
teine adsorption, no reduction can be observed
(see Figure S30).

Taken with a laboratory XPS source, the N 1s
spectra of samples A3, B3 and D do not feature
a good peak-to-noise ratio and do not allow for
a full characterization. To investigate the N 1s
core level, cysteine was dosed on samples A2, B2
and a clean anatase substrate and their spectra
were taken with synchrotron radiation at high
energy XPS beamline P22 at PETRA III (details
are found in the SI/Methods section). The re-
sulting N 1s spectra can be seen in Figure 8. The

clean substrate features only one peak at 399.9
eV, which can be attributed to neutral NHy [14,
23, 26, 28, 29, 38, 59]. Notably, a NH§L peak at
about 402 eV is missing, in line with recent re-
ports about cysteine adsorption on bare anatase
and rutile [5, 4]. Both sample B2 and A2 feature
a peak at 399.8 eV, assigned to NHy by com-
parison with the bare anatase. Furthermore, a
new peak at 398.4 eV is found and sample B2
features an additional peak at 397.1 eV. An XP
peak at 397 eV has been reported as atomic ni-
trogen impurity for the adsorption of cysteine on
Cu [26]. Considering the cleaning of the crystals
in HNOg before sputtering and annealing, a con-
tribution from such a bulk nitrogen contamina-
tion can not be ruled out. On the other hand, XP
peaks between 398 eV and 398.6 eV have been
reported for unsaturated nitrogen compounds,
usually a C=N double bond [14], and a peak at
397.7 eV was reported as a decomposition prod-
uct of glycine on Cu [13]. Additionally, a similar
peak at 398 eV was reported for alanine on Cu
after annealing [25], thus also being related to
amino acid decomposition. The lack of the sig-
nal at 397 eV for sample A2 can be related to
variations in particle size and oxidation state, as
sample B2 features much smaller NPs than sam-
ple A2, see Table 1. Overall, we assume that
the N 1s peaks at 398.5 eV and 397.3 eV are re-
lated to cysteine decomposition products, as this
would correlate with the nitrile signal observed
in IRRAS. This further confirms a higher degree
of cysteine decomposition on Cu/TiOy compared
to bare anatase TiOq, indicating that Cu/TiOq
is a more efficient catalyst for amino acid decom-
position.

In combination, the IRRAS and the XPS re-
sults show that cysteine adsorbs dissociatively
on the Cu oxide NPs: The presence of a nitrile
band in IRRAS as well as the XP peak from
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amino group decomposition products reveal a
strong interaction between the amino group and
the copper NPs. The absence of an IR band
associated with the S-H vibration for oxidized
NPs, together with S 2p peaks shifted relative to
those observed for intact cysteine adsorption on
pristine anatase, indicates that most thiol groups
are deprotonated and preferentially adsorbed on
Cu atoms rather than on TiOg, thereby inducing
partial reduction of copper NPs.

These findings can be compared to the adsorp-
tion of cysteine on clean anatase single crystals
as reported in [4]. It was found that the N 1s core
level spectrum is mostly comprised of NHy with
only minor NHJ contribution. The S 2p spec-
tra contain both Ti-S and S-H contributions. In
contrast, the N 1s features two additional lower
binding energy peaks in the Cu NPs system, re-
lated to the degradation of cysteine, as well as
an additional higher energy S 2p peak, corre-
sponding to oxidized sulfur. In combination, this
means that cysteine degrades upon adsorption
on the Cu NP system, whereas on the pure TiO,
single crystal the adsorption leaves the molecule
intact and only UV irradiation can denature it.

Photocatalysis To investigate the photocat-
alytic properties of the system, samples A3,
B3, D and a pristine anatase TiO3(101) crystal
(without Cu NPs) were exposed to air and light
after the cysteine adsorption. This was done by
exposing them to four steps of ambient condi-
tions, each for 30 minutes: without light (dark),
with a broadband white LED (450 nm to 800
nm with UV cutoff filter), with UV-A (365 nm)
and again with the LED. The XP S 2p spec-
tra were monitored for changes. For the pristine
anatase TiOg crystal, the S 2p, O 1s and C 1s
spectra can be seen in Figures S25, S28 and S35.

As discussed above, upon adsorption cysteine is
present both in form of intact thiol groups (R-
S-H, 163.7 eV) as well as in a Ti-bound state
(R-S-Ti, 161.5 eV). After the first ambient expo-
sure (in dark conditions), the Ti-bound cysteine
species desorbs completely, and a peak corre-
sponding to oxidized sulfur appears at 167.4 eV.
Subsequent exposure to LED light does not lead
to significant changes in the spectra. Upon UV
light irradiation, the peaks for S-H vanish and
the oxide peak shifts to 168.4 eV. As described
recently [4], this behavior is explained by the
UV-induced oxidation of the thiol group.

For the Cu NP samples, the full spectra for
the S 2p evolution can be seen in SI (Figures S26
and S27), as well as the C 1s, O 1s and Cu 2p
spectra ( Figures S22 to S24 and S29 to S34).
The S 2p spectra for sample B3 can be seen
in Figure 9: Upon exposure to ambient condi-
tions, the oxide contribution increases over time
(see Figure 10 for a comparison of the oxide ar-
eas of all samples). It is at 19% of the total
peak area directly after adsorption (before ex-
posure to air), rising to 61% oxide peak after all
exposure steps. The same behavior is seen for
sample D. Samples B3 and D exhibit an approx-
imately linear increase in oxidized sulfur with
ambient exposure time (see Figure 10), indicat-
ing that sulfur oxidation proceeds independently
of light. Sample A3 features a different initial
behavior, starting from protonated thiol groups
and without detectable copper oxide after dosing
cysteine. Sulfur oxide species become detectable
after exposure to white light. At the same time,
the Cu 2p spectrum clearly shows a CuO signal
in Cu 2p core level (Figure S30). These results
suggest that the presence of surface oxide is re-
quired to activate sulfur oxidation under these
conditions.

Comparing the relative amount of SO, for the
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Cu NP samples with the bare anatase sample, we
see that the oxidized NPs result in oxidized sul-
fur upon adsorption. For pristine anatase, about
half of the sulfur is oxidized after the first am-
bient exposure in dark and this does not change
with LED exposure. At the same time, the Cu
samples have less oxidized sulfur, but the per-
centage increases with each step. Upon UV light
exposure, all sulfur is oxidized on the bare TiO,
whereas the Cu NP samples continue to oxdize
the thiol groups almost linearly with time. In
contrast to our previous report on the photo-
catalytic degradation of cysteine on an anatase
single-crystal surface [4], complete oxidation of
sulfur is not observed for the Cu NP samples.
The Cu 2p core level peak of all samples shows
Cu oxidation to CuO upon ambient exposure, as
expected for Cu, see SI Figures 529 to S31. The
Cls spectra show no changes after light treat-
ment and ambient exposure (see Figures S22
to S25). In our recent publication on anatase
TiO2 [4], it was shown that the thiol group of
cysteine undergoes stepwise oxidation under UV
irradiation to sulfonic acid (-SOzH), via the in-

termediates sulfinic acid (-SO2H) and sulfenic
acid (-SOH). In contrast, the present Cu NP sys-
tem already induces partial oxidation of the thiol
group upon cysteine adsorption. Further oxida-
tion of the thiol group is seen upon ambient ex-
posure, independent of illumination conditions.
On the other hand, the Cu NP system does not
oxidize all sulfur, but only up to 60 %. This
can be related to the strong interaction of the
thiol group with copper: About half of the cys-
teine molecules is either adsorbed with the thiol
group or has a dissociated thiol group. These
sulfur atoms will not oxidize further. Although
the sulfur atoms do not undergo further oxida-
tion, this level of transformation can already de-
nature sulfur-containing viral structures even in
the dark. The dissociation of cysteine alone in-
dicates that the molecule is no longer intact in
its native form. The other half of the molecules,
adsorbed with the carboxylic group, can undergo
oxidation similar to our observations on the pris-
tine anatase system.

3 Discussion & Conclusion

We investigated the growth and oxidation
of Cu NPs on anatase TiO2(101) single
crystals. The main epitaxy of Cu is
found to be Cu[100]||TiO2[010] in-plane and
Cu[470]||TiO2(101) out-of-plane, similar to re-
ports of Cu growth on vicinal ZnO [17]. More-
over, the presence of several minor NP orien-
tations was identified, including Cu[l111] and
Cu[200]. This is significantly different to Cu
growth on rutile, where Cu[111] is reported to be
the main out-of-plain orientation [12]. The de-
pendence of the Cu growth on the substrate tem-
perature revealed that at 100 °C, only polycrys-
talline Cu NPs are formed, indicated by the lack
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of diffraction signal from Cu. In contrast, sam-
ples grown at 200 °C and 400 °C feature epitaxial
NPs. This is in contrast to the findings on rutile,
where the epitaxial Cu with (111) orientation
can already be formed at 100 °C[12]. The oxi-
dation of the NPs proceeds relatively fast within
the first hour of exposure to air or ambient pres-
sure oxygen, leading to a significant reduction in
the Cu NP size as measured by XRD. However,
this process slows down afterwards, indicating no
further changes in the average Cu size observed
during the second hour of oxidation. As the in-
tensity of the Cu peaks continues to decrease,
while the average particle diameter remains rel-
atively stable, it can be concluded that small Cu
NPs in the ensemble of differently sized particles
oxidize faster than larger ones. On the timescale
of a week, Cu NPs oxidize further and the ra-
tio of CusO to Cu changes from 0.38 to 0.49,
determined by the intensity of the correspond-
ing Cu(111) and CuyO(111) Bragg peaks. CusO
is found to grow epitaxially, suggesting that the
NPs develop an oxide shell that preserves the
same epitaxy as the underlying Cu NP core it-
self. After several months of storage in air, the
sample featuring the highest Cu coverage is still
found to exhibit plasmonic resonances originat-
ing from a metallic Cu cores, indicating resis-
tance to complete oxidation. This was not the
case for samples grown at 400 °C, even though
average particle size and coverage were similar.
These differences highlight the importance of the
growth conditions on the final oxidation state of
the sample. No epitaxial CuO is found on any
sample; however, CuO formation is confirmed in
Cu 2p core level spectrum, in particular through
the presence of Cu! satellite features, indicat-
ing a polycrystalline CuO phase. The amount of
CuO depends on the growth temperature and O2
pressure: The higher the growth temperature,

the larger the NPs become and the less CuO
(and the more Cuy0) is formed upon oxidation.
Additionally, at a low Cu growth temperature
of 100 °C, no epitaxial Cu was observed in X-
ray diffraction. In combination with the higher
amount of CuO seen in XPS (compared to sam-
ples grown at 400 °C) it can be assumed that
the polycrystalline Cu is more readily oxidized to
CuO, whereas epitaxial NPs preferentially form
Cug0 (see Figure 3).

We investigated the adsorption of the amino
acid cysteine on the Cu(oxide) nanoparticle
on TiO2(101) with XPS and IRRAS. Cysteine
was found to adsorb exclusively with deproto-
nated carboxyl group and protonated and amino
group. The Cu oxide NPs were reduced by the
cysteine adsorption, indicating an interaction be-
tween the thiol group and the CuO that results
in a Cu-S bond. Both IRRAS and XPS reveal
strong signs of decomposition of cysteine upon
adsorption for all samples: A nitrile signal is
found in the IRRAS spectra, the XPS N 1s spec-
trum include signals from reduced nitrogen and
the S 2p spectrum showed denatured sulfur. In
combination, this suggests that cysteine can ad-
sorb in two different configurations: either with
the thiol group interacting with Cu atoms, indi-
cated by a Cu-S bond, or by adsorption via the
carboxyl group. These findings can be compared
to our recent study of the adsorption of cysteine
on single crystalline anatase TiO2[101] [4]: there,
cysteine was found to adsorb either in molecu-
lar state with the thiol and amino group or with
deprotonated carboxyl group by interaction of
carboxyl and thiol group with the five fold coor-
dinated Ti atoms. Additionally, photooxidation
of the cysteine under air and UV irradiation ox-
idized the thiol group. Comparing this to the
present results of the adsorption of cysteine on
the Cu/TiOg system reveals similarities in the
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absence of NH3*+ and the presence of a deproto-
nated carboxyl group. Thus, it can be assumed
that cysteine can partially adsorb on the TiO;
substrate. The differences can be found in the
Cu-S bond and the oxidized sulfur in the S 2p
spectra. The former indicates the binding of cys-
teine to Cu NPs. The latter is assumed to be
the start of the thiol group oxidation that was
seen in [4] during photo-oxidation and only un-
der UV irradiation. This process can occur di-
rectly upon adsorption on the Cu NPs, as the
formation of Cu-S bonds can promote the re-
duction of CuO to Cuz0 or metallic Cu, releas-
ing oxygen species that may facilitate the oxi-
dation of thiol groups not bound to Cu. This
is backed up by the fact that the sample with
only metallic Cu (no oxide) showed no sign of
sulfur oxidation prior to air exposure, see Fig-
ure 8. The presence of the nitrile signal also
suggests that some cysteine molecules are bro-
ken upon adsorption, to form the nitrile bond.
The photocatalytic properties of the Cu/TiOq
system were probed by following the evolution of
core level spectra obtained by XPS after expo-
sure to ambient conditions in various light envi-
ronments. The S 2p signal revealed oxidation of
the sulfur upon ambient exposure, independent
of light conditions, for samples A3, B3 and D
with oxidized Cu. A fully oxidative transforma-
tion of the thiol group to sulfonic acid (SO3H)
upon UV light exposure has been reported for
TiO2(101) [4] and was also seen here by expos-
ing a pristine anatase TiO2(101) crystal to UV
light. No full oxidation of the sulfur is achieved
for the Cu NP samples, however, as parts of the
sulfur stay bound to Cu even after all oxidation
steps. This can be related to the differences in
adsorption configuration on Cu NPs compared
to the TiOg surface: The cysteine bound with
the thiol group to Cu will not undergo oxida-

tion, whereas cysteine that adsorbed on TiOg or
with a different adsorption orientation will be
oxidized.

In conclusion, this study demonstrates that
the Cu growth temperature can be used to con-
trol the resulting morphology and epitaxy, en-
abling either epitaxial NPs or highly dispersed
polycrystalline Cu. Furthermore, the oxidation
state of the NPs evolves only slowly after the
initial formation of an oxide layer, remaining
largely stable over timescales of up to seven days
in air. Additionally, it is found that the growth
temperature can be used to engineer NPs that
result in Cu/oxide - core/shell particles which
are stable on timescales of months.

