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Introduction

From the first discovery of controlled use of fire in the Stone Age to nuclear power as one of
the technologies of the modern era, countless technologies have been developed to benefit
human life. Yet, it is clear nowadays that the major breakthrough brought about by technology
depends on its application and use. Nuclear technology led to the development of nuclear
weapons with devastating effects on both human and environment. Furthermore, nuclear
reactors introduced the issue of global scale accidents and an unresolved waste problem. The
most recent accident happened in Fukushima, Japan in 2011, killing over 15,000 people
alongside other lasting consequences. The impacts of technology are usually more complex
than what they were originally predicted to be. Higher-order effects often emerge when the
technology has already settled in society and can be much stronger than the intended

first-order effects.

Nanotechnology, as one of the more recently developed technologies, is no exception.
Although nanomaterials and nanoparticles have been around for thousands of years,
nanotechnology, as a designing tool and set of concepts, was only initiated in the last century.
Since then, the potential of this technology has been recognized and it has experienced a boom
in the last 20 years. More and more academic research has been dedicated to this field. The
number of nanomaterial-containing products on the market has also increased rapidly. They
are used in many sectors ranging from energy, electronics, and construction to food, cosmetics

and healthcare.

Despite their fascinating properties, nanomaterials carry potential risks towards human health
and environment. Similar to chemicals, nanomaterials became regulated. Regulation
compliance of used, produced or imported nanomaterials requires precise information on their
physicochemical characteristics and potential toxicity. This drives the research and
development of nanomaterials towards anticipation of the risk, rather than a posteriori
determination of them. Hopefully, this approach will prevent us from making the same past
chemical-related errors, be it pesticide compounds, fluorochlorohydrocarbons or the over-use

of plastics.
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In view of anticipation of risks, safer-by-design concept was developed and adopted for
nanotechnology in the past 10 years. It consists in integrating knowledge of potential adverse
effects into the process of designing nanomaterials, and engineering these undesirable effects
out of them. Up until now, this concept was usually employed for existing and already
well-known nanomaterials. It responds to toxicity problems detected during formulation or
integration of nanomaterials into devices and products. On the other hand, safer-by-design
has not yet been applied for research. The novelty of this work is based on the approach
followed during this thesis. It consists in following the toxicity of a multifunctional
nanomaterial still in the research phase. The synthesis methods and the chemical composition
of the material are adjusted to impart targeted properties and applications. The objective is to
optimize the performance of the material while minimizing its toxicity. Identification of key
parameters that influence these two is particularly crucial. By deploying this approach, we
expect developing nanomaterials that meet the safe and performance criteria in close relation

with the activity sector and its regulations.

For this work, it is necessary to establish a collaboration between the Laboratory of the
Condensed Matter Chemistry of Paris (LCMCP) that possesses the know-how in synthesis
and characterization of complex nanostructures, crucial for nanomaterial design, and the
Mondor Institute of Biomedical Research (IMRB, INSERM) whose researchers have
expertise in evaluation of nanomaterial toxicity. Gadolinium-cerium oxysulfides of
compositions Gdz1-xCe2x02S have been chosen as emerging nanomaterials for this study
since they show potential applications in photocatalysis as well as in biomedical imaging.'-?
Moreover, because little is known about their toxicity, they are perfect model for developing

the safer-by-design approach.

This manuscript is divided to four chapters. The first chapter (Chapter I) provides the context
surrounding properties and risks of nanomaterials. Then, from several recent examples in the
literature, we redefine the safer-by-design approach for nanomaterials research that serves as
blueprint for our study. Chapter II deals with the synthesis and characterization of bimetallic
gadolinium-cerium oxysulfide nanoparticles of compositions Gdz(1-xCe2:O2S. In Chapter III,
the safer-by-design approach is discussed in relation with oxysulfide nanoparticles design for
photocatalysis. Alongside the functionality, the toxicity of oxysulfide nanoparticles is
assessed by a combination of in vitro and in vivo experiments. Chapter IV shows preliminary

results of oxysulfide nanoparticles developed for fluorescent-magnetic biomedical imaging.
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The last part of the manuscript summarizes the results of the three last chapters and proposes
perspectives for the safer-by-design approach applied to emerging nanomaterials. Appendices
contain an experimental section, a list of articles published and presentations given during the

thesis as well as the texts of two articles relevant to the discussion in the manuscript.
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I.1. Nanomaterials

I.1.1. Emerging nanotechnology

Although nanoparticles and nanomaterials have empirically been used for centuries by in
many crafts, nanotechnology, as a designing tool and set of concepts, is one of the more recent
technologies in human history of innovation. It involves control and manipulation of matters
at the nanometer scale. For comparison, one nanometer is equal to one-billionth of a meter

(1 nm = 10 m), i.e. only approximately 1/10,000" of the thickness of a human hair.

The ideas and concepts behind nanotechnology started with a talk entitled “There’s Plenty of
Room at the Bottom” by the Nobel laureate Richard Feynman in 1959, in which he said:
“What would the properties of materials be if we could really arrange the atoms the way we
want them? ... I cannot see exactly what would happen, but I can hardly doubt that when we
have some control of the arrangement of things on a small scale, we will get an enormously
greater range of possible properties that substances can have, and of different things that we

can do.”!