Cysteine adsorbs either by forming Cu-S
bonds or via its deprotonated carboxyl group on
Cu(-oxide)/TiO2(101), similar to the adsorption
behavior on pure TiOy. In the presence of CuO,
parts of the cysteine are oxidized upon adsorp-
tion in UHV. In under ambient conditions, the
sulfur is further oxidized irrespective of light ex-
posure. This highlights the advantages of the
usage of Cu NPs on TiOs for the degradation of
organic matter over pure TiOs. It remains an
open question if the Cu-S bonds would be able
to break to free adsorption sites or if the system
would be in need of external cleaning.

4 Methods

All experiments were performed at DESY
NanoLab [56], PETRA III beamline P23
(proposal R-20240689), PETRA III beamline
P22 [54] (proposal R-20250686) and PETRA III
beamline PO7-DESY [53] (beamtime 11023950).
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4.1 Nanoparticle Growth

The nanoparticles were grown in a mobile UHV
chamber [44] with an electron beam evapora-
tor using a Cu rod at beamline P23 and in a
UHV chamber with an electron beam evapora-
tor using Cu in a Mo crucible at NanoLab. The
anatase TiO2(101) crystals were prepared pre-
pared in the NanoLab UHV system before Cu
growth and before being inserted into the mobile
UHV chamber. They were cleaned four times
in an ultrasonic bath; first in acetone, then in
ethanol, afterward in isopropyl, and finally in
deionized water and then introduced to a UHV
system. They were sputtered at 1kV accelera-
tion voltage and 10 mA emission in 10~% mbar
Ar and subsequently annealed first at 400 °C in
2.10~7 mbar Os for 10 minutes, then at 650 °C
in UHV for 15 minutes. The sputter/anneal cy-
cle was repeated five times. For use in the mo-
bile UHV chamber, the samples were degased
and sputter /annealed once after insertion. High-
purity oxygen (99.999%) was used for the sam-
ple preparation. Oxidation of the samples was
achieved either by exposure to air or by exposure
to molecular oxygen in a UHV chamber. For the
different samples, the oxidation was done differ-
ently:

o Sample Al, Bl, C were grown with a Cu
crucible evaporator, and were transported
through air to HEXRD or GISXRD mea-
surements, respectively.

o Samples A2 and B2 were grown in a mo-
bile UHV chamber with a Cu rod evapora-
tor and could be characterized by GIXRD
before exposure to oxygen.

e Samples A3, B3 and D were grown with a
Cu crucible evaporator and were used for

21

cysteine adsorption measurements. After
growth in UHV, samples B3 and D were ox-
idized at ambient conditions. Sample A3
was not oxidized before cysteine exposure.

4.2 X-Ray Diffraction Measurements

The XRD measurements at beamline P23 were
done at a photon energy of 18 keV in grazing-
incidence geometry. HEXRD measurements
were performed at the PETRA III beamline
P07 at 73.34 keV in a grazing incidence geom-
etry (0.03°) at a sample-detector distance of 1.5
m, employing a flat-panel pixel detector. Both
methods were used complementary to exploit the
high-resolution of the GIXRD and the full recip-
rocal space imaging of HEXRD.

4.3 XPS

X-ray photo-electron measurements were per-
formed at the dedicated HAXPES beamline
(P22) at Petra III, DESY [54] and at DESY
NanoLab [56]. At P22, a photon energy of
2.4 kV at an exit angle of 3° was employed.
At NanoLab, an Al K, source was used at
1.486 keV. Both setups employed hemispheri-
cal analyzer and all XPS spectra were fitted
with CasaXPS software [24] using a Shirley
background and a Gaussian-Lorentzian line pro-
file, employing the Marquardt fitting algorithm.
Peak position and FWHM were constrained, see
SI for details. All spectra are normalized to Ti
2p3/2 (at 458.7 eV)

4.4 SEM

SEM images were obtained in secondary electron
mode with a field emission instrument at an ac-
celerator voltage of 5 kV, providing a nominal
lateral resolution of 1.3 nm.



4.5 Cysteine Adsorption & Photo-
catalysis

Cysteine was dosed in UHV by heating cysteine
powder in a glass vial connected to a leak valve to
about 140 °C. For samples A3, B3 and D dosing
was done in the following steps in a chamber with
a base pressure of 10~2 mbar:

e 1L cysteine (2:10~% mbar, 66 s)

o +4 L cysteine (1-10~7 mbar, 53 s)

o +5 L cysteine (1-10~7 mbar, 66 s)

e +90 L cysteine (1-107% mbar, 60 s)
o +450 L cysteine (1-10~5 mbar, 60 s)

Samples A3 and B3 were exposed to cysteine in
a chamber with a base pressure of 1076 mbar.
Cysteine was dosed for 26 minutes at a pressure
of 1073 mbar.

The photocatalysis experiments were per-
formed by taking the samples with cysteine out
of UHV for 30 minutes and exposing them to
different light conditions:

e Dark conditions: The samples were put un-
der a light cover.

e LED: The samples were exposed to a white
broadband LED (ThorLabs MBB1L3, 470-
850 nm, 80 mW) with a 450 nm highpass fil-
ter under a cover to avoid influences of other
light sources. The lamp was positioned 10
cm above the sample.

e UV: The samples were exposed to a UV-A
lamp (365 nm, 6 W) under a cover to avoid
influences of other light sources. The lamp
was positioned 10 cm above the sample.

After the 30 minutes exposure, the samples were
put in UHV again.

4.6 UV-Vis

UV-Vis spectroscopy measurements
performed employing a xenon lamp for non-
polarized white light, an ORIEL-MS257
monochromator and a silicon photodetector.
The measurements were done in relfection mode
with an incidence angle of 10 °.

were
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Abstract

Copper and cpper oxide nanoparticles supported on TiOs are of
interest for various applications ranging from organic pollutant degra-
dation to photocatalytic virus inactivation. We investigated the ad-
sorption of cysteine amino acid via infrared reflection-absorption spec-
troscopy (IRRAS) and X-ray photoelectron spectroscopy (XPS) on five
different samples of Cu(-oxide) nanoparticles (NPs) supported on ru-
tile TiO2(110) single crystals. The NP morphologies, coverages, size
distribution and local composition are characterized by scanning elec-
tron microscopy (SEM) and scanning auger microscopy (SAM). We
find that different NP configurations in terms of coverage and oxida-
tion state lead to different adsorption behavior, ranging from almost
inactive surfaces to strong bonds between sulfur and copper (Cu-S).
Furthermore, the oxidation of the adsorbed thiol group is used as a
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measure of catalytic activity. The activity is tested in air under differ-
ent light exposures. Our results demonstrate that the activity is both
influenced by Cu coverage and oxidation state, with a high-coverage
CuO sample exhibiting the strongest catalytic properties.

1 Introduction

Copper and its oxides are well known for their antiviral and antibacterial
properties, more recently including the inactivation of SARS-CoV-2 [8, 19,
13]. The use of nanoparticles (NPs), compared to thin films, offers a higher
surface-to-volume ratio and enhances the surface reactivity. In particular,
combining Cu oxides with TiO9 has attracted significant interest due to their
higher activity, even under dark conditions. It has been shown that Cu oxide
on titanium oxide is photoactive in the visible light spectrum, deactivating
bacteria and degrading organic dyes [15, 16]. In 2022 it was shown that TiOq
decorated with Cu oxide particles effectively inactivate SARS-CoV-2 [17].
Remarkably, this system is active not only under visible light but also in
the dark, although with reduced efficiency compared to illumination. This
activity was attributed to changes in the oxidation state of Cu: A mixture
of Cu(I) and Cu(Il) was estimated to act as an ’electron storage’, being
able to either accept photo-electrons by locally reducing Cu(II) to Cu(I), or
giving them away by locally oxidizing C(I) to Cu(II). The combination of
activity under visible light and the availability of catalytic effects under dark
conditions makes this system very interesting for indoor self-disinfection
surfaces. To systematically study the self-cleaning and antiviral properties
of the Cu(-oxide)/TiOq system, well-defined model systems are required.
To understand the interaction of the nanoparticle system with virus and
bacteria, amino acids can be used as model system. Cysteine in particu-
lar is known to be one of the main building blocks of the spike protein in
SARS-Cov-2. Moreover, with its three functional groups (amino, thiol and
carboxyl), cysteine allows for clear distinction of specific interactions with
the surface during adsorption. The adsorption of cysteine on Cu and TiO2
single crystals has been studied before. On Cu, it has been reported that
cysteine interacts through its amine group, the deprotonated thiol group,
and also the deprotonated carboxyl group [11, 12, 14]. On TiO,, cysteine is
known to interact through the carboxyl and the thiol groups, though some
studies reported dissociative adsorption (deprotonation) of the thiol group
[1]. A recent study employed both DFT as well as IRRAS and XPS to get
a full atomistic understanding of the adsorption of intact cysteine on ru-
tile [3]. Different adsorption geometries were found: cysteine adsorbs with
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a deprotonated carboxyl group either via both oxygen atoms bridging two
Ti atoms or through a bridging configuration involving the carboxyl group
paired with either the amino or thiol group interacting with Ti. Moreover,
the presence of water molecules, even residual amounts in UHV, leads to
the stabilization of the zwitterionic state of cysteine (deprotonated carboxyl
group and protonated amino group). A similar study was conducted for the
adsorption of cysteine on anatase TiO2(101) [2]. In contrast to the adsorp-
tion on rutile, cysteine was found to favor adsorption with the amino group,
either in a bridging adsorption configuration via amino and sulfur groups,
or via the deprotonated carboxylic group and the amino group. Upon ex-
posure of the system to air and UV light, the thiol group of the cysteine is
stepwise oxidized to sulfonic acid (-SO3H), complete oxidation is reached af-
ter 30 minutes. Another study investigated the adsorption and degradation
of cysteine on Cu(-oxide) NPs supported on anatase TiO2(101) [7]. It was
found that cysteine adsorbs exclusively with deprotonated carboxyl group
and protonated amino group and that the Cu-oxide NPs were reduced upon
adsorption. Moreover, a fraction of the cysteine thiol groups is oxidized upon
adsorption and evidence for the decomposition of cysteine directly upon ad-
sorption is found. Following light and air exposure, it was observed that the
thiol group of cysteine is further oxidized, but also that no complete oxida-
tion of all thiol groups is achieved due to the strong Cu-S bond. Thus, the
adsorption and degradation of cysteine has been studied in detail on bare
anatase and rutile substrates, as well as on Cu NPs supported on anatase
TiOs. To complete the picture, the investigation of cysteine adsorption on
Cu NPs supported on rutile TiO5 is needed. This is particularly relevant,
as commonly used commercial TiOs powder for photocatalysis is typically
comprised of 25% rutile [5, 18]. Here, we aim to close this missing link and
adsorb cysteine on Cu (oxide) NPs on single crystalline rutile TiO2(110)
to elucidate the interaction of the amino acid with both the NPs and the
substrate.

2 Results

2.1 NP Characterization

Five different Cu/TiO3 samples and an additional TiO2(110) crystal without
NPs were investigated in total. An overview of the sample parameters can be
seen in Table 1 and the individual SEM images are found in Figures S1 to S4.
Samples C, D, and E feature homogeneous particle distributions across the
whole surface at a coverage close to 50 %, whereas samples A and B consist



Table 1: Comparison of the different samples. The coverage and mean di-
ameter were calculated from SEM. The relative Cu deposition is the amount
of Cu deposited initially, compared to the other samples. All samples were
ozidized under ambient conditions at various temperatures. The Cu(Il) per-
centage 1s calculated from XPS fits, see Figure S12. As the XPS probing
depth is limited to the first nanometers of the NPs, these percentages only
display the oxidation state of the outer layers.

Sample Coverage | NP diameter Relative ngliiggie Cu(II)

P (%] [nm] Cu Deposition I[)o Q] (%]
117 £ 37

A 7+3 6+ 3 1 200 75
59 + 24

B 9+ 7 16 4 6 1 800 100

C 42 + 8 4.7+ 2.6 1 20 63

D 55 £ 4 10.6 = 3.6 4 20 42

E 60 + 4 15.1 £5.3 5 200 71

of combinations of large and small NPs at coverages of roughly 10 %. A
comparison of the Cu oxidation states was done using XPS. The results can
be seen in Figure S12, Figure S41 and in Table 1. In the Cu 2p core level, it is
found that samples A, C and E feature both Cu(I) & Cu(0) as well as Cu(II).
CuO is dominant, making up about 70 % of the Cu 2p signal. Sample D
features only about 40 % Cu(II) and sample B consists exclusively of Cu(II).
From the Cu LMM spectra, which allow for distinguishing Cu(0) from Cu(I),
it is seen that sample D and sample E feature metallic Cu. Considering the
probing depths of about 3-5 nm for XPS, these results reflect the outer shell
and not the core of the NPs, as most NPs are larger than 5 nm.

For samples A and B, the annealing procedure at air might have caused
strong metal-support interaction (SMSI), leading to an overgrowth of the
Cu(-Oxide) NPs with TiOg [23]. To investigate this, scanning Auger mi-
croscopy (SAM) images were taken for sample A, see Figure 1. The line
scan reveals that all particles seen in SEM are Cu(-Oxide) NPs and that
there is no Ti on the NPs after annealing in air. Additionally, a compari-
son of individual Cu LMM spectra at different positions along the line scan
reveals that the NPs are all composed of the same oxide (see Figure S48).
This rules out SMSI effects for sample A. By analogy to sample A, it can be
assumed that the oxidation state of sample B is homogeneous too. For sam-
ples C, D, and E, survey spectra were taken, comparing larger and smaller
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Figure 1: SAM line scan through a representative NP of sample A. a) In-
tensity of the elements measured for the line scan. The distance is along the
line scan. b) SEM image of the line scan - the actual scan area is marked
red.

NPs, see Figures S49 to S51 . It can be seen that all NPs feature the same
elements, thus confirming the homogeneity of these samples.

2.2 Cysteine Adsorption

Cysteine was deposited on all samples via vapor exposure in the IRRAS UHV
chamber. The resulting IR spectra can be seen in Figure 2 and Figures S7
to S11, the band assignments in Table S1.

The TRRAS results are compared to our recent data obtained for the
adsorption of cysteine on clean rutile TiO2(110) in the same setup [3]. On
TiO2(110), a combination of strong IRRAS signals for a protonated amino
group (—NH:}f) was found, with the symmetric stretching vibration 4y, at
1513 cm ™! and the asymmetric stretching vibration §4s at 1610 cm™!. Ad-
ditionally, it was seen that the IR bands from the carboxyl group are related



intensity (arb.u.)

1
- ' 3CH,
[] 1
P 1550 Sample:
c=o /|7 —s
/| 1582 —E
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‘ Vasymcoo bare rutile from [3]
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Figure 2: IRRAS spectra of all samples after exposure to 190 L cysteine
at room temperature. Additionally, the spectrum for bare rutile TiOo(110)
(with 8 L cysteine dosed) reproduced from [3] is included (with permission).
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Figure 3: Comparison of the S 2ps3/3 area after cysteine adsorption, the
Cu NP coverage and the normalized amount of oxdized sulfur after all light
exposure steps. Details on the normalization can be found in the SI.

to a deprotonated state (-COO™), with the symmetric stretching band vy,
at 1363 cm~! and the asymmetric stretching band at 1585 cm™!. C=0
double bonds were only found for low coverage of cysteine.

In the present study, a rutile TiO2(110) crystal without NPs was mea-
sured in addition to the Cu/TiOg samples. In comparison to the experi-
ment conducted in [3], significantly more cysteine was dosed (190 L instead
of 8 L). Moreover, the crystal was exposed to high background pressure to
mimic contamination from air exposure, before dosing cysteine. The crystal
exhibits the same adsorption bands as reported in [3], but the NH;,r bands
are significantly weaker. This means that less zwitterionic cysteine exists.



Moreover, a strong C=0 band at 1718 cm™! is found, indicative of non-
dissociated adsorption of carboxyl groups. These differences compared to
the cysteine adsorption reported in [3] can be explained by partially hy-
droxylated surface caused by exposure to non-UHV pressures prior to cys-
teine dosing. As less adsorption sites are present, adsorption via the thiol
group (either R-S-Ti or R-S-H-O) may become sterically favored compared
to bridging configurations.

For sample A, only two bands are observed: the §CHy band at 1462 cm™!
and a strong ¥C=0 band at 1711 cm~!. The latter is very similar to the
C=0 stretching band observed on bare rutile without Cu NPs and is thus
similarly attributed to cysteine adsorption in monodentate configuration,
without interaction of the carboxyl group to the surface. Similar to the
C=0 found on the rutile sample, its existence can be explained by the
carbon contamination of the sample and thus the sterically favored upright
adsorption (all Cu NP samples were oxidized at air and feature carbon
contamination, see Figures S18 to S23). In contrast to the rutile crystal
without NPs, no other signal indicative of a different adsorption geometry
is found.

Sample B exhibits almost exactly the same adsorption bands as pristine
rutile in [3]. This indicates that Cu on the sample is not interacting with
cysteine. In contrast to sample A, this also means that the main adsorption
geometries are the ones described in [3], a deprotonated carboxyl group and
bridging adsorption of two of the functional groups to Ti atoms.

Sample C shows similar adsorption bands to those of sample B, but the
bands corresponding to NHE))Ir are much weaker and broader. Considering
the much higher Cu coverage of sample C compared with sample B, it can
be assumed that the interactions with the surface are the same as seen for
sample B, but the actual geometry leads to band broadening.

Sample E features no signal from NH, but both COO~ bands (Vsym at
1392 cm ™! and Vasym 1582 cm’l), as well as the C=0 band at 1710 cm ™!,
though the latter is much broader than it is for sample A. Again, this is
an indicator of adsorption of cysteine with protonated and intact carboxyl
group. In addition to these peaks, a new peak at 2208 cm ™! (see Figures S6
and S10) is found. A peak in this region is not typically seen for cysteine,
but it can be attributed to a C=N triple-bond (nitrile). A similar signal was
found for the adsorption of cysteine on Cu NPs on anatase TiOz recently [6].
For a nitrile group to form, the cysteine molecule has to fracture. Hence,
this can be taken as an indicator for cysteine degradation.

In addition to the IRRAS measurements, XPS S 2p spectra were taken
after cysteine adsorption for all samples, see Figures 5 and S24 to S28. On
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the bare rutile crystal without NPs, sulfur is bound to Ti (S-Ti) at 161.6 €V,
but mostly in protonated form (S-H) at 163.8 eV. For the NP samples,
sulfur is predominantly found bound to Cu (S-Cu) at 162.4-163.4 eV and
in molecular form (S-H) at 163.8 eV. All samples feature both sulfur bound
to Cu (S-Cu) and molecular thiol groups (S-H), but the amount of S-H
is much lower for sample D compared to the other samples. Comparing
the samples, the only clear differentiator between sample D and the other
samples is the lower amount of CuO in sample D. As a result, a correlation
between the presence of high percentage of CusO in XPS spectra and an
increased adsorption of cysteine is assumed. The low signal-to-noise ratio
of the S 2p spectra for samples A and B hinders a precise study of the
peak components. Though the spectra of sample B were fitted both with
molecular thiol groups and sulfur bound to copper, it is possible to model
the peak with only one of both components. Hence, this is compatible with
SMSI overgrowth of the Cu NPs for sample B, indicated by the similarity
of the IRRAS bands with those reported in [3]. In addition to the S-Cu and
S-H peaks, all Cu NP samples feature partially oxidized thiol groups (S-
O,) directly after adsorption, leading to peaks between 166 €V and 169 V.
An exception to this are sample E (only 2 % oxide) and the bare rutile
crystal. A detailed comparison of the S 2p peaks after adsorption can be
seen in Figure 4. In that figure, the S 2p spectra from [7] for cysteine on
Cu(-oxide) /TiO2(101) are included. It can be seen that cysteine adsorption
on Cu/anatase does not feature strong S-H signal and that it is compatible
with adsorption via S-Cu and S-Ti. The data from the present study of
the Cu/rutile system, in contrast, features a clear signal of S-H (except
for sample D) and no sign of S-Ti (except for sample B). These differences
suggest different adsorption configurations, indicating less S-Cu and S-Ti
interactions for the rutile substrates and thus lead to the assumption that
adsorption with the amino group or the carboxyl group is favored, in line
with the IRRAS data.

A comparison of the amounts of deposited cysteine is done by comparing
the XPS S 2p spectra after adsorption, see Figure 3. It can be seen that
the S 2p signal intensity scales linearly with the Cu coverage. Compared
to a bare rutile crystal, the surface area of the NP samples is increased.
Considering the NPs as half-spheres, the gain in surface area is equal to
the NP coverage (see SI for details). Even though this is a very simplified
consideration, it yields an estimate on the maximum increase in adsorption
that can be attributed to pure geometric factors. For all samples except
sample A, the increase in adsorption of cysteine compared to bare rutile
is 2 2, indicating an increase in adsorption that has to be attributed to



Cu-cysteine interaction (as the Cu coverage does not exceed 60%).

The most cysteine is found on sample D (about 13 times the amount
found on bare rutile), followed by sample E and sample C, both featuring
roughly six times that amount. Even though the IRRAS adsorption bands
for sample B are similar to those seen for bare rutile, about 3 times the
amount of cysteine is adsorbed.

For all samples except E, a reduction of Cu-oxide oxidation state can
be seen upon adsorption of cysteine, see Figures S13 to S17. This has been
reported for the adsorption of thiol-containing organics on Cu surfaces [21,
4] and recently for the adsorption of cysteine on Cu(-oxide) NPs supported
by anatase TiO2(101) [7]. It is attributed to the formation of Cu-S bonds
and the subsequent reduction of surface oxide.

SAM measurements, taken after the photocatalysis experiments, reveal
that carbon adsorbs mostly on Cu NPs and not on substrate TiOs, see Fig-
ure S48.

10
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Figure 4: Comparison of S 2p peaks for the different samples, as well as for
adsorption on anatase and on Cu NPs on anatase TiO2(101), reproduced

from [7].
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2.3 Cysteine Degradation

To investigate the effect of light on cysteine adsorbed on different Cu/TiO,
samples, they were exposed to ambient conditions under light and XPS was
measured at different times. Similar to a recent publication about cysteine
on Cu/TiO2(101) [7], the S 2p core level is used as an indicator for cysteine
degradation: By exposure to light in air, the thiol group is oxidized, forming
a mixture of several oxide states SO,. A fully oxidized thiol group (R-SO3
or SOy4) is attributed to binding energies of 168 eV and partial oxidation
(R-SO;) is attributed to binding energies between 165 eV and 167 eV [9, 2].
The first ambient exposure was done under dark conditions, the second and
third under a broad-band white-light LED exposure and the fourth under
UV light exposure. Each exposure took 30 minutes. The S 2p spectra for all
samples for different steps can be seen in Figures S24 to S27 and Figure 5.

For the rutile crystal without NPs, exposure to ambient conditions leads
to a loss of all sulfur bound to Ti (S-Ti) and to the rise of a sulfur oxide peak
around 166 eV. Upon the second and third exposure to ambient conditions
under white LED light, the amount of sulfur oxide grows up to 56 % (of
all sulfur), and reaches 100 % after exposure to UV light. For sample A,
the percentage of oxidized sulfur is increasing with each exposure to air,
similar to pristine anatase, reaching 100 % after UV irradiation. Sample B
has a high amount of oxidized sulfur directly after adsorption (almost half
of all sulfur from the cysteine is directly oxidized). The ambient condition
treatments increase the amount of SO, to 100 % after UV light exposure. A
similar pattern is seen for the oxidation of the thiol on sample C. The main
difference between the cysteine degradation on sample B and samples A and
B is that only about 40 % of all sulfur is oxidized on sample C. The same can
be seen for sample D, where even less oxidation is found, reaching roughly
15 % of the thiol signal. In contrast, sample E oxidizes about 54 % of all
sulfur. As the samples feature different amounts of adsorbed cysteine, it is
also useful to look at the amount of oxidized sulfur scaled with the amount
of cysteine adsorbed, see Figure 3. It is found that sample A produces less
sulfur oxide than bare rutile. Sample B produces about 3 times the amount
of SO, compared to clean rutile, as well as sample C and D. The most
oxide is produced by sample E, featuring about 3.4 times the SO, created
by pristine rutile.

The effect of light on the sulfur oxidation is evaluated by studying the
percentage of S-O, on the whole S 2p signal during the different light and
air treatments, see Figure 6. It is found that the increase in oxidized thiol
groups is increasing linearly with the amount of time at air, regardless of
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the light condition, for almost all samples. The exception to this is sample
E, for which the oxide only starts to be formed after exposure to white light.

3 Discussion & Conclusion

Five samples of Cu(-Oxide) NPs on TiO2(110) were prepared and charac-
terized, revealing different NP sizes, coverages and oxidation states. The
interaction of these samples with cysteine was studied by IRRAS and XPS.
It is found that the adsorption of the amino acid strongly depends on the
sample: It is known that on pristine rutile crystals the adsorption is dom-
inated by the presence of a deprotonated carboxyl group (-COO™) and a
protonated amino group (-NHjJ), with several possible adsorption geome-
tries [3]. Almost the exact same IRRAS bands are seen for sample B. As
XPS and SEM clearly reveal the presence of CuO NPs, it can be assumed
that the particles are covered in a thin shell of TiO via strong metal support
interaction (SMSI). This has been reported to occur for Cu/TiOy systems
under conditions similar to the 800 °C anneal used for sample B [22]. This
is confirmed by the S 2p XP spectra, which show adsorption of sulfur on Ti,
not seen for any other sample with Cu NPs. Even though the adsorption is
very similar to a bare rutile crystal, sample B produces about three times
the amount of SO,, indicating the increased activity due to the buried Cu
NPs. On sample A, on the other hand, which features very similar NPs from
a morphological point of view, the adsorption of cysteine is significantly dif-
ferent. Instead of the adsorption modes reported in [3], only one mode of
adsorption is found, involving a molecular carboxyl group (COOH). More-
over, whereas relatively large amounts of cysteine are found on sample B,
sample A features even less cysteine than the pristine rutile sample. The
differences in adsorption mode can be explained by the SMSI overgrowth of
the Cu NPs on sample B, which is not present on sample A. Furthermore, it
can be assumed that sample B features only little contamination, as it would
otherwise not exhibit the same adsorption modes as are reported for a thor-
oughly cleaned rutile TiOg crystal [3]. This is an indicator of self-cleaning
properties of the sample. Sample C and D, both featuring NPs that were
oxidized at room temperature, exhibit very similar IRRAS adsorption bands
to those found for bare rutile, but only very weak signs of NHJ vibrations.
Additionally, from XPS it is known that the thiol group can be adsorbed
on Cu (S-Cu) or exist in molecular form (S-H) on both samples, but that
sample D features significantly less S-H signal. This is attributed to the
higher amount of CuaO present on sample D, which may favor direct Cu-S
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Figure 5: S 2p spectra for sample E for different steps of exposure to ambient
conditions and light. ’Ozidized’ means that the Cu NPs are oxidized, but no
cysteine is deposited. The spectra were fitted with a doublet corresponding
to sulfur bound to Cu (green), a doublet for the molecular thiol group S-H
(blue), and a doublet for oxidized sulfur (purple). The envelope of the fit is
displayed as orange shade. Additionally, a double for contamination prior

to cysteine dosing had to be added (grey). The contamination was assumed
to stay constant.

14

109



110

140
1Sample:

130 1 —a— pare rutile
120{—*—E

110 A
100 A

AV

A\
A\

S-Ox (%)
(o]
o

N W b
o O O
1 1 1

101

Figure 6: Comparison of the percentages of oxidized sulfur from the whole
S 2p signal for all samples during different stages of exposure to air and
light.

interaction. It can be assumed that the main adsorption modes are similar
to those found on pristine rutile [2] (bridging adsorption with two functional
groups), but that adsorption with the amino group is favored, resulting in
less signal from NHZJ{. Though both samples feature high Cu coverages and
as a result high amounts of adsorbed cysteine, the amount of oxidized sulfur
after all exposures to air and light is relatively low compared to the amount
of cysteine. This is especially visible for sample D, featuring by far the most
cysteine adsorption, but the lowest percentage of oxidized sulfur. This high-
lights the competition between the strong adsorption with S-Cu bonds and
the degradation.