More than a decade later, in 1974, the term “nanotechnology” was proposed by
Norio Taniguchi to describe the processes of creating material structures with
nanometer precision.” Since then, this modern technology has inflated, along with the
miniaturization trend described by Moore’s Law. The number of scientific publications in the
field has increased rapidly over the years to over 80,000 in 2018 (Figure I.1). As the main
outcomes of nanotechnology, nanomaterials and nanoparticles have been manufactured and
used in many industrial sectors ranging from energy, electronics, construction to food,
cosmetics and healthcare (Figure 1.2).°> In 2015, the global nanomaterial market value was
estimated at between 4.1 and 14.7 billion USD with annual production of millions of tonnes,
mainly consisting of historically used carbon black, colloidal silica and titania.* It is also

worth noting that most of the nanomaterial-containing products come from cosmetics and

textile industries. They are products that are used in everyday life.
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Figure I.1: Number of scientific publications since 1990 containing “nanomaterials” OR
“nanoparticles” (white bars with patterns), containing [“nanomaterials” OR “nanoparticles”] AND

“toxicity” (black bars) (according to Web of Science accessed on June 12, 2019).
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Figure 1.2: Number of nanomaterial-containing products in the global market by industry sectors

(taken from ref 3).
I.1.2. Nanomaterials: from properties to applications

The strong interest in nanotechnology is due to the wide range of unique properties that
nanomaterials exhibit, as Feynman foresaw. At the nanoscale, the material characteristic size

becomes comparable to the wavelength of the electrons it carries. In consequence, quantum



Safer-by-design approach for emerging nanomaterials 11

confinement effect occurs and gives rise to new properties that do not exist in the macroscopic
compound. Typically, semiconductors such as cadmium selenide CdSe are photoluminescent
at the nanoscale while they are not as macroscopic solids. Moreover, their emission
wavelength depends on the nanoparticle size (Figure I.3a).>® The tunable and narrow
emission of semiconductor nanoparticles, also known as quantum dots, makes them a
competitive choice for the emissive component of light-emitting devices (LEDs), providing a
larger color gamut (Figure I.3b,c).”® Indeed, Samsung has commercialized a quantum

dot-containing TV range, named QLED, since 2017.
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Figure 1.3: a) Size-dependent photoluminescence of semiconductor CdSe nanoparticles, also known
as quantum dots (image courtesy of Bawendi group at the MIT Department of Chemistry). b) Narrow
photoluminescence spectra of quantum dots. c¢) Chromaticity diagram showing color gamut of

quantum dots and of HDTV standard (adapted from ref 7,8).

Smaller nanoparticles exhibit larger specific surface area than large crystals for the same mass
of material (Figure 1.4). As the surface area increases, a larger portion of atoms are exposed
to the surrounding environment. Decreasing the nanoparticle size also creates more reactive
sites at edges, corners and terraces on the surface. All of these contribute to a higher reactivity
of the nanoparticles. As an example, bulk gold is chemically inert and is widely regarded as

a poor catalyst. However, when gold is in the form of very small particles with diameters less



12 Chapter I

than 10 nm, it becomes active for many reactions.’! In particular, gold nanoparticles are used
in the industrial scale for the synthesis of methyl methacrylate and vinyl chloride, essential
precursors for the production of plastics.!! Other metallic nanoparticles such as nickel,

palladium and platinum are also employed for catalysis.'?
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Figure 1.4: a) Number of particles and b) surface area of a suspension containing 1 g/L of icosahedral

gold nanoparticles crystallized in a face-centered cubic (fcc) phase (adapted from ref 13).

However, the factor that makes nanomaterials the most relevant for industrial applications is
a straightforward one: their small physical size. Similar to molecules, small particles can be
implemented in most forms of products including fluid and thin layer as additives for
additional properties. Moreover, being used as additive, they can become cost-effective.!* In
fact, coating an area of 1 m?> with nanoparticles of 50 nm as a monolayer only requires

20 — 200 mg of material.

Two key examples are carbon nanoparticles and titanium dioxide TiO2 nanoparticles or
titania. Carbon black particles have been used as additive in car tires to improve the tensile
strength and wear resistance since the early 20" century.'* In the form of nanotube, carbon is
also present in Kevlar as filler, enhancing its mechanical properties. As for titania, their rutile
form is widely used as white pigment in paint and for food coloring. They are commonly
known as titanium white, Pigment White (PW6), E 171 or Cl 77891. In addition, smaller TiO2
nanoparticles (below 50 nm in diameter) are present in sunscreen as nearly transparent
additive and provide UV protection.'* Small TiO2 nanoparticles in the anatase form are
employed for their photocatalytic properties as well. A prominent example is self-cleaning

coating of window glass.!?
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Nanomaterials present many fascinating properties that have made them highly attractive for
industry as well as academic research since the last century. Nowadays, efforts continue to be
made for development of new nanomaterials to further improve efficiency, reduce cost and

search for new properties and functionalities.
1.1.3.  Potential risks of nanomaterials

Despite the bright outlooks for the future of nanotechnology, engineered nanomaterials have
caused increasing concerns about their safety in recent years. Studies dedicated to assessment
of the potential toxicity of nanomaterials emerged in the 90s and are steadily increasing

(Figure L.1).

Regarding toxicological impact of nanomaterials, two main exposure contexts can be
considered since it may occur during the whole life cycle of nanomaterial-containing
products. In the occupational context, workers in production units may be exposed during raw
material processing, manufacturing, and final product assembly. In a more general context,
the population may be exposed directly during the use of products and indirectly through
environmental contamination following the disposal of the products. The respiratory system
is the most prominent exposure route for the nanomaterials.®!®!* Other exposure routes
including skin and gastrointestinal tract are also present for certain industrial sectors,
especially during the use of products. Examples such as nanoparticles in cosmetics and food
come to mind. Upon penetration to the human body, due to their small size, nanomaterials
can translocate from the entry points into the circulatory and lymphatic systems, and

ultimately to body tissues and organs.>!6:18

The toxicity of nanomaterials seems to be higher than that of their chemically identical
bulk counterpart.!”!”2! The nanometric size makes nanomaterials chemically more reactive,
partly due to their large surface to mass ratio. In addition, they may enter the cells and may
exert potential damaging actions in sites precluded from larger particles.? In fact, it has been
demonstrated that nanoscale TiO2 induces pulmonary inflammation in mouse lung more
readily than their bulk counterpart.!®**?4 Metal and metal oxide nanoparticles such as silver
Ag or zinc oxide ZnO frequently induce inflammation and even genotoxicity to cells.!”-?!2>26

Fibrous nanomaterials such as carbon nanotubes induce genotoxicity and have also proven to

be carcinogenic for rodents.!”>>?728 The toxicity of nanomaterials may also come from the
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inherent toxicity of the constituting elements. For example, quantum dots containing
cadmium, mercury or lead may release highly toxic Cd**, Pb*" and Hg?" ions to biological
media and causes harmful effects.®* In these cases, a smaller nanoparticle size results in their

larger surface contact with the medium, making them more soluble.

In general, the acquired data on toxicity of nanomaterials are not systematic and are scattered.
In contrast to molecular compounds which are clearly defined by their atomic constituents,
nanomaterials of the same chemical compositions may be described by many other parameters
such as their size, shape, crystal structure, surface state, etc. Hence, accurate preparation and
characterization of nanomaterials are complex. Moreover, nanomaterials may transform in
biological media due to the presence of various biomolecules, e.g. the formation of surface
protein corona, aggregation/agglomeration, etc. Considering all of these variations,
systematic evaluation of nanomaterial toxicity becomes very challenging. Conclusions have
been mainly drawn on a case-by-case basis. Nevertheless, efforts have been made to develop
general toxicological paradigms that relate nanomaterial physicochemical characteristics to

their toxicity.

One of the most recognized paradigms is the dissolution of nanomaterials in biological media
to release toxic heavy metal ions. Prominent examples include Ag, ZnO nanoparticles and
Cd-based quantum dots.®!"?1>>2¢ For non-dissolving nanomaterials such as TiOz, their
bandgap and conduction band energy levels have been connected to their potential toxicity
through both computational and experimental approaches.’®3! In fact, the overlap between
the conduction band energy of nanomaterials and the redox potential of molecules present in

the biological system was the main cause of toxicity.

General mechanisms underlying nanotoxicity have also been intensively sought. Production
of reactive oxygen species (ROS) and subsequent generation of oxidative stress were shown
to be one of the most important processes.’>** In particular, a hierarchical model was
developed to explain the role of oxidative stress in cellular response upon exposure to
nanomaterials (Figure 1.5).2* Low level (Tier 1) of oxidative stress induces protective effects
to restore cellular redox homeostasis. If these protective responses fail to provide adequate
protection, a further increase in ROS production may result in inflammatory responses
(Tier 2), e.g., expression of cytokines and chemokines. At a higher level of oxidative stress

(Tier 3), cytotoxic effects involving mitochondria may occur and ultimately lead to cell death.
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Figure L.5: Hierarchical oxidative stress responses (adapted from ref 33).
I.1.4. Regulation of nanomaterials

Market introduction of chemicals, pharmaceuticals and good components has been regulated
since the early 20™ century. Nanomaterials are not exceptions. In the European Union, they
have been regulated under REACH (Registration, Evaluation, Authorization and Restriction
of Chemicals), which are generally applied to chemical substances, since 2006. There was no
provision referring explicitly to nanomaterials in the first versions of REACH. However,
recent advances in nanotoxicology demonstrated the need and provided important knowledge
to complete and clarify the REACH annexes with regard to nanomaterials. In this view,
revisions were adopted on December 3, 2018, by the European Commission and the new rules

will take effect as of January 1, 2020.

To ensure their safe use and minimize their potential adverse effects on human health and
environment, nanomaterials that are manufactured or imported in quantities of more than one
tonne per year per company are required to be registered with the European Chemicals
Agency (ECHA). The revised REACH annexes stated that manufacturers, importers and
downstream users need to systematically characterize the physicochemical properties
(particle size, shape, composition, surface properties) of the nanomaterials alongside their
hazardous properties. Nanomaterials of similar characteristics and hazard properties also need

to be grouped with clear justifications.

Altogether, the revised REACH regulation drives the development of new nanomaterials and

nanomaterial-containing products towards an anticipation of the risks, rather than a posteriori
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determination of them. This leads us to the safer-by-design concept that will be discussed in

the next section.
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I.2. Safer-by-design nanomaterials

I.2.1. Safer-by-design concept

To address the potential harms of nanomaterials while maintaining their development,
safer-by-design concept has been employed recently. First appeared in the literature around
2010, it consists in integrating knowledge of potential adverse effects into the process of
designing nanomaterials, and engineering these undesirable effects out of them. For this, both
hazard which is the potential of a nanomaterial to cause harmful effect, and exposure which
describes a certain dose that human or environment encounter over time, may be

considered.?*3¢

Although safer-by-design is relatively new in this field, similar concepts such as green
chemistry, quality-by-design, inherent safer design, etc. have been well-established in fields
such as chemistry, construction, nuclear technology, aeronautics, water treatment,
pharmaceutics, health facilities, etc. since the end of the last century.>**’-3? In those fields,
the concept describes safety measures for the prevention of accidents, illnesses or
environmental damage that are applied during the design stage of a facility, process, practice,

material or product.

In general, safer-by-design is not new and has been used for years in the industry. Various
fields have adopted and developed this concept differently, but the common idea is to design
products or processes that possess an intrinsically low risk potential, instead of confining this

potential by application of protective systems.>*
1.2.2. Recent examples of safer-by-design approaches

In the literature, several safer-by-design approaches were reported, mainly to reduce potential
hazard of nanomaterials. Most of these studies were based on aforementioned paradigms and

focused on modification of either the inorganic core or the surface of the nanomaterials.
1.2.2.1. Modification of inorganic core

One of the first attempts to reduce nanomaterials hazard by a safer-by-design approach was

through modification of inorganic core of nanomaterial. In 2011, Xia et al. demonstrated that



18 Chapter I

the dissolution of zinc oxide ZnO nanoparticles and the Zn>" release, that led to a series of
sub-lethal and lethal toxicological responses at the cellular level, could be lessened by
iron-doping.*® ZnO nanoparticles doped with up to 10 at.% of Fe were synthesized by flame
spray pyrolysis. They were spherical with size ranging from 8 nm to 20 nm. It was suggested
that the presence of iron as dopant reinforced the atom bonding in the particles and decreased
the Zn** dissolution rate, thus the ZnO nanoparticles toxicity. Concrete evidence regarding

the bonding reinforcement was however lacking.