Sample E, featuring a high coverage of high-temperature annealed NPs
(CuO), shows adsorption similar to samples C and D, but includes a strong
C=0 band, indicative of cysteine adsorption with protonated carboxyl group.
This sample adsorbed about 6 times the amount of cysteine compared to
bare rutile and produced roughly 3.4 times the amount of oxide after all
light and air exposures. Significantly, it is the only sample that exhibited a
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response to light for the oxidation of the thiol group, whereas all other Cu
NP samples oxidized the sulfur linearly with time, independent of light.

In conclusion, we found that cysteine adsorbs on Cu(-oxide)/TiO2(110)
systems in similar configurations as seen for pristine rutile crystals [3], high-
lighted by the similarities in IRRAS and XPS data. Differences to adsorp-
tion on bare rutile crystals are found in the fact that strong Cu-S bonds
are formed, especially when high amounts of CusO are present. These lead
to high amounts of cysteine adsorption, but also block the oxidation of the
thiol group. In contrast to the adsorption on Cu/anatase systems [7], there
is no indicator of S-Ti bonds. Moreover, S-H bonds, present for the ru-
tile system, were not seen on the Cu/anatase system. This means that the
choice of substrate for the NPs influences the interaction with the cysteine,
either favoring direct bonds of the thiol group to the surface (in the case
of anatase) or also allowing for other adsorption configurations with non-
interacting thiol group. Two samples were found most effective for cysteine
degradation as measured by the amount of oxidized cysteine (compared to
the amount found on bare rutile): a sample with low NP coverage and
SMSTI overgrowth (sample B) featured a high amount of adsorbed cysteine
and high oxide conversion rate. A sample with high Cu coverage and high
amounts of CuO on the surface (but still metallic Cu signal present) featured
the highest amount of oxidized cysteine (sample E). In addition, it was the
only sample that explicitly exhibited a response to visible light (regarding
the oxidation of cysteine). In total, these findings highlight the influence
of the substrate, the oxidation state and the nanoparticle coverage on the
adsorption and degradation of cysteine on Cu/TiO9 systems.

4 Methods

All experiments were performed at DESY Nanolab [20].

4.1 Nanoparticle Preparation

The nanoparticles were grown in a UHV chamber with an electron beam
evaporator using a Cu crucible, similar to the procedure described in a
previous publication [6]. The rutile TiO2(110) crystals were cleaned four
times in an ultrasonic bath; first in acetone, then in ethanol, afterward in
isopropyl, and finally in deionized water and then introduced to a UHV
system. They were sputtered at 1 kV acceleration voltage, 10 mA emission
current and 107% mbar Ar and subsequently annealed at 800 °C for six
times: Three times with UHV annealing, once with annealing in 105 mbar
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Og2, once with annealing in UHV and finally once with annealing in UHV and
cool down in 107 mbar O,. Afterwards, the sample was flashed to 420 °C in
UHV. High-purity oxygen (99.999%) was used for the sample preparation.
To oxidize the Cu NPs, the samples were taken out of UHV to ambient
conditions. The exact oxidation procedure differs for the samples:

o samples A and B were oxidized at room temperature for several months.
Then, they were annealed in UHV to 700 °C for 10 minutes. After-
wards, both samples were annealed in air (at ambient conditions) for
1 hour: sample A at 200 °C, sample B at 800 °C.

o sample C was stored at ambient conditions for two days.
o sample D was stored at ambient conditions for four days.

o sample E was stored at ambient conditions for two days and then
annealed for 1 hour at 800 °C in air.

4.2 XPS

X-ray photo-electron measurements were performed at DESY NanoLab [20].
An Al Ka source was used at 1.486 keV. Both setups employed a hemispher-
ical analyzer and all XPS spectra were fitted with CasaXPS software [10]
using Shirley or linear backgrounds and Gaussian-Lorentzian line profiles,
employing the Marquardt fitting algorithm. Peak position and FWHM were
constrained, see SI for details. All spectra are normalized to Ti 2p3/, (at

458.7 V).

4.3 SEM

Scanning electron microscopy (SEM) images were obtained in secondary
electron mode with a field emission instrument at an accelerator voltage of
5 kV, providing a nominal lateral resolution of 1.3 nm.

4.4 Cysteine Adsorption & Photocatalysis

Cysteine was dosed in UHV by heating cysteine powder in a glass vial con-
nected to a leak valve to about 130 °C. Dosing was done in a chamber with
a base pressure of 2x107% mbar in the following steps:

e 0.5 L cysteine (1E-8 mbar, 66 s), total 0.5 L

e +1.5 L cysteine (1E-7 mbar, 20 s), total 2 L

17



+3 L cysteine (1E-7 mbar, 40 s), total 5 L

o +5 L cysteine (1E-7 mbar, 66 s), total 10 L

e +90 L cysteine (1E-6 mbar, 120 s), total 100 L
e +90 L cysteine (1E-6 mbar, 120 s), total 190 L

The photocatalysis experiments were performed by taking the samples
with cysteine out of UHV for 30 minutes and exposing them to different
light conditions:

e Dark conditions: The samples were put under a light cover.

o LED: The samples were exposed to a white broadband LED (Thor-
Labs MBBI1L3, 470-850 nm, 80 mW) with a 450 nm highpass filter
under a cover to avoid influences of other light sources. The lamp was
positioned 10 cm above the sample. This step was repeated once.

e UV: The sampels were exposed to a UV-A lamp (365 nm, 6 W) un-
der a cover to avoid influences of other light sources. The lamp was
positioned 10 cm above the sample.

After each step of 30 minutes exposure to air (and light), the samples were
re-introduced to UHV for XPS measurements.

4.5 SAM

Scanning Auger Microscopy (SAM) measurements were done using a PHI
710 Scanning Auger Nanoprobe instrument at an acceleration voltage of 20
kV with a nominal lateral resolution of 8 nm.
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In this thesis, the growth and oxidation of Cu nanoparticles on anatase TiO2(101) and rutile TiO2(110)
single crystals were investigated. Additionally, the interaction of these systems with cysteine (an amino
acid) was studied. The starting point of this endeavor was the open questions that were detailed in the
introductory sections. Though not all of these questions could be answered, the understanding of the
Cu/TiO4 system with respect to NP growth, oxidation and the interaction with cysteine amino acid could

be improved significantly. The main conclusions are:

Cu NPs are (mostly) (111)-Oriented on Rutile TiO3(110) It was found that Cu on rutile
TiO2(110) features several orientations and epitaxies, including [111]-, [100]- and [112]-oriented NPs.
[111]-oriented NPs are the majority, featuring a Cu[110]||TiO2[001] epitaxy.

On Anatase TiO2(101), Cu NPs are [470]-Oriented Similar to the growth of Cu NPs on rutile,
several NP orientations were found on anatase TiO3(101) single crystals. In contrast to rutile, the
majority of the NPs were not [111]-oriented, but [470]-oriented, featuring a Cu[001]||TiO2[010] epitaxy.
This high-index orientation is explained by row-matching of the Cu[100] and the TiO2[100] rows, which
have a mismatch of only 2.7 %.

The Cu Growth Temperature Affects the Epitaxy For both rutile and anatase, the tempera-
ture of the substrate during Cu evaporation affects the epitaxy and particle size. In general, higher
growth temperatures lead to larger particles. For rutile, this has been reported in literature [56, 9]. Our
measurements confirm the same pattern for the growth of Cu on anatase TiO2(101): at 400 *C growth
temperature, the NPs had diameters of about 22 nm, irrespective of the coverage, whereas diameters only
ranged between 8-14 nm for NPs grown at 100 °C. For rutile, the growth temperature was also found to
influence the epitaxy: with increasing growth temperature, an increasing fraction of the [111]-oriented
NPs featured not the Cu[110]||TiO2[001] epitaxy, but the 12° rotated Cu[110]||TiO2[112] epitaxy. In
relative terms, about 7 % of the [111]-oriented Cu NPs were of that tilted epitaxy for growth at 100 °C,
whereas 22 % of all [111]-oriented NPs featured that epitaxy for growth at 400 °C.

The Oxidation State Depends on the NP Size For Cu NPs on rutile TiO5, the oxidation in 1
bar Oy was found to proceed rapidly for the first 60 minutes, leading to a loss of about 90 % of the
Cu signal intensity. The signal loss slowed down afterwards, following an inverse logarithmic growth law
for the oxide. Nevertheless, XRD signal corresponding to metallic Cu was still found after one week of
exposure to air for NPs grown at 200 °C. This was not the case for the sample grown at 100 °C. As the
growth temperature influences the NP size, it was concluded that the increased size causes the stability
against full oxidation. After being exposed to air for two months, the final oxidation state of the NPs
was reached, as it was shown that the analysis of the Cu 2p XP spectra after two months and after eight
months resulted in the same oxidation state.

For the Cu NPs grown on anatase TiO2(101), the time evolution of the oxidation was studied by
following the (metallic) Cu NP size. The size of the metallic Cu NPs was found to decrease significantly
after exposure to 1 bar Oy for 60 minutes, but then not to change after another 60 minutes of oxidation.
The comparison of the oxide Bragg peak intensity with the metallic Cu Bragg peak intensity showed that
oxidation is still ongoing after one week of air exposure. Thus, it can be considered to happen on similar
time-frames as the oxidation of Cu NPs on rutile.

Cu NPs on rutile and anatase single crystals formed mixtures of CuO and CusO when exposed to
ambient pressure of oxygen at room temperature. The ratio of CuO and CuyO was found to scale inversely

with NP size on anatase substrates, resulting in less CusO for smaller NPs, as detected by XPS.
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CuO is Always Polycrystalline or Amorphous On all samples investigated, CuO was always found
to be polycrystalline or amorphous (no XRD signal of epitaxial CuO or powder CuO, but CuO signal
in XPS). For Cup0, the appearance of epitaxial structure was found to depend on the NP size. For
relatively small NPs (roughly below 15 nm diameter), no signal of epitaxial oxide was found. For large
Cu NPs, however, epitaxial CusO was found on both rutile and anatase substrates. The epitaxial oxide
featured the same epitaxy and orientation as the Cu NPs had before oxidation ([111]-orientation for rutile
substrates and [470]-orientation for anatase substrates). Thus, it is also assumed that Cu/oxide core-shell

particles are formed.

The Adsorption of Cysteine Depends on the Substrate, Cu NP Coverage and Oxidation
State Cysteine was found to adsorb differently on Cu/TiO2 systems, depending on the oxidation state
of the Cu NPs and the TiOy polymorph (rutile or anatase). For systems of Cu(-oxide) NPs on anatase
TiO2(101), the interaction is dominated by the formation of bonds between the deprotonated cysteine
sulfur group and Cu (S-Cu). Moreover, the amino group is interacting with the surface, as IRRAS signal
corresponding to NH;|r is suppressed in comparison to cysteine adsorption on bare TiOy. The carboxyl
group is deprotonated for all NP configurations for anatase substrates. For Cu NPs supported on rutile
TiO2(110), the adsorption behavior is slightly different. As for the adsorption on Cu NPs supported
on anatase, interaction between the cysteine thiol group and the Cu as well as interaction between the
surface and the amino group were found. In addition, however, the thiol group and the carboxyl group
are also present in their molecular form (S-H and COOH). This indicates different adsorption modes,
possibly due to weaker interactions with the surface. The absolute amount of adsorbed cysteine was
found to scale linearly with the Cu NP coverage. Moreover, it was found that higher amounts of CusO
(determined by XPS) correlate with an increased cysteine adsorption. For all substrates, the thiol group
of cysteine was partially oxidized directly upon adsorption, as long as Cu-oxide and not only metallic
Cu was present. Further signs of cysteine decomposition were found in the presence of a nitrile signal in
TRRAS data after cysteine adsorption.

In total, this shows that cysteine adsorbs on the Cu/TiO5 system through interaction with the amino
group and the deprotonated carboxyl group, and by Cu-S bond formation, depending on the oxidation

state and the substrate.

The Choice of Substrate Changes the Adsorption, not the Photocatalytic Activity The
amount of adsorbed cysteine was found to scale linearly with the Cu NP coverage. Different Cu epitaxies
and geometries were probed by investigating both rutile and anatase substrates. The adsorption was
found to differ on both substrates, featuring more or less pronounced interactions of the thiol group with
the Cu. The photocatalytic activity, measured by the amount of oxidized sulfur after exposure to light
and air, was found to be independent of the choice of TiOs substrate, thus ruling out strong effects of

epitaxy and geometry.

CuO is Beneficial for Photocatalysis It was shown that purely metallic Cu NPs lead to lower
photocatalytic activity. Samples with a high amount of CusO featured a high amount of adsorbed
cysteine, but their catalytic performance was found to be relatively low, indicating competition between
Cu-S bonds and thiol group oxidation. On samples featuring higher amounts of CuO, the highest amounts

of cysteine oxidation were achieved.

High-Coverage CuO is Most Active Combining all the information, it can be concluded that high
coverages of CuO NPs (or NPs with a high percentage of CuO) are most effective for the degradation of
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cysteine.

For most NPs, the degradation of cysteine was independent of the light conditions and progressed
linearly with exposure time to air, indicating a high catalytic activity. A notable exception is a sample
with a high coverage of CuO NPs on rutile TiO5, which showed thiol group oxidation only under visible
light and UV light, not in darkness. On the one hand, this means that the sample is less active than the
other ones in dark conditions. On the other hand, this was the sample with the highest absolute amount

of oxidized cysteine, indicating strong catalytic activity in visible light.