Similar to ZnO nanoparticles, copper oxide CuO nanoparticles are known to exhibit toxicity
due to the Cu*" dissolution in biological media. Employing the same iron-doping strategy,
Naatz et al. showed that the toxicity of CuO nanoparticles could also be reduced.*! Fe-doped
(up to 10 at.%) CuO nanoparticles of size from 10 to 20 nm were synthesized by flame spray
pyrolysis. The incorporation of Fe led to distortion of the monoclinic CuO lattice (Figure 1.6).
In fact, CuO has a square planar geometry with each Cu coordinated to four oxygen atoms.
By doping with 10% of iron, the Cu-O bond lengths increased from 2.02 to 2.19 A. The
authors hypothesized that this lattice distortion enhanced the material stability. However,
further explanation was not provided. Doping above 6 at.% of iron also resulted in the
formation of a CuFe:0s4 phase on the surface of the nanoparticles (Figure 1.6). It was
demonstrated that the presence of CuFe204 phase greatly inhibited the dissolution of CuO
nanoparticles in various cell culture media. Finally, cytotoxicity of the nanoparticles towards
human macrophage-like THP-1 and epithelial BEAS-2B cell lines, as well as their

interference with zebrafish hatching were reduced.
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Figure 1.6: Structure-activity relationship describing the structural and chemical properties of pristine
and iron-doped CuO nanoparticles, and their influence on the biological response assessment (taken

from ref 41).

It should be noted that doping is not a universal safer-by-design strategy for all types of
nanomaterials. In some cases, doping was shown to enhance toxicity. Indeed, George et al.
showed that doping of titanium oxide TiO2 nanoparticles with Fe*", using the same flame
spray pyrolysis method, reduced their bandgap from 3.3 eV to 2.8 eV (Figure I.7a).** As a
result, their absorption spectrum was shifted towards the visible region, making them more
suitable for photocatalysis with visible light. However, the oxidation ability of Fe-doped TiO2
upon near-visible irradiation (below 3.2 eV) was also found to be superior to that of undoped
nanoparticles due to their lower bandgap. Doped TiO2 nanoparticles induced higher oxidative

stress and cell death to macrophages-like RAW 264.7 cells (Figure 1.7b).

In this example, even though the tailored design strategy led to enhanced functionality of the
nanomaterial, it also increased its toxicity. Nevertheless, the acquired knowledge on the

potential toxicity of iron-doped TiO2 nanoparticles remains useful for future development of
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novel nanoscale photocatalysts containing TiO2. Alongside previously discussed examples of
safer-by-design ZnO and CuO nanoparticles, this study also highlighted the importance of

integrated effort of nanomaterials synthesis and safety assessment in safer-by-design

strategies.
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Figure 1.7: a) UV-visible absorption of undoped and Fe-doped TiO» nanoparticles represented by
Kubelka-Munk reflection plot over energy. b) Cytotoxic responses of macrophages-like RAW 264.7
cells exposed to the nanoparticles and near-visible illumination: mitochondrial superoxide generation
(MitoSox), decreases in mitochondrial membrane potential (DMMP) and loss of cell viability (PI
uptake) (adapted from ref 42).

1.2.2.2. Modification of surface

Beside modification of the inorganic core, surface passivation is another strategy to tackle the
dissolution-induced toxicity of nanoparticles such as zinc oxide ZnO. Lewinski et al. recently
prepared 5-nm ZnO nanoparticles for photoluminescence properties.* They were coated with
a densely packed shell of 2-(2-methoxyethoxy)acetate (MEAA) ligands, which acted as
polyethylene glycol (PEG) prototype, using an one-pot, self-supporting organometallic
procedure (Figure L.8 Right). This ligand shell passivated the nanoparticles and protected
them from subsequent Click Chemistry on their surface, retaining their photoluminescence
properties. It was not the case for ZnO nanoparticles prepared by traditional sol-gel methods
(Figure 1.8 Left).** The authors also showed that the MEAA ligand shell inhibited leaching
of Zn** ions from the inorganic core and generation of free radicals on the surface. It was
suggested that the well-passivated ZnO nanoparticles induced negligible oxidative stress and

adverse effect on human lung fibroblast MRC-5 and human lung epithelial A549 cells.®?
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Although direct comparison with ZnO nanoparticles prepared by traditional sol-gel route was
lacking, this study highlighted the surface passivation strategy to reduce nanomaterial

toxicity.

inorganic sol-gel organometallic
method 'self-supporting’
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‘permeable’ ligand shell \ o= ~
£

‘corrugated’ surface ?

‘impermeable’ ligand shell

well-passivated surface

-
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no zn™ leaking*

EPR active EPR silent*®

* current work

Figure 1.8: Comparison of characteristic properties and toxicity of zinc oxide ZnO nanoparticles
prepared by traditional sol-gel method and those prepared by novel organometallic self-supporting

approach (taken from ref 43).

Another example of a safer-by-design approach relying on surface modification of the
nanomaterials is the case of multi-walled carbon nanotubes (MWCNTs). They were shown
to cause fibrogenic effects in cells and animal lungs due to their surface hydrophobicity and
high aspect ratio.*> Wang et al. demonstrated that effective surface coating of the nanotubes
by biocompatible copolymers such as pluronic F108 (PF108) protected them from damaging
the lysosomal membrane and initiating a sequence of cooperative cellular events that play a
role in the pathogenesis of pulmonary fibrosis (Figure 1.9).4¢ The author suggested that
PF108 coating was a promising approach for designing safer MWCNTs.
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Figure 1.9: Comparison between bovine serum albumin (BSA) and pluronic F108 (PF108) as
dispersants for multi-walled carbon nanotubes (MWCNTs) in terms of stability, interaction with

lysosome membrane as well as pro-fibrogenic effects (taken from ref 46).
1.2.3. A reviewed vision of safer-by-design approach for nanomaterials

In the past ten years, several safer-by-design strategies were successfully implemented to
prepare safer metal oxide, carbon-based nanomaterials among others. They mainly consist in
modifying either the inorganic core of the nanomaterials or their surface. The examples
demonstrated the essence of nanomaterials safer-by-design, i.e. determining the key
physicochemical characteristics that contributed to toxicity and how to remediate them by
rational design. Nevertheless, it is clear that a gap between materials research and safety
assessment still exists. While most of safety studies and safer-by-design approaches have been
focused on raw materials, the materials research field has evolved beyond individual
nanomaterials to create sophisticated nanostructures and devices. Moreover, these studies
mainly targeted well-developed nanomaterials, some of them are already present in
commercial products. Current safer-by-design approaches also remain heavy on reducing the
potential hazard of nanomaterials. Evaluation of intended functionality after safer-by-design
modifications was often neglected. The aforementioned works on safer-by-design copper
oxide CuO and zinc oxide ZnO nanoparticles are prominent examples.***! The authors
mentioned various functionalities of both nanoparticles such as pigment and UV-absorber.
However, these functionalities were not studied after the iron-doping of the nanoparticles to

reduce their toxicity.
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Taking into account these points, in order to take full advantage of the safer-by-design
approach and maximize the potential of nanomaterials, we believe that safer-by-design could
be applied in the earliest stage of nanomaterials development, i.e. to novel, emerging
nanomaterials that are still in basic research phase. Furthermore, both their toxicity and
functionality for a targeted application need to be considered in parallel. For emerging
nanomaterials, little is known about their potential risks. Thus, determining the key
physicochemical properties that contribute to both the toxicity and the functionality is of
particular relevance. Altogether, we propose that the properties, toxicity and functionality of
the emerging nanomaterials are to be studied in parallel. These three points can be
schematically linked by a feedback loop (Figure 1.10). By applying this safer-by-design
feedback loop over and over, we hope to improve both the functionality and the safety of the
nanomaterials by well-designed incremental modifications. As a consequence, it is expected

that effects of each modification can also be rationalized.

Lastly, as the nanomaterials evolve through their life cycle, ideally, the safer-by-design
concept needs to be applied at every step of nanomaterials development, from basic research

to production, uses and end of life to ensure their safety.

Emerging
nanomaterials

Figure 1.10: Schematic representation of safer-by-design approach for emerging nanomaterials.
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I.3. Thesis outline

The purpose of this thesis is to apply the reviewed safer-by-design concept discussed above
to bimetallic gadolinium-cerium oxysulfide nanoparticles of compositions Gdz(1-xCe2:O2S.

4748 studies on

Despite their promising applications in catalysis and biomedical imaging,
toxicity of nanoscale oxysulfides remain scarce, making them a perfect model of emerging

nanomaterials.

The following chapter (Chapter II) will be dedicated to the synthesis and characterization of
bimetallic gadolinium-cerium oxysulfide nanoparticles. The nanoparticles are prepared by
colloidal synthesis in organic solvents and their complete description (size, shape,
composition, crystalline nature, surface ligand and surface state) is presented. In Chapter I1I,
the safer-by-design approach is discussed in relation with oxysulfide nanoparticles design for
photocatalysis. Following attempts to remove surface ligand, the tunable absorption
properties of Gdz(1-xCe2xO2S nanoparticles are presented. Their photocatalytic activity under
visible light is demonstrated via tests of photodegradation of organic dyes and radical
production. Alongside the functionality, the toxicity of oxysulfide nanoparticles is assessed
by a combination of in vitro (murine macrophage RAW 264.7 cell line) and in vivo (C57 black
6 mice) models. Cell viability, oxidative stress and inflammation response are the main
discussed endpoints. In order to elucidate the cell-nanoparticle interaction and possible origins
of toxicity, cells exposed to nanoparticles are finally mapped by X-ray hyperspectral imaging.
Chapter IV shows preliminary results of oxysulfide nanoparticles developed for
fluorescent-magnetic biomedical imaging. The photoluminescence of Eu-doped
Gd2(1-9Ce2¢02S nanoparticles are first discussed. Then, the doped nanoparticles are coated
with polyvinylpyrrolidone (PVP) for water-dispersibility. Cytotoxicity of the PVP-coated and
Eu-doped is finally characterized. The last part of the manuscript summarizes the results of
the three last chapters and proposes perspectives for the safer-by-design approach applied to

emerging nanomaterials.
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II.1. Introduction on metal oxysulfide

II.1.1.  Definition of metal oxysulfide

Metal oxysulfides are compounds composing of at least one metal, in addition to oxygen and
sulfur both at their reduced state. The generic formula for metal oxysulfides is MxO,S:. It
should be emphasized that oxygen and sulfur must adopt negative oxidation state (e.g. -I
or -II) for the compound to be called “oxysulfide”. This is to make a clear distinction with
other compounds containing oxygen and sulfur such as metal sulfates Mx(SOs4),, where the
sulfur is oxidized and at positive oxidation state +VI. In the literature, one can find reported
oxysulfides under other names such as “thiooxide” and “oxidesulfide”.!”* However, the term
“oxysulfide”, proposed by Flahaut et al. in 1958 mostly for Ln202S (Ln = lanthanide),* is now
employed in a large majority of the works on compounds containing both reduced oxygen

and sulfur.’
I1.1.2.  Properties and applications of metal oxysulfides

Metal oxysulfides are scarcer than their oxide and sulfide counterparts and are mostly
artificial. They were often considered undesired byproduct in sulfidation of metal oxides. First
discovered in 1827 by Carl Gustaf Mosander in cerium oxysulfide CexOxS:, other oxysulfides
with transition metals, lanthanides and actinides have also been reported in the bulk as well

as in the nanoscale.’ Progression in the field and keystones are shown in Figure IL.1.
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Figure I1.1: Key dates and authors of the oxysulfide research with some related structures (taken from

ref 5). Ln stands for lanthanide and An for actinide.