Outlook While many of the initial questions were resolved, new questions arose: It was seen that
cysteine strongly binds via Cu-S bonds, but it is not clear if these bonds will be weak enough for the
molecules to desorb at some point. If not, the first layer of adsorbates will block all activity of the system.
Moreover, as the degradation of the thiol group was used as a tool to identify the activity of the system,
the research here remains blind to catalytically induced changes that occur to the other functional groups
of cysteine. An exception to this is the nitrile bond found after adsorption and the N 1s peaks attributed
to reduced nitrogen. Both hint at further interactions between the NPs and the cysteine molecules.
Finally, it is not clear if the results from studying cysteine as a test molecule can carry over one-to-one
to larger molecules and viruses. Thus, for the future, it would be of interest to study the interaction of

the system with larger molecules as well as the desorption of bound cysteine.
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1 Oxidation Time

Table S1: The oxidation time for the samples. Each step gives the time
between two measurements.

time at 1 bar | time at 1 bar | time at time at
O (oD ambient ambient time before
sample during during condition condition second XPS
the first the second before before XPS measurement
oxidation oxidation HEXRD
A 20 min 80 min 30 min 62 days 6 months
B 36 min - 8d 15h 62 days 6 months
C 30 min 270 min 4d 20h 62 days
2 XRR Data
*andreas.stierle@desy.de
Theshmat.noei@desy.de
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Table S2: The coverage and the nominal thickness of Cu and Cu oxide,
obtained from fitted XRR data. The XRR measurement after oxidation for
sample A, XRR was done after 100 minutes at 1 bar Oq, for sample C XRR
was done after 5 h at 1 bar O and heating to 100 °C.

before oxidation after oxidation at 1 bar O
nominal nominal
coverage | thickness | coverage | thickness
[7%] [72]
o] o]
sample A | 44 1.2 48 1.7
sample B | 38 0.7
sample C | 10 0.3 11 0.5
Reflectivity ] Electron density
® data : t 50

— fit
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Figure S1: XRR data and fit for sample A, before oxidation.
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and fit for sample B, before oxidation.

S4

height [A]

131



132

intensity [a.u.]

1010

10°

107

10°

10°

104

Reflectivity

Electron density

® data
— fit

x=103
normy=0.03

Cu:d=27.34
o= *10.04
=5.51"710%

7 TiO2_substrate: d

r 40

r30

r20

o=+224
L 6 =bulk
0 1 2 3 5 6 0.0 0.5 1.0 1.5 2.0 2.5
20 [°] density [e ~/m?] le30

Figure S3: XRR data and fit for sample C, before oxidation.
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Figure S4: XRR data and fit for sample A, after oxidation (100 minutes at 1
bar O3).
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Figure S5: XRR data and fit for sample C, after oxidation (5 h at 1 bar Og).
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3 In-plane Rocking Scans Before Oxidation

The in-plane scans sensitive to Cu(200) and Cu(220) reveal two differ-
ent in-plane epitaxies for Cu[100] out-of-plane orientation, see Figure S10:
Cu[220][|TiO2[110] and both directions of a 24° tilt away from this epitaxy.
The in-plane scans sensitive to Cu(220), Cu(111) and Cu(002) reveal Cu[110]
out-of-plane oriented NPs with Cu[220]||TiO2[002] epitaxy. A graphical
representation of the epitaxy assignment and the reciprocal map can be seen
in Figure S9.
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Figure S6: In-plane rocking scans of the samples before oxidation. The scans
were set to detect Cu(200) planes.
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Figure S7: In-plane rocking scans of the samples before oxidation. The scans
were set to detect Cu(111) planes.
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Figure S8: In-plane rocking scans of the samples before oxidation. The scans
were set to detect Cu(220) planes.
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? TiO,(110) Ti0,(002)

intensity (arb.u.)

—— Cu(220

Cu(111
—— Cu(200
T T T T T T T T
-100 -50 0 50 100 150 200 250
p=6(%)

Figure S9: a) In-plane rocking scans set to detect Cu(111), Cu(220), and
Cu(200) planes on sample A before oxidation. The measurement was only
done over 180° (from -110° to 70°), the higher angle data is a duplicate
of the lower angle data used to make pattern recognition easier. p — 6 is
the in-plane angle with subtracted Bragg angle, such that the positions of
peaks for different scans can be compared. b) Schematic drawing of the
angles between different in-plane diffraction peaks for Cu NPs with [110]
out-of-plane orientation, in line with the markings in a). From the scans, it
can be seen that [110] oriented Cu exists in Cu[110]||TiO2][001] epitaxy.
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140

a) Ti0,(002)

intensity (arb.u.)

—— Cu(200)

-100  -50 0 50 100 150 200 250
n-6(°)

Figure S10: a) In-plane rocking scans set to detect Cu(220) and Cu(200)
planes on sample A before oxidation. The measurement was only done over
180° (from -110° to 70°), the higher angle data is a duplicate of the lower angle
data used to make pattern recognition easier. u — 6 is the in-plane angle with
subtracted Bragg angle, such that the positions of peaks for different scans
can be compared. b) Schematic drawing of the angles between different in-
plane diffraction peaks for Cu NPs with [100] out-of-plane orientation. From
the scans, it can be seen that two different epitaxies with this orientation

exist, Cu[110]]|+24° TiO2[001].
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Figure S11: a) In-plane rocking scans set to detect Cu(111) and Cu(220)
planes on sample A before oxidation. The measurement was only done
over 180° (from -110° to 70°), the higher angle data is a duplicate of the
lower angle data used to make pattern recognition easier. pu — 6 is the in-
plane angle with subtracted Bragg angle, such that the positions of peaks
for different scans can be compared. b) Schematic drawing of the angles
between different in-plane diffraction peaks for Cu NPs with [112] out-of-
plane orientation. From the scans, it can be seen that such an out-of-plane
epitaxy with Cu[110]||TiO2[001] in-plane epitaxy exists.
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4 In-plane Rocking Scans After/during Oxidation
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Figure S12: In-plane rocking scans sensitive to Cu(220) planes before and
after oxidation of sample A. The measurements were taken at an 18 keV

photon energy.
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Figure S13: In-plane rocking scans sensitive to Cu(111) planes before and
after oxidation of sample A. The measurements were taken at an 18 keV
photon energy.
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Figure S14: In-plane rocking scans sensitive to Cu(200) planes before and
after oxidation of sample A. The measurements were taken at an 18 keV
photon energy.
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Figure S15: In-plane rocking scans sensitive to Cu(220) planes before and
after oxidation of sample C, as well as during a second oxidation at 100 °C.
The measurements were taken at an 18 keV photon energy.
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5 In-plane Rocking Scans for Oxides
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Figure S16: In-plane rocking scans for sample A set to detect epitaxial oxides
with various orientations. The scans were done after the first oxidation step
at atmospheric pressure. p — 6 is the in-plane angle with subtracted Bragg
angle, such that the positions of peaks for different scans can be compared.
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Figure S17: In-plane rocking scans for sample A set to detect epitaxial oxides
with various orientations. The scans were done after the second oxidation
step at atmospheric pressure.
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6 HEXRD Data
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Table S3: Found peaks and corresponding particle sizes calculated from line
cuts for sample B. Due to weak signal or background noise, not all peaks

that were found could be used for fitting. Details can be found in the SI.

in-plane | out-of-plane mean fean mean | ool
Bragg angle u angle ¢ ou‘?—of—pl.a "¢ diameter diameter height height
Reflex o ° orientation error error
(] ] [nm] [nm]
[nm] [nm)]
Cu(200) 59 36 111
Cu(200) 119 35 111
Cu(200) 179 35 111
Cu(200) 120 54 11 14.92 0.79 7.15 0.68
Cu(220) 62 54 111
Cu(220) 1 35 111
Cu(200) 130 35 111
Cu(200) 110 35 111 9.39 1.45 8.89 3.59
Cu(200) 50 35 111
Cu(111) 110 27 112
Cu(111) 65 27 112
Cu(200) 128 23 112 15.62 2.75 8.08 1.48
Cu(200) 1 54 112
Cu(200) 171 54 112
Cu(111) 171 50 109
Cu(111) 1 50 109
Cu(200) 171 73 109 9.43 1.58 10.67 1.65
Cu(200) 5 73 109
Cu(111) 100 34 200
Cu(111) 73 34 200 16.88 1.74 10.58 | 2.66
Cu(200) 44 11 high index
Cu(200) | 132 11 i Al | l4d ) 722 ) 108
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Figure S18: HEXRD data for sample A with a photon energy of 73.34 keV.
The sample was turned 180° while measuring an image every 0.025°. The
shown graphic is a sum of all images.
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Figure S19: HEXRD data for sample C with a photon energy of 73.34 keV.
The sample was turned 180° while measuring an image every 0.025°. The
shown graphic is a sum of all images.
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Figure S20: HEXRD data for sample B with a photon energy of 73.34 keV.

The sample was turned 1° while measuring an image every 0.025°. he shown
graphic is a sum of all images.
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7 Line Scans through Bragg Peaks

Line scans have been done through Bragg peaks to calculate the particle
diameters in in-plane and out-of-plane direction. The scans have been done
along reciprocal lattice directions. The resulting curves were fitted with
Pseudovoigt profiles. To calculate the corresponding particle sizes, Scherrer’s

Formula Scherrer’s formula 5
™
D = — 1
G 1)
is used for the case of a (111)-oriented fcc surface (AQ is the FWHM
momentum transfer). With the lattice constant of Cu, acy, the formula
can be applied to calculate in-plane particle sizes D from scans in in-plane

direction and out-of-plane particle sizes L from out of plane scan directions

to be:
3 ACu
b= \/g * FWHM (2)
\/gaCu
= (3)
FWHM
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Figure S21: Line scans through the Bragg peak Cu(111) (a-d) and through
the Bragg peak Cu(113) (e-g).
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8 Line Scans After Oxidation
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Figure S22: Line scan of sample A after the first oxidation (at 1 bar oxygen
pressure) through the Cu(113), peak.
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Figure S23: Line scan of sample A after the first oxidation (at 1 bar oxygen
pressure) through the Cu(101), peak.
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Figure S24: Line scan of sample A after the second oxidation (at 1 bar

oxygen pressure) through the Cu(113) peak.
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Figure S25: Line scan of sample A after the second oxidation (at 1 bar

oxygen pressure) through the Cu(101)s peak.
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9 Radial Scans Before Oxidation

Radial in-plane scans were fitted with Pseudovoigt profiles. From the fits,
the FWHM was used to calculate the corresponding particle size (in-plane)
with Scherrer’s formula (with the wavelength A and the Bragg angle 6:

0.9 x A

D = 4
FWHM, ,qjans X cos 6 (4)

S35



N

i

intensity (arb.u.)

| Tio,(110)"
10 4

—s— data
— fit

Ti0,(220) ¥

10

Figure S26: Radial scan through the Cu(111) peak of sample A before

oxidation.

15 20
26 (°)

S36

25

163



10 Radial Scans after Oxidation
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Figure S27: Radial scans through the Cu(220) in-plane peak of sample A
before oxidation and after oxidation with fits.
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11 SEM
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Figure S28: Histogram plots for the size distributions of the NPs on the
different samples: a) Sample A, b) sample B and c) sample C. d) shows the
positions of the SEM measurements on sample C - similar positions where
used for all samples (position C was always in the middle).
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12 XPS Fitting

The XP spectra were analysed with the CasaXPS software. They were
normalized by fitting a step-down function to the Fermi edge and equating
it to zero. All peaks were fitted with Gaussian-Lorentzian functions and
a Shirley background, employing the Marquardt fitting algorithm. The

resulting chi-squared values can be found in S4.

Table S4: Reduced chi-squared values for the fits of the XPS data.

reduced chi-squared value

oxidation time | Sample A | Sample B | Sample C
2 months 2.269 1.692 2.894
8 months 1.630 0.971 2.214
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Figure S29: Ti 2p spectra of the samples after two months at air. All XPS
spectra were normalized to have the Ti Qp% peak at 458.7 eV. No sign of
Ti?t is found.
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13 XPS after 8 Months

Table S5: Parameters from fitting the Cu 2p3,, XPS peak after the samples
were stored at ambient conditions for eight months. The area percentage
relates to the combined area of the peak assigned to CuO and the peak
assigned to Cu and CugO.

sample CuO Cu & Cu20
%‘2::;5 FWHM | Area %ﬁilgyg FWHM | Area
[eV] [eV] [%] [eV] [eV] [%]
A 933.10 2.90 85.48 | 931.62 1.40 14.52
B 933.26 2.88 81.64 | 931.34 1.36 18.36
C 933.00 2.80 88.70 | 931.52 1.40 11.30
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Figure S30: Cu 2p spectra measured via XPS after the samples had been
stored at ambient conditions for 8 nfédths. The area percentage assigned to
the fits is with respect to the total area covered by the fits.
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14 GISAXS

Synthetic GISAXS Data Generation We generated a library of 2D
GISAXS patterns for spherical Cu nanoparticles supported on a TiOy sub-
strate using the distorted wave Born approximation (DWBA) [1] implemen-
tation in BornAgain [2]. The X-ray wavelength was set to 0.1025 nm and the
incidence angle for the scattering simulation to 0.4°. Refractive indices (real
decrement §, absorption 3) were (3, 3)cy = (1.154 x 1075,9.6949 x 10~7)
and (0, 8)Tio, = (5.82 x 1076,1.41 x 10~7). The nanoparticle form factor
was a hemisphere with in-plane radius R and out-of-plane height h. Detector
geometry followed the experimental PILATUS-2M pixel size (172 pm) and
the same field of view after cropping. Starting from the native 1475 x 1679 px
detector, we applied a crop [left, up, down, right] = [300, 800, 440, 700] and
simulated a 256 x 256 grid that covers the corresponding physical dimensions.
The sample-to—detector distance was 4177.3 mm. For reciprocal-space con-
version, we used the same distance (4177.3 mm) and an incident angle of o
= 0.4° in the geometry module, ensuring that the (qy, q.) grid is consistent
across all simulated frames and with the experimental preprocessing. We
discretized (R, h) on a 30 x 30 grid over [0.05, 20] nm for both axes. For
each grid point we ran BornAgain and stored the resulting intensity image
Inr - Each image was divided by R*h? (the leading volume factors of the
spheroidal form factor).

Stochastic Size Distributions and Forward Model Each synthetic
training pattern was generated as a mixture of the precomputed patterns.
We sampled a 2-component Gaussian mixture over normalized (R, h) € [0, 1]%:
for component k we drew a random mean and a covariance (with random
correlation), forming a 2D Gaussian gi. Mixture weights wk were drawn
from a uniform Dirichlet(1, 1, 1) and the mixture p(R, h) x Xiwirgr was
normalized to unit sum on the 30 x 30 grid. The “form-factor-only” intensity
was the weighted sum Irp = Xi;p(R;, hj)Iur(g; Ri, hj).