One of the reasons for this scarceness is likely because oxysulfides are difficult to obtain.
According to their definition, both reduced oxygen and sulfur must be present. However,
possessing a large number of oxidation states from -II to +VI, sulfur is easily oxidized in
compounds containing both elements. This is why reported structures of metal oxysulfides

often show alternate layers of metal-sulfur M-S and metal-oxygen M-O (Figure IL1).

The presence of two different types of bonding (M-O and M-S) in metal oxysulfides is an
interesting feature. Oxygen and sulfur show a rather large difference in electronegativity: 3.4
and 2.6 respectively by Pauling scale. By consequence, the properties of metal oxide and
metal sulfide are quite different. While the M-O bonding in metal oxides has a more ionic
character, resulting in them being mostly insulators (e.g. TiO2, ZnO), the M-S bonding in
metal sulfides has a more covalent character, giving rise to their semiconductor properties
(e.g. CdS). This also leads to the relatively low solubility in water of metal sulfides compared
to metal oxides. If one represents the three main types of chemical bonding by an equilateral

triangle scheme, most metal oxysulfides should be close to the center (Figure I1.2).°
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Figure I1.2: Van Arkel-Ketelaar triangle representing bonding natures in different families of metal-

containing compounds (adapted from ref 6).

Despite being less explored than other families of metal-containing compounds in each corner
of the triangle such as the well-known metals and metal oxides or even more exotic
compounds such as carbides and phosphides, the position of oxysulfide in this scheme is a
privileged one. One could consider studying the effect of the composition (e.g. the S/O ratio)
on the properties of the materials or even exploring new properties, especially at the

nanoscale.
I1.1.2.1. Lanthanide oxysulfide

Among metal oxysulfides, lanthanide oxysulfides with generic formula Ln202S have been
one of the first reported and have been intensely studied up until now. Their applications in
the bulk form have been identified since the 1980s as screens and monitors,”® scintillators,’

10,11

lasers, etc. For those applications, Y20:S, LaxO2S and Gd20:S are usually used as

matrices and doped with other lanthanides for desired photoluminescence properties.

At the nanoscale, Ln202S nanoparticles are potential contrast agents for biomedical imaging
due to their good chemical and thermal stability. Moreover, similar to their bulk form, they
can also host other lanthanides for a wvariety of photoluminescence properties
(Figure I1.32).'>!® In particular, Yb/Er co-doped lanthanide oxysulfide nanoparticles were
used for upconversion luminescence imaging'* while Eu-doped Y20:S nanoparticles were

reported for their persistent photoluminescence properties. '
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Tb/Eu Eu Dy Dy/Sm Sm

0.03 0.015 0.0076 0.0038 mg/mi

Figure I1.3: a) TEM image of lanthanide-doped Gd,O,S nanoparticles and b) their photoluminescence
under 254 nm excitation (adapted from ref 13). ¢) SEM image of doped Gd>O-S nanoparticles and d)
their gray-scaled as well as color-mapped magnetic resonance images at different concentrations

(adapted from ref 14).

Lanthanides can also exhibit high magnetic susceptibility, which is of major importance for
magnetic imaging techniques such as Magnetic Resonance Imaging (MRI). In fact, Gd202S
nanoparticles have already been reported as potential contrast agents for MRI due to the 4/

electron configuration of Gd" in the structure (Figure I1.3b).!*!6

Other than applications in biomedical imaging, catalysis based on redox reactions using
Ln20:S has also been explored. Notably, Ce202S nanoparticles on carbon have been tested
for oxygen reduction reaction (ORR)!” while Eu202S nanoparticles catalyzed reaction of CO

and water to yield COz and Hz.'8
I1.1.2.2. Transition metal oxysulfide

Compared to lanthanide oxysulfides, transition metal oxysulfides are scarcer. Especially
ternary metal oxysulfides containing a lone transition metal. Whereas, quaternary oxysulfides

containing one transition metal and one lanthanide/rare-earth element are more common.’

In the bulk form or as thin films, ternary transition metal oxysulfides have been mostly studied
for their electrochemical properties due to the often-large number of oxidation states of the
transition metal compared to lanthanides. It is indeed the case for titanium,' tungsten®® or

molybdenum oxysulfides.?!*? These studies focused heavily on the development of new
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cathode and anode for lithium-ion batteries. Due to the larger number of phases available,
quaternary oxysulfides have also been reported for other applications such as

photoconversion,* superconductivity?* and magnetism.?®

At the nanoscale, very few transition metal-containing oxysulfides were obtained. They were

26-28 t29

mostly with zinc, cobalt? and titanium.>* These nanoparticles were mainly exploited for
their high surface-to-volume ratio, as the number of studies on catalysis dominated. Ishikawa
et al. showed that Sm2Ti2S205 nanoparticles (Figure I1.4a) exhibited catalytic activity for
water oxidation and reduction under visible light (440 nm <X <650nm).>° This is
particularly interesting because their oxide counterpart SmzTi2O7 only absorbs UV light
(A <380 nm). By partially replacing oxygen by sulfur, the absorption of the materials shifts
to the visible region (Figure I1.4b). A similar absorption change was also found in ZnO1.xS«
nanoparticles (Figure I1.4c).2%%" It was shown that the absorption of the material could even
be tuned by modifying the S/O ratio (Figure 11.4d) and these nanoparticles showed catalytic
activity in photodegradation of methyl orange.?® Other than application in photocatalysis, zinc

oxysulfide nanoparticles and cobalt oxysulfide nanoparticles are active in hydrogen evolution

1 28,29

reaction (HER) as wel
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Figure I1.4: a) SEM image of Sm,Ti,S,0s nanoparticles and b) their UV-visible absorption (adapted
from ref 30). ¢) TEM image of ZnO,..S, nanoparticles and d) their UV-visible absorption (adapted
from ref 26,27).
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II.1.3. Lanthanide oxysulfide nanomaterials for safer-by-design approach

As discussed in the first chapter, the essence of the safer-by-design approach is to
incrementally modify the material, staying within one family of compound. Two strategies
are mainly adopted: modification of the inorganic core and modification of the surface. By
changing only one or a few parameters at a time, one can hope to rationalize each modification
step. This is of particular importance for fundamental research. Therefore, in order to take full
advantage of the safer-by-design approach, it is ideal to work with emerging nanomaterials

that are multifunctional and can be easily modified.

In this view, lanthanide oxysulfide Ln2O2S nanoparticles seem quite suitable for the
safer-by-design approach. In fact, bulk Ln202S phases have well-known crystalline structure
which is advantaging for the rationalization process. The Ln20O2S nanoparticles can readily be
modified for different properties and applications such as catalysis and biomedical imaging.
Moreover, compared to oxide counterparts, the overall bonding in oxysulfide is more
covalent. This is expected to result in a lower water solubility of the material, thus potentially

a lower toxicity.>!

As far as multifunctionality goes, gadolinium oxysulfide Gd202S nanoparticles are promising
candidates as they have been used as MRI contrast agent or X-ray absorbing materials. Doped
Gd20:2S:Ln nanoparticles have been shown to be potential contrast agents for multimodal
biomedical imaging.'#16:32-35

In our laboratory, we recently succeeded in synthesizing gadolinium-cerium oxysulfide
Gd2(1-nCex02S  nanoparticles analogous to Gd2028.°®¢ The Ce-containing bimetallic
nanoparticles are expected to possess even more functions than the monometallic ones due to
the distinctive properties of cerium compared to other lanthanides. In contrast to most
lanthanides which are trivalent, cerium can be both trivalent Ce'"! and tetravalent Ce'V. The
Ce*'/Ce*" redox couple is responsible for the catalytic and antioxidant properties of
cerium(IV) oxide CeO2 nanoparticles.’’? In particular, Gd-doped CeO2 nanoparticles have
been used for therapeutics (antioxidant/MRI) thanks to the antioxidant properties of Ce and
the magnetic properties of Gd.*° Therefore, Gdz(1-0CexO2S nanoparticles may be useful for

therapeutics as well.
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Furthermore, while bulk gadolinium oxysulfide is white and only absorbs UV light, bulk
cerium oxysulfide is deep brown and absorbs visible light.* We presume that mixed
oxysulfide Gdz1-vCexO2S nanoparticles also absorbs in the visible spectrum and the
absorption is tunable by the Gd/Ce ratio. It should be noted that tunable absorption in the
visible region has already been achieved with ZnOi..Sx nanoparticles using the S/O ratio
(Figure I1.4d).>%*” These features would make Gdx1-0Cex02S nanoparticles promising

materials for photocatalysis using visible light.

In summary, Gd2(1-+CexO2S nanoparticles are versatile nanomaterials due to the potential
absorption properties, magnetic properties and catalytic properties (Figure I1.5). We also
assume that they can be doped with other lanthanides for photoluminescent properties similar
to analogous Ln202S. Moreover, the more covalent bonding in oxysulfides may result in
lower solubility in aqueous media, and thus lower toxicity compared to metal oxides.
Altogether, Gd2a1-nCexO2S nanoparticles appear particularly relevant for safer-by-design
approach.

« UV absorption | | S + Visible light absorption
« Magnetic properties 2 Ln . Catalysis/Antioxidant

» + Photoluminescence

« Low solubility <

Figure I1.5: Design of versatile lanthanide oxysulfide nanomaterials. Ln stands for lanthanide.
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I1.2. Synthesis of Gdza-CexO2S nanoparticles

I1.2.1.  Colloidal synthesis: a popular approach to explore new nanomaterials

In general, fabrication of nanomaterials and nanoparticles are divided into two major
categories: top-down and bottom-up, which refer to how the process of creating these nano-
objects is carried out.*> A top-down approach consists in using physical tools to create nano-
objects with desired characteristics, starting from larger dimensions then reduce them (e.g.
lithography, mechanical grinding). On the other hand, a bottom-up approach corresponds to
using atomic or molecular building blocks to assemble more complex structures at the
nanoscale (e.g. sol-gel process). In general, top-down methods such as lithography are highly
precise and reliable. However, they are expensive and difficult to scale up. On the other hand,
the bottom-up methods are mostly low-cost and easier to scale up. They are also more
versatile in terms of product scope as inorganic, organic and hybrid nanomaterials can be
fabricated. The main shortcoming is their low precision. The obtained nanomaterials are

usually less uniform in size, shape, composition and can present structural defects.

Among bottom-up methods, colloidal synthesis has been employed to explore new
nanomaterials due to being relatively simple, low-cost and due to the large catalogue of
chemicals available as initial reagents (precursors). In fact, nanoscale lanthanide oxysulfides
have been obtained for the first time in 2000 using colloidal synthesis and this method has
continued to be used for this type of nanomaterials up until now.> Colloidal synthesis consists
in heating dissolved precursors in solution to form colloidal suspension of nanoparticles.
During the heating, the precursors react to form monomers which are the minimal building
units that comprise the final solid (Figure I1.6). Homogeneous nucleation then occurs and a
solid phase spontaneously forms in the solution. These nuclei present stable nucleating
surface for other monomers thus heterogeneous nucleation takes place next. This leads to

growth of nuclei into nanoparticles.*!#°
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Figure I1.6: Colloidal synthesis of nanoparticles by heating dissolved precursors in solution (adapted

from ref 41).