To emulate lateral correlations, we multiplied Ipr by a Gaussian paracrys-
tal structure factor [3] S(gy; D,0op). For each frame we derived a soft con-

straint on the most likely radius from the horizontal marginal p(R) = X;,p(R, h);

let Riode be the bin with maximal p(R). The interparticle distance D was
drawn from a truncated normal with mean p = Ryde, Standard deviation
(40 — Riode)/4, and support max(Rmode, ), 40] nm. The positional disorder
was sampled as op o Uniform(0.05D, 0.3D). To mimic vertical roughness,
we included a Debye-Waller attenuation G(q) = exp —o2¢? with o, drawn
uniformly from [0, 0.3]. The final synthetic intensity for each frame was
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1(q) = Irr(q)S(qy; D,op)G(q).

Physical Background Synthesis A physically inspired background was
added to each synthetic GISAXS frame prior to noise injection. The back-
ground model combined several components that mimic characteristic ex-
perimental scattering features: a specular ridge, Yoneda band, anisotropic
Guinier—Porod wedge, and a smooth planar gradient with a constant offset.
The total background intensity was expressed as

Ibg(Qy, q,z) = Ispec((hp Qz) + IYoneda(Qy, q,z) + Igp (Qy7 QZ) + [plane(an QZ) (5)

The specular pillar represents the mirror-like reflection streak along q., with
a Lorentzian profile in q,, whose width increases linearly with

1
a3 (6)
1 + (UO':‘IZ?SQz )2

Ispec(Qy7 QZ) = Aspece_qz/)\(

Here, the parameter ranges where [Agpec € (0.5,2.0), 09 € (0.002,0.006), ks €
(0.02,0.08), A € (0.03,0.12), v € (1.2,2.2)] to keep the training set background
within a reasonable range. The Yoneda component accounts for the enhanced
scattering near the critical angle a.:

IYoneda(qya QZ) = Ay eXp[_%(%)Q] eXp[_(%)2] (7)

Here, the parameters were[Ay € (0.1,0.6),¢,0 € (0.5,0.7), 0. € (0.005,0.02),§ €

(0.01,0.8)]. To represent diffuse scattering at larger angles, an anisotropic
Guinier-Porod term was used,

qugﬁ —m
IGP(an QZ) = Aw(exp[T] + Goff ) (8)

with qgﬁr = qZ + v¢2. Here, the exponential term dominates at low geg
(Guinier regime) and the power-law term at high g.g (Porod regime). The
used parameter are: [A,, € (0.05,0.5), Ry € (20.0,80.0),m € (2.0,3.8),y €
(0.6,2.0)]

A slow illumination gradient and uniform background were added,

Iplane(‘]ya QZ) = Azqy + a:q: + Co (9)

where a, and a, mimic smooth intensity slopes due to beam footprint and
detector illumination imbalance, and ¢y represents the isotropic background
(air scattering, fluorescence, dark current). The ranges used here are [a, €
(—0.002,0.002), a, € (—0.002,0.002), ¢o € (0.0,0.05)]
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Noise, Masking and Normalization We first added additive Poisson
noise to the simulated images. We then applied the same binary mask used
for experimental preprocessing (beamstop, gaps, shadows; masked pixels set
to a sentinel value), followed by a logarithmic transform and normalization to
(—1inf, 1]. Finally, we performed the same post-crop as in the experimental
pipeline so that all inputs are 256 x 256 arrays on a common (qy, ;) window.
Masked pixels remain at the sentinel value throughout training. We generated
200,000 synthetic frames. For each frame we stored: (i) the input image
(256 x 256) after masking, log-scaling and normalization; (ii) the target size
distribution p(R, h) (30 x 30) for training the form-factor (FF) network.

Neural Network and Training To predict the joint size distribution
p(R, h) from a single preprocessed GISAXS frame, we used a compact CNN,
see Figure S31:

e Input: 256 x 256 x 1

e Backbone: four Conv-BatchNorm—-ReLU blocks with 3 x 3 kernels,
stride 2, channels 32 — 64 — 128 — 256

o Head: Flatten — Dense(2048, ReLU) — Dropout(0.5) — Dense(900,
softmax) — Reshape(30, 30)

The model training was carried out using TensorFlow/Keras. The input
consisted of 256 x 256 reprocessed GISAXS patterns, and the output was the
corresponding two-dimensional particle size distributions on a 30 x 30 grid [4,
5]. The network was trained with mean squared error (MSE) loss between
predicted and ground truth distributions. Optimization was performed using
the Adam optimizer with an initial learning rate of 1 x 1074,

Reciprocal Space Grid Consistency To ensure 1:1 comparability be-
tween synthetic and experimental inputs, we matched the detector field-
of-view, beam center, and sample—detector distance in simulation to those
used by the experimental geometry step, and we applied the same post-crop
and mask when forming inputs. The (qy, q.) conversion employed the same
distance (4177.3 mm) and the incident-angle setting used by the geometry
module (0.4°), so that the synthetic inputs align with the experimental
preprocessing pipeline.
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Figure S31: Working Scheme of the CNN.

15 Oxidation Kinetics

Table S6: Fitting Parameters for the linear decay fit for the Cu signal loss
during oxidation, see Figure 2.

Equation y = a + b*t
a 0.43509 + 1.56875
b 0.56071 +£ 0.07536
Residual Sum of Squares 2.65028
Pearson’s r 0.99109
R-Square (COD) 0.98226
Adj. R-Square 0.96451
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Table S7: Fitting Parameters for the inverse logarithmic fit for the Cu signal
loss during oxidation, see Figure 2.

Equation 1/(A4+B*In(x))+C

A 0.66889 + 0.13241

B -0.26795 + 0.0455

C 20.43689 £ 0.30423
Reduced Chi-Sqr 0.0203
R-Square (COD) 0.99953
Adj. R-Square 0.99939

16 Surface Coordinates

The hexagonal surface coordinates are connected to the bulk Cu coordinates
by:
(HKL)s = (HKL) x M (10)

with the transformation matrix M:

aps a—o5 ai
ap  aps G21 (11)
a_os Gy a1

Table S8: Different Bragg peaks in bulk and surface coordinates.

surface coordinates | bulk coordinates
(113) (131)
(101) (111)
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Anatase TiOy features a tetragonal unit cell
with lattice parameters a =b = 3.78 A, ¢ = 9.50
A [1], space group I4; /amd. Cu features a face-
centered cubic (fcc) crystal system with the lat-
tice parameter ac, = 3.62 A [2], space group
Fm3m. CusO crystallizes in a body-centered
cubic lattice, where oxygen atoms are at the
lattice points and the Cu atoms form an in-
set fcc lattice shifted by (§,1,%) (cuprite struc-
ture), space group Pn3m. The lattice constant
is acu,0 = 4.26 A. For all crystal systems, bulk
coordinate Miller indices are used.

SEM

*silvan.dolling@desy.de
Theshmat.noei@desy.de
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Figure S1: Sample with marked positions for the SEM measurements.
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Figure S2: SEM size distributions and SEM images for samples A1, A2 and A3. Each size distribu-
tion curve is extracted from an SEM image taken at a different position on the sample, see Figure S1.
An exemplary SEM image for each sample is shown.
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Figure S3: SEM size distributions and SEM images for samples B1, B2 and B3. Each size distribu-
tion curve is extracted from an SEM image taken at a different position on the sample, see Figure S1.
An exemplary SEM image for each sample is shown.
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Figure S4: SEM size distributions and SEM images for sample C. Each size distribution curve
is extracted from an SEM image taken at a different position on the sample, see Figure S1. An

exemplary SEM image is shown.

HEXRD

Particle sizes were calculated by using line pro-

files through Bragg peaks and employing Scher-
rer’s formula 9

™

D = — 1

G (1)

where D is the particle size and AQ is the full

width half maximum of the peak in Q-space.

The line profiles are measured along radial di-

rection.

50
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Table S1: Average Cu NP sizes estimated in different directions from specific Bragg peaks for
sample Al (from HEXRD data). The sizes were determined from line profiles in the radial direction
(through the ’short’ axis of the peaks, see e.g. Figure S6). The sample was measured twice, with a
260 hour oxidation period under ambient conditions between the measurements. Due to different
geometries, both measurements feature different Bragg peaks.

4 h oxidation 264 h oxidation
H| K| L | size (nm) | size error (nm) | size (nm) | size error (nm)
1]-111 15.21 0.36 15.00 0.34
1111 23.74 0.38 22.21 0.61
1]111(-1 23.60 0.55 22.64 0.48
210 16.26 1.14 - -
01-2]0 19.04 1.32 18.75 0.51
21-2]0 10.31 1.42 - -
3111 17.29 1.71 18.43 5.58
2 -2 13.81 1.97 - -
11-1]3 12.32 3.04 - -
311]-1 17.90 5.46 16.04 1.56
11-3|1 16.98 5.51 14.16 1.98
1]1-3]-1 - - 16.60 4.22
11-1]-1 - - 15.25 0.50
21010 - - 17.13 1.08
21210 - - 20.96 1.13
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q, (A")

Figure S5: Maximum-intensity images for a) sample Al and b) sample Bl. The white rings
correspond to Anatase TiO9 peaks, the orange rings to rutile TiOg peaks. The images were taken
by a full 180° rotation of the sample along the surface normal (9000 images, summed in bunches
of 50, then combined in a maximum intensity image).
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Figure S6: HEXRD measurement of sample A1, depicting a maximum pixel image of a full 180°
rotation of the sample along the surface normal (9000 images, summed in bunches of 50, then
combined in a maximum intensity image).

Figure S7: HEXRD measurement of sample B1, depicting a maximum pixel image of a full 180°
rotation of the sample along the surface normal (9000 images, summed in bunches of 50, then
combined in a maximum intensity image). All peaks and signals seen here are attributed to
substrate crystallites and backgrond signal.
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In-plane Rocking Scans

Epitaxy Assignment
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Figure S8: In-plane rocking scans for sample A2, depicting the assingment of (110)-oriented Cu
in a) and (100)-oriented Cu in b). The bars indicate the positions of the peaks belonging to the
epitaxy. The relationship if the angles is depicted in the right upper corner inset of each graph,
displaying an in-plane rotation and the corresponding Bragg peaks.
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Figure S9: In-plane rocking scans for sample A2, depicting the assingment of (111)-oriented Cu
in a) and (112)-oriented Cu in b). The bars indicate the positions of the peaks belonging to the

epitaxy.
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Figure S10: In-plane rocking scan for sample A2, highlighting the two Cu(200) peaks that are
assigned to (470)-oriented Cu.

Sample Comparison
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Figure S11: Comparison of the in-plane rocking scans set to detect Cu(220) for samples A2, B2
and C. Samples A2 and C were oxidized for 60 min in 1 bar Og, sample B2 was exposed to ambient
conditions for 60 minutes.
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Figure S12: Comparison of the in-plane rocking scans set to detect Cu(200) for samples A2, B2
and C. Samples A2 and C were oxidized for 60 min in 1 bar Os, sample B2 was exposed to ambient
conditions for 60 minutes.
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Figure S13: Comparison of the in-plane rocking scans set to detect Cu(111) for samples A2, B2

and C. Samples A2 and C were oxidized for 60 min in 1 bar Os, sample B2 was exposed to ambient
conditions for 60 minutes.
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Quantification of In-Plane Scans

The extend of the different epitaxies on sam-
ple A* was quantified by integrating the peaks
for Cu[470], Cu[111] and Cu[100] in the in-plane
rocking scans for Cu(200) and Cu(220). All
peaks belonging to other epitaxies were ignored.
From the ’trident’ side peaks of two middle peaks
the [111]-oriented Cu in the Cu(220) rocking
scan, one side peak was ignored as it heavily
overlapped with the Cu[100] signal and was sig-
nificantly weaker. The area of all peaks belong-
ing to an epitaxy was added and then divided by
the multiplicity of the peak. The corresponding
intensities were used to calculate the following
ratios (each only related to one in-plane rocking
scan):

Icy

& —2.96 (2)
Cu[100]

I

w —0.66 (3)
Cu[111]

With the additional assumption

Icupro) + Icupoo) + Ioupig =1 (4)
The percentages of the different epitaxies could
be calculated. A gaussian was used for fitting:

y=1Ip+ xexp—2x (z—z)? (5)

_A
w X V2w

Table S2: Fitting parameters for the fit of the
Cu(220) in-plane rocking scan. The fitting func-
tion is Equation (5).

Ip Xe w A
Peak 1 | 24.64525 | -97.81964 4 138.23481
error 0.82023 0.49218 | 0.99848 | 30.65711
Peak 2 | 24.64525 | -90.24446 | 2.15123 | 895.99904
error 0.82023 0.02957 | 0.06012 | 21.84151
Peak 3 | 24.64525 | -81.6297 4 239.49766
error 0.82023 0.28147 | 0.56976 | 30.41744
Peak 4 | 24.64525 | -47.76719 | 1.62902 | 292.44403
error 0.82023 0.06 0.12056 | 18.96997
Peak 5 | 24.64525 | -42.54669 | 2.23602 | 410.50899
error 0.82023 0.06844 | 0.13866 | 22.32139
Peak 6 | 24.64525 | -30.14004 | 2.44007 | 592.49173
error 0.82023 0.05398 | 0.10925 | 23.34065
Peak 7 | 24.64525 | -20.57446 | 2.4408 | 332.13679
error 0.82023 0.09699 | 0.19528 | 23.45646
Peak 8 | 24.64525 | 20.08392 | 2.70867 | 403.53346
error 0.82023 0.09282 | 0.18756 | 24.66927
Peak 9 | 24.64525 | 29.61954 | 2.68285 | 761.80379
error 0.82023 0.04819 | 0.09813 | 24.47083
Peak 10 | 24.64525 | 41.98974 | 2.72903 | 487.84327
error 0.82023 0.07775 | 0.16068 | 24.91117
Peak 11 | 24.64525 | 47.06714 | 1.74332 | 402.57907
error 0.82023 0.04898 | 0.09944 | 19.99685
Peak 12 | 24.64525 | 81.08908 4 235.10365
error 0.82023 0.28706 | 0.58316 | 30.49438
Peak 13 | 24.64525 | 89.71654 | 1.86658 | 1329.15457
error 0.82023 0.01622 | 0.03266 | 20.39545
Peak 14 | 24.64525 97 4 161.38291
error 0.82023 0.50763 | 1.16271 | 38.21904
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Figure S14: In-plane rocking scans for sample A2, with fits for the peaks. The Cu(220) scan is
fitted in a), the Cu(200) scan is fitted in b). 'Ig’ll%number markings correspond to the peaks and
fitting parameters from Table S2.
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Iy X w A
Peak 1 | 16.62136 | -93.0077 | 1.46871 900.2164
error 0.66315 0.03028 | 0.05269 37.19661
Peak 2 | 16.62136 | -90.30033 | 2.01641 | 6043.49249
error 0.66315 0.0106 0.03094 92.91349
Peak 3 | 16.62136 | -87.83481 | 1.73747 | 1048.12034
error 0.66315 0.05779 | 0.08038 71.25873
Peak 4 | 16.62136 | -2.62277 | 1.75117 | 1018.04991
error 0.66315 0.01942 | 0.03918 19.81812
Peak 5 | 16.62136 1.96966 1.77451 | 1061.31268
error 0.66315 0.01899 | 0.03827 19.93352
Peak 6 | 16.62136 | 87.33487 | 1.76433 | 1414.59365
error 0.66315 0.04512 | 0.06436 70.16338
Peak 7 | 16.62136 | 89.76793 | 1.86995 | 7214.43297
error 0.66315 0.00751 0.02637 | 107.66504
Peak 8 | 16.62136 | 92.2131 1.60042 | 1441.67074
error 0.66315 0.03088 | 0.04717 55.28734
Radial Scans
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Table S3: Nanoparticle sizes calculated from fits of radial scans through Bragg peaks for sample
B2 via Scherrer’s formula. The fits can be seen in Figures S15 to S17.

Cu[l11] Cu[100] Cu[470]
size (nm) | STD (nm) | size (nm) | STD (nm) | size (nm) | STD (nm)
clean Cu 11.137 0.084 9.148 0.12 8.858 0.113
60 min. Oa 9.025 0.134 7.741 0.11 6.772 0.181
120 min. Oy 8.986 0.108 7.99 0.14 7.161 0.195
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Figure S15: Fits for radial scans through a
Cu(200) Bragg peak corresponding to [470]-
oriented Cu for sample B2. Data is represented
by black boxes, the fit by the red curve.
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Table S4: FWHM and center peak position fit-
ting parameters for the radial scans through
a Cu(200) Bragg peak corresponding to [470]-
oriented Cu, see Figure S15

20 STD9y | FWHM | STDrwuMm
(°) () ) ()
UHV | 21.933 | 0.002 0.408 0.005
60
min. 21.890 | 0.004 0.534 0.014
Oq
120
min. 21.900 | 0.004 0.505 0.014
0o
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by black boxes, the fit by the red curve.
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Table S5: FWHM and center peak position fit-
ting parameters for the radial scans through
a Cu(220) Bragg peak corresponding to [111]-
oriented Cu, see Figure S16

20 STD9y | FWHM | STDrwuMm
(°) () ) ()
UHV | 31.232 | 0.001 0.331 0.002
60
min. | 31.184 | 0.002 0.409 0.003
Oq
120
min. | 31.120 | 0.002 0.410 0.005
0o
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Figure S17: Fits for radial scans through a
Cu(200) Bragg peak corresponding to [100]-
oriented Cu for sample B2. Data is represented
by black boxes, the fit by the red curve.
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Table S6: FWHM and center peak position fit-
ting parameters for the radial scans through
a Cu(200) Bragg peak corresponding to [100]-
oriented Cu, see Figure S17

20 STD9y | FWHM | STDrwuMm
(°) () ) ()
UHV | 21.966 | 0.000 0.340 0.005
60
min. | 21.927 | 0.002 0.467 0.007
Oq
120
min. | 21.932 | 0.002 0.453 0.008
0o
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Table S7: XPS fitting data for the measurements of the Cu oxidation state of sample Al and B1.
GL(50) lineshapes were used.

Samol Cu&CusyO CuO RMS
ampie Binding Energy (eV) | FWHM (eV) | Binding Energy (eV) | FWHM (eV)
Al 932.5 1.6 934.5 2.8 24193
B1 932.6 1.5 934.5 2.9 51677
Cu(ll) Cu(ll) i cu®
Satellite L Cu(l)
0
x0.7 36%

Al

30%

A2

0 5
3% L 27%

B2 '

. 68% o~ 42%
c
945 940 935 930
Binding Energy (eV)

Intensity (arb.u.)

Figure S18: Cu S2p spectra shortly before or
after the UVVIS measurements. Details on the
fitting can be found in Table S8.
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Table S8: Fitting parameters for the XPS Cu 2p spectra of samples Al, A2, B2 and C shortly

before / after UVVIS measurements.

Sample Cu&CusO CuO RMS
Binding Energy (eV) | FWHM (eV) | Binding Energy (eV) | FWHM (eV)

Al 932.6 1.6 934.6 2.4 3385

A2 932.4 1.8 934.4 2.5 1408

B2 932.5 1.8 934.4 2.3 1629

C 931.7 1.4 933.7 2.6 3151

Table S9: Percentage of CuO and Cu/CusO for samples Al, A2, B2 and C shortly before / after

UVVIS measurements. See Table S8 for details on the fitting.

Sample | %~Cu&Cus0 | %~CuO
Al 64 36
A2 30 70
B2 27 73

C 41 59
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Intensity (arb.u.)
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Figure S19: Cu 2p spectra with fits of samples
B2 and D directly before dosing cysteine and for
samples A2, B2 and A3 directly after dosing cys-
teine. The green shaded area is the Cu & CuzO
fit, the pink shaded are is the CuO fit and the
orange shaded are is the envelope. Details of the
fits are found in Table S10
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Table S10: XPS fitting parameters for the Cu 2p spectra of samples B2 and D directly before
dosing cysteine and of samples A2, B2 and A3 directly after dosing cysteine. The fits can be seen

in Figure S19.

Sample Cu&CuyO CuO RMS
Binding Energy (eV) | FWHM (eV) | Binding Energy (eV) | FWHM (eV)
A2 932.5 1.2 - - 25175
B2 932.3 1.0 933.3 3.6 3045
A3 932.1 1.4 - - 404
B3 932.6 1.4 933.7 3.3 932.3
D 932.2 1.3 933.6 3.3 484

Table S11: Percentages of CuO and Cu/Cuz0 for samples B2 and D directly before dosing cysteine

and for samples A2, B2 and A3 directly after dosing cysteine.

Sample | %~Cu&Cuz0 | %~CuO
A2 100 0
B2 59 41
A3 100 0
B3 54 46
C 47 53
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XPS and IRRAS
Adsorption
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Figure S20: Comparison of the fits for S 2p of sample B3: Employing the same fit conditions as for
the clean anatase reference, it does not produce a good fit. When relaxing the conditions, the peaks

are allowed to shift. This shows the necessary shift for the S-Ti bond (green doublet), highlighting
that it is a S-Cu bond for the NP sample.
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Figure S21: P-polarized spectra of a) sample A3, B3 and D after 100 L cysteine dosing, b) sample
A3, ¢) sample D and D) sample B3.
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Photocatalysis
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202 290 288 286 284 282 280
Binding Energy (eV)

Figure S22: C 1s XP spectra of sample B3 during photocatalysis measurements. ’oxidized” means
the oxidized sample before cysteine dosing.
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Figure S23: Cls spectra of sample A3 during photocatalysis measurements.
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Figure S24: Cls spectra of sample D during photocatalysis measurements. ’oxidized’” means the
oxidized sample before cysteine dosing.
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Figure S25: Cls spectra of the pristine anatase TiO2(101) crystal during photocatalysis measure-
ments.
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Figure S26: S 2p spectra of sample A3 during photocatalysis measurements. The green shaded
area are fits for sulfur bound to Cu and Ti, the§88&ple shaded are the doublets for oxidized sulfur.
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Figure S27: S 2p spectra of sample D during photocatalysis measurements. The green shaded area
are fits for sulfur bound to Cu and Ti, the puridg®haded are the doublets for oxidized sulfur.
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Figure S28: S 2p spectra of the pristine anatase TiO9 crystal during photocatalysis measurements.
The green shaded areas are fits for intact thiol toups R-S-H, the purple shaded are the doublets
for oxidized sulfur and the blue shaded doublets are for sulfur bound to Ti.
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Figure S29: Cu 2p spectra of sample B3 during photocatalysis measurements. ’oxidized’ means

the oxidized sample before cysteine dosing.
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Figure S30: Cu 2p spectra of sample A3 during photocatalysis measurements.
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Figure S31: Cu 2p spectra of sample D during photocatalysis measurements. 'oxidized’ means the
oxidized sample before cysteine dosing.
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Figure S32: Ols spectra of sample B3 during photocatalysis measurements. ’oxidized” means the
oxidized sample before cysteine dosing.
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Figure S33: Ols spectra of sample A3 during photocatalysis measurements.
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Figure S34: Ols spectra of sample D during photocatalysis measurements. ’oxidized’ means the
oxidized sample before cysteine dosing.

546

226



pristine
anatase

S

g

8

> 30 min LED (2)

‘0

c

)

E
30 min. LED
30 min. dark

cysteine dosed
I ! I ! I ! I ! I ! I ! I ! I

534 533 532 531 530 529 528 527
Binding Energy (eV)

Figure S35: Ols spectra of the pristine anatase TiO2(101) crystal during photocatalysis measure-
ments.
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Table S12: Fitting parameters for the S 2p XP spectra for samples A1, B3 and D, see Figures S26
and S27. GL(50) Lineshapes were used for fitting. The S Qp% peak was fixed at a binding energy
1.18 eV below the 2p 1 peak and at double the area. The FWHM of both peak components was
fixed to be the same. For the S-Cu peak, the FWHM was allowed to vary between [1.4,1.8] while
the binding energy did not need to be constrained. For the oxide / S-H peak, the FWHM was
allowed to vary between [0.3, 3.2] and its binding energy was allowed to vary between [168.5, 166.2].

Sample Bindi 5-Cu Bi i-.ox /SH RMS
Elrrllerlgyg FWHM Elrrllerlgyg FWHM
@) | Y ey | @)
Cysteine |00 ) 1.4 164.4 3.2 260
Dosed
A1 | 30mine e s 15 166.3 3.2 154
dark
30 min. 60 7 15 1682 | 3.2 142
LD . . . .
30 min.
v 1624 | 1.2 1682 | 1.0 346
30min 10y |15 168.2 | 2.8 333
D . . . .
Cysteine
162.3 |15 167.2 | 3.1 159
Dosed
B3 80 min. 1 o 15 1672 | 2.9 409
dark
30 min. |00 3 1.5 167.2 | 3.1 393
LED . . . .
30 min.
v 1623 |15 1672 |24 381
30 min. |00 3 1.3 1674 |29 139
LED . . . .
Cysteine
1624 |15 166.4 | 3.2 176
Dosed
D 30 min. | o 15 166.4 | 3.2 536
Dark
30 min.
LED 1624 |15 166.4 | 3.2 536
30 min.
v 1624 |15 166.4 | 3.2 487
30 min. |00 4 15 166.5 | 3.2 148
TED . . . .
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Table S13: 2p XP spectra for the pristine anatase TiO2(101) crystal dosed with cysteine, see Fig-
ure S28. GL(50) Lineshapes were used for fitting. The S 2p3 peak was fixed at a binding energy
1.2 eV below the 2p 1 peak and at double the area. The F\27VHM of both peak components was
fixed to be the same. For the S-H peak, the FWHM was allowed to vary between [1.8,2.5] while
the binding energy was constrained to [164.7, 165.1]. For the oxide / S-Ti peak neither binding
energy nor FWHM were constrained.

S-H S-Ti / S-O,
' Binding FWHM Binding FWHM
Exposure to Air | Energy (eV) Energy (V) RMS
(eV) (eV)
Cysteine 163.7 1.8 161.5 1.4 329
Dosed
30 min.
Dark 163.6 1.8 167.4 3.2 330
30 min. 163.5 18 167 1.7 336
LED ' ' '
30 min.
i - - 168.4 14 296
30 min.
s _ - 168.4 2 309
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Figure S1: SEM images (a) and c)) of Sample A and corresponding nanoparticle size distribution
(b) and d)). The sizes were calculated assuming a circular NP shape and the size distributions
include data from several SEM images, see SI. Two different size distributions were created, as
larger scale images mainly depict large NPs, whereas higher resolution images show mainly smaller

NPs.
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Figure S2: SEM images (a) and c)) of Sample B and corresponding nanoparticle size distribution
(b) and d)). The sizes were calculated assuming a circular NP shape and the size distributions
include data from several SEM images, see SI. Two different size distributions were created, as
larger scale images mainly depict large NPs, whereas higher resolution images show mainly smaller
NPs.
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Figure S3: SEM image and size particle size distribution for sample C.
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Figure S4: SEM image and size particle size distribution for sample D.
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Figure S5: SEM image and size particle size distribution for sample E.
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238

1.1 Swurface Area Gain

The analysis of the SEM images considers the
particles to be 2-dimensional circles. To estimate
how much extra surface area is gained by having
NPs on the single crystal, a geometric estimation
can be made: assuming that the NPs are half-
spheres of the same radius as the measured 2-

dimensional circles from SEM, and assuming a
NP coverage of %coverage, the increase in area

Ajncrease 18

S7

Aincrease =
(2 X %coverage) + (100%_%coverage) - 100% =
2 X %coverage - %Coverage =

% coverage

(1)



2 IRRAS
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Figure S6: Comparison of the IRRAS bands for

the 2200 cm—1 region.
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Figure S7: IRRAS data for sample A (non po-

larized, at room temperature).
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Table S1: IRRAS band positions for the different samples.

Sample
Vibration |,/ p 1 49 | B | bare rutile
Band
VsymCOO™ 1363 | 1363 | 1392 | 1392 1364
5CH, 1462 1451 | 1450 | 1450 1462
SsymNHZ 1514 | 1503
6NH, 1550 | 1550 | 1550 | 1550 1550
VgsCOO~ 1582 | 1582 | 1582 | 1582 1578
04sNH; 1610 | 1610 | 1610 | 1610 1608
vC=0 1670 | 1670 1657
vC=0 1711 1710 | 1710 1718
C=N 2206
S9
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larized, at room temperature). tal (non polarized, at room temperature).
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3 XPS

3.1 Adsorption Quantification

The adsorption of cysteine was quantified by tak-
ing the area of the S 2p peak for the different
samples. The intensity is normalized with the
area A of the Cu 2p3/, peak and the Ti 2p3/5 as
follows:

Lo — As2p/RSFs
ACu2p3/2 /RSFCu + ATi2p3/2/RSFTi
(2)
The relative sensitivity factors (RSF) used here
are 7.94 for Ti, 37.62 for Cu and 1.81 for S. The
values for the areas can be found in Table S2.
The resulting values are normalized to the value
from bare rutile TiOy. Furthermore, the amount
of oxidized sulfur is then quantified by multiply-
ing the normalized intensity of the adsorbed sul-
fur with the percentage of oxidized sulfur after
all light treatments, see Figures 3 and S12.
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Table S2: Area values for the different samples after cysteine adsorption. The unit of the areas
is given in counts per second (CPS). For samples 56 and E, S-contamination was seen prior to
cysteine dosing. The peak corresponding to the contamination was not taken into account for the
S 2p peak area. The corresponding spectra can be seen in Figures 5, S13 to S17, S24 to S28 and S35

244

to S40.

Ti 2p3/5 | Cu2p3s | S2p | Normalized
Sample Area Area Area S 2p
(CPS) (CPS) | (CPS) Area
A 54521 11735 239 0.5
B 11511 21922 421 3.0
C 27261 90734 2041 5.5
D 11711 160661 4984 13.7
E 2030 132299 1516 6.4
bare rutile | 70673 0 562 1.0
3.2 Cu?2p
S13




Table S3: XP fitting parameters for the Cu 2p spectra of all samples before cysteine adsorption.
The Cu(Il) FWHM was constrained between [2, 3.5], the Cu(Il) position between [933.5, 9.4.0] and
the Cu(0) & Cu(I) position between [932, 933]. The rest of the parameters was unconstrained. For
sample B, the Cu(II) position was set to be [935.5, 936].

Sample Cu&CuyO CuO
Binding Energy (eV) | FWHM (eV) | Binding Energy (eV) | FWHM (eV)
A 932.8 2.1 934.0 3.4
B - - 935.6 3.5
C 932.6 1.2 934.5 3.5
D 932.7 1.3 933.7 3.3
bare rutile 933.5 1.9 934.7 3.5
S14
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Figure S12: Cu 2p XP spectra for all samples be-
fore cysteine deposition. The peak is decomposed
into CuO (pink) and CuésCuz O (green), the en-
velope being beige. Details for the fits are found

in Table S3.
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3.3 C1s
3.4 S 2p Photocatalysis

Fitting Protocol The S 2p spectra were fitted
with a Gaussian-Lorentzian GL(50) lineshape in
CasaXPS [1]. The line-splitting was fixed to
1.18 eV, and the 2p3, area was fixed to be twice
the area of the 2p;/, peak. The FWHM of the
2py/2 peak and the 2p3/, peak were fixed to be
the same. The S-Cu 2p3/, peak position was var-
ied between [162.82, 162.32] eV with a FWHM
between [0.5, 1.5] eV, the S-H 2pg/y peak posi-
tion was varied between [164.02, 163.52] eV with
a FWHM between [0.9, 1.5] eV and the 2p3/,

MJ’\/\___

30 min. UV

30 min. LED
Cysteine Dosed
Oxidized

960 950 940 930
Binding Energy (eV)

Intensity (arb.u.)

Figure S13: Cu 2p XP spectra for sample A.

AN\

30 min. UV

30 min. LED

30 min. Dark

Intensity (arb.u.)

Cysteine Dosed

Oxidized ™ , ,
960 950 940 930
Binding Energy (eV)

Figure S14: Cu 2p XP spectra for sample B.

peak position for oxidized sulfur S-O, was var-
ied between [167.82, 166.37] ¢V with a FWHM
between [0.37, 3.0] eV. For the bare rutile crys-
tal, the S-Ti 2p3/, peak position was varied be-
tween [162.9, 161.3] eV with a FWHM between
[1.4, 1.8] eV. The contamination doublets used
for the fits of samples B and E were fixed to their
peak position and FWHM before cysteine dos-
ing within £0.1 eV, assuming that these peaks
do not change or interact.
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Figure S15: Cu 2p XP spectra for sample C. Figure S16: Cu 2p XP spectra for sample D.
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Figure S17: Cu 2p XP spectra for sample FE. ) )
Figure S18: C 1s spectra for sample A. ’'Ouxi-

dized’ means that the Cu NPs were oxidized, but
cysteine is not yet deposited.
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Figure S19: C 1s spectra for sample B. 'Ozidized’

means that the Cu NPs were ozidized, but cys- Figure S20: C 1s spectra for sample C. *Ozidized’
teine is not yet deposited. The sample exhibited means that the Cu NPs were ozidized, but cys-
charging during the XPS measurement, resulting teine is not yet deposited.

in additional peaks.
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Figure S21:

C 1s spectra for sample D. ’Ouxi-

cysteine is not yet deposited.
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Figure S22: C 1s spectra for sample E. 'Ozxidized’
dized’ means that the Cu NPs were oxidized, but means that the Cu NPs were oxidized, but cys-

teine is not yet deposited.
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Table S4: S 2p3/y fitting values for sample A,
see Figure S24.
Binding Energy | FWHM
,5 Peak (V) (V)
a Cysteine S-Ox 167.67 1.32
8 30 mi Dosed S-Cu 162.32 1.03
— |30 min. UV STH 163.65 1.50
%‘ 20 . | 50% 167.10 3.00
c Dark S-Cu 162.41 1.42
Q ar SH 163.58 1.50
= 20 min. |5Ox 167.44 3.00
" | S-Cu 162.45 1.50
30 min. LED LED =55 164.02 0.90
30 min. S-Ox 167.76 2.73
30 min. Dark LED (2) S-Cu 162.75 1.50
Cysteine Dosed 30 mi SH 164.02 0.9
min.
200 288 286 284 282 vy | 5Ox 167.82 3.00
Binding Energy (eV)
Figure S23: C 1s spectra for the bare rutile sam-
ple.
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Table S5: S 2p3/, fitting values for sample B,
see Figure S25. "Cont" is the fit for the contam-
ination present prior to cysteine dosing.

Table S6: S 2p3/, fitting values for sample C,

Peak Blndu(lfvl*)lnergy F\(Z\I;I)M see Figure S26.
Oxidized | Cont. 168.27 3.00 Peak Binding Energy | FWHM
S-Ox 166.37 3.00 (V) (V)
Cysteine | S-Cu 162.32 1.50 Cysteine S-Ox 166.67 3.00
Dosed S-H 164.02 0.90 Dosed S-Cu 162.82 1.14
Cont. 168.30 3.00 S-H 163.83 1.35
S-Ox 166.37 3.00 30 min S-Ox 166.67 3.00
30 min. S-Cu 162.32 1.50 Dark " | S-Cu 162.82 1.22
Dark S-H 164.02 1.50 S-H 163.85 1.55
Cont. 168.30 3.00 30 min S-Ox 166.67 3.00
S-Ox 166.42 3.00 LED " | S-Cu 162.76 1.28
30 min. S-Cu 162.32 1.50 S-H 163.82 1.42
LED S-H 164.02 1.50 30 min S-Ox 166.67 3.00
Cont. 168.30 3.00 LED (2) S-Cu 162.70 1.30
S-Ox 166.37 1.61 S-H 163.76 1.41
30 min. | S-Cu 162.32 1.33 30 min S-Ox 166.67 3.00
LED (2) S-H 163.52 0.90 UV " | S-Cu 162.67 1.39
Cont. 168.30 3.00 S-H 163.68 1.41
30UH\1/‘H‘ S-Ox 166.37 2.88
Cont. 168.20 3.00
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Table S8: S 2p3/y fitting values for sample E,
see Figure 5. "Cont." is the fit for the contamsi-
nation prior to cysteine dosing.

Table ST: S 2p3/o fitting values for sample D, Binding Energy | FWHM
: Peak
see Figure S27. (eV) (eV)
Oxidized | Cont. 168.66 1.31
Binding E FWHM
Peak | ”(legv)nergy (&) S-Ox 166.39 0.81
Cysteine | S-Cu 162.57 1.20
. S-Ox 167.43 3.00
Cysteine Dosed S-H 163.83 1.49
S-Cu 162.82 1.24
Dosed Cont. 168.62 1.40
S-H 163.52 1.50
S-Ox 166.37 0.91
. S-Ox 167.15 3.00 .
30 min. 30 min. | S-Cu 162.66 1.20
S-Cu 162.80 1.29
Dark Dark S-H 163.88 1.50
S-H 163.52 1.50
Cont. 168.60 1.37
. S-Ox 167.04 3.00
30 min. S-Ox 166.44 1.35
S-Cu 162.78 1.41 .
LED 30 min. | S-Cu 162.70 1.25
S-H 163.65 1.50
LED S-H 163.90 1.31
. S-Ox 167.09 3.00
30 min. SO 16273 140 Cont. 168.65 1.32
LED (2) . : S-Ox 166.63 2.92
S-H 163.74 1.50 .
0 166.98 300 30 min. | S-Cu 162.80 1.03
30 min. X - - LED (2) | S-H 163.87 1.21
S-Cu 162.68 1.43
uv S 16352 170 Cont. 168.63 1.26
. : S-Ox 166.67 2.41
30 min. | S-Cu 162.82 1.50
Uuv S-H 163.95 1.41
Cont. 168.66 1.34
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Table S9: S 2p3 /9 fitting values for the bare rutile

167.8 164.0 162.4

crystal, see Figure S28. g
&
Binding Energy | FWHM ‘g
Peak (V) (V) g
Cysteine S-Ti 161.61 1.40 3 min.
Dosed | S-H 163.75 1.80 e
30 min. S-Ti 161.30 1.46
Dark S-H 163.85 1.80
S-Ox 167.02 1.40 A
30 min. | S-H 163.68 1.80 oxidized : 5 5
LED S-Ox 168.03 1.80 . . . e
30 min. | S-H 163.50 2.21 T i ey
LED (2) | S-Ox 168.31 1.80
30Un\1,m‘ S-Ox 168.85 1.80
Figure S24: S 2p spectra for sample A for differ-
ent steps of exposure to ambient conditions and
light. ’Ozidized’ means that the Cu NPs are oz-
idized, but no cysteine is deposited. The spectra
were fitted with a doublet corresponding to sulfur
bound to Cu S-Cu (green), a doublet for oxidized
sulfur (purple) and a doublet for molecular thiol
groups (S-H) in blue. The envelope of the fit is
displayed as orange shade.
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Figure S25: S 2p spectra for sample B for differ-
ent steps of exposure to ambient conditions and
light. ’Ozxidized’ means that the Cu NPs are oz-
idized, but no cysteine is deposited. The spectra
were fitted with a doublet corresponding to sul-
fur bound to Ti (green), a doublet corresponding
to oxidized sulfur (purple) and a doublet corre-
sponding to molecular thiol groups (S-H) in blue.
Additionally, a doublet for contamination prior
to cysteine dosing was needed (grey). The per-
centages give the amount of cysteine in the spe-
cific chemical state. It is assumed that the over-
all amount of cysteine does not change, such that
the percentage of the contamination is constant.
After light exposure, some of the cysteine enters
the same chemical state as the contaminant. The
envelope of the fit is displayed as orange shade.
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i H 31% i
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Figure S26: S 2p spectra for sample C for differ-
ent steps of exposure to ambient conditions and
light. ’Ozidized’ means that the Cu NPs are oz-
idized, but no cysteine is deposited. The spectra
were fitted with a doublet corresponding to sulfur
bound to Cu (green), a doublet for the molecular
thiol group S-H (blue), and a doublet for oxi-
dized sulfur (purple). The envelope of the fit is
displayed as orange shade.
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Figure S27: S 2p spectra for sample D for differ-
ent steps of exposure to ambient conditions and
light. ’Ozxidized’ means that the Cu NPs are oz-
idized, but no cysteine is deposited. The spectra
were fitted with a doublet corresponding to sulfur
bound to Cu S-Cu (green), a doublet for oxidized
sulfur (purple) and a doublet for thiol groups in
molecular form (S-H) in blue. The envelope of
the fit is displayed as orange shade.
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Figure S28: S 2p spectra for the bare rutile crys-
tal for different steps of exposure to ambient con-
ditions and light. The spectra were fitted with
a doublet corresponding to sulfur bound to Ti
(green), a doublet for ozidized sulfur (purple)
and a doublet for molecular thiol groups (S-H)
in blue. The envelope of the fit is displayed as
orange shade.

526

257



258

3.5 O1s

Intensity (arb.u.)

Figure S29: O 1s XP spectra of sample A.
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Figure S30: O 1s XP spectra of sample B. The
additional peak visible at low binding energy is a
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Figure S31: O 1s XP spectra of sample C. Figure S32: O 1s XP spectra of sample D.
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Figure S34: O 1s XP spectra of the bare rutile

Figure S33: O 1s XP spectra of sample E. crystal.
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Figure S35: T 2p XP spectra of sample A.
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Figure S36: Ti 2p XP spectra of sample B. The
additional peaks are attributed to charging arti-

facts.
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Figure S37: Ti 2p XP spectra of sample C. Figure S38: T 2p XP spectra of sample D.
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Figure S39: Ti 2p XP spectra of sample E.
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Figure S40: Ti 2p XP spectra of the bare rutile

crystal.
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3.7 CuLMM
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Figure S42: Cu LMM XP spectra of sample A.
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Figure S41: Cu LMM XP spectra of all samples
before cysteine deposition (except for the bare ru-
tile sample, which is shown after cysteine depo-
sition). The intensity differences are attributed
to differences in NP coverage.
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Figure S43: Cu LMM XP spectra of sample B.
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Figure S44: Cu LMM XP spectra of sample C.
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Figure S45: Cu LMM XP spectra of sample D.  Figure S46: Cu LMM XP spectra of sample E.
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Figure S47: Cu LMM XP spectra of the bare ru-
tile crystal.
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4 SAM
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Figure S48: Individual Cu LMM Auger scans for
sample A, extracted at different positions along
the line scan, see Figure 1, both on and off the
NPs.
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Figure S49: SAM measurement of sample C. Left: Spectra at two different positions. Right: SEM
image with the measurement positions.
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Figure S50: SAM measurement of sample D. a) Spectra at different positions. b) SEM image with
the measurement positions.
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Figure S51: SAM measurement of sample E. a) Spectra at different positions. b) SEM image with
the measurement positions.
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