Nucleation-growth theory was first introduced by La Mer in the *50s,*® adapted from a theory
developed by Becker and Déring in the 30s.*” It is a widely-recognized model which is readily
used for interpreting experiments.** The basic idea behind this theory is that a
thermodynamic system strives to minimize its energy. The Gibbs free energy of a spherical

cluster can be given as:

4
AG = —§nr3|AGv| + 4nriy
with the radius 7, the bulk free energy per unit volume |4G, | and the surface energy per unit
area y. While the negative term shows that it is favorable to make bonds, the positive term
describes how unfavorable it is to create a large surface. As the solution reaches supersaturation
in monomers, nucleation occurs and nuclei are formed. However, small nuclei possess extremely
large surface which results in important surface energy and makes the system highly unstable.
Therefore, they continue to grow in size and the negative term of the equation eventually

dominates over the positive one, lowering the overall energy.

In order to lower the energy of the system, nanoparticles also tend to aggregate. Surface
ligands are mainly used to avoid this. These molecules have high affinity with the solvent.

They bind and cover the surface of the nanoparticles, rendering the latter dispersible. Surface
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ligands can play other important roles such as regulation of solubility of precursors and
availability of monomers during nucleation and growth of nanoparticles, control the growth
process for tunable nanoparticle size and shape by selective binding, or contribution of new

functionalities to the nanoparticles.*®
I1.2.2.  Colloidal synthesis of lanthanide oxysulfide nanoparticles

Since the first synthesis of lanthanide oxysulfide nanoparticles using lanthanide oxides and
elemental sulfur as precursors and ethylenediamine as solvent were reported in 2000 by Li et
al.,” several other groups have also proposed contributions to the field. Two main categories
of colloidal synthesis of lanthanide oxysulfide nanoparticles can be identified depending on

the type of solvent used: synthesis in aqueous medium and synthesis in organic medium.
11.2.2.1. Synthesis in aqueous medium

Water has various advantages as solvent. It is abundant and green. The knowledge on
formation of inorganic nanoparticles in this medium is substantial.*” Moreover, synthesized
nanoparticles often possess hydrophilic surface or stabilized with hydrophilic ligands. As a
result, they can easily be dispersed in water, making them suitable for biomedical applications

or catalysis in aqueous media.

One of the main limiting factors of water as a solvent for nanoparticle synthesis is its relatively
low boiling point. Thus, to obtain crystalline nanoparticles in aqueous medium is quite
challenging and post-synthetic annealing is required. Water also presents an excess amount

of dissolved oxygen which is undesirable for oxysulfide synthesis.

Synthesis of lanthanide oxysulfide nanoparticles in water mainly involved metal precursors
such as oxides, nitrates and chlorides. Whereas thioacetamide, thiourea and ammonium
sulfide or sodium sulfide were employed as sulfur source for the most part. Most reported
syntheses resulted first in intermediary phases such as hydroxides Ln(OH)s,
hydroxycarbonates Ln(OH)(CO3) or oxides Ln203. Only after subsequent sulfidation of the
isolated powder at higher temperature from 600 °C to 1200 °C, crystalline Ln202S
nanoparticles were obtained. Nevertheless, the high temperature treatment often resulted in

aggregated and sintered nanoparticles.’
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A demonstrative example is the synthesis of Yb, Er co-doped Y20:S nanoparticles reported
by Tian et al. in 2015.%° Intermediary Ln(OH).(CO3), were first obtained and then annealed
with or without sulfur vapor at 900 °C to form crystalline nanoparticles of oxysulfide
Y202S:Yb,Er or oxide Y203:Yb,Er respectively (Figure I1.7). The obtained Y202S:Yb,Er
nanoparticles are quite aggregated. Even though, individual nanoparticles of size ca. 30 nm

can still be distinguished.

In general, the lanthanide oxysulfide nanoparticles prepared by synthesis in aqueous medium
and subsequent annealing exhibited size from ca. 30 nm to 1 um and a wide range of shapes.
The nanoparticles were mostly aggregated and irregular in size and shape. These syntheses
also mainly focused on doped Gd20:S and Y20:S for uses as phosphors or contrast agents for

biomedical imaging.’

Y,0,S:Yb,Er

Intensity (a.u.)

Y,0,:Yb,Er

o o0 o
o (e
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Figure I1.7: Synthesis of Y>0,S:Yb,Er nanoparticles reported by Tian et al. in 2015. a) TEM images
of crystalline Y20,S:Yb,Er nanoparticles. b) XRD patterns of resulted Y>O3:Yb,Er nanoparticles after
annealing without sulfur at 900 °C and resulted Y.O,S:Yb,Er nanoparticles after annealing with sulfur

vapor at 900 °C (adapted from ref 50).
11.2.2.2. Synthesis in organic medium

The temperature of reaction medium can reach up to 300 °C with organic solvents, making it
easier to obtain crystalline metal oxysulfide nanoparticles in one step. Control of
nanoparticles size and shape is also readily achievable thanks to the large catalogue of surface
ligands to select from. Moreover, synthesis under inert atmosphere is available using Schlenk
techniques. This allows better control of available oxygen in the reaction medium during the

synthesis.
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Synthesis in organic solvents also enables the use of elemental sulfur in amines as a soluble
and stoichiometric sulfur source from the beginning of the reaction. Together with operating
under inert atmosphere, this brings forth the possibility to finely control the oxygen and sulfur
stoichiometries in the final lanthanide oxysulfide nanoparticles. The S/O ratio is indeed of

importance as it can strongly affect the properties of the nanomaterial (see I1.1.2.2).

To obtain lanthanide oxysulfide nanoparticles in organic medium, lanthanide complexes such
as acetate (Ln(OAc)s3) or acetylacetonate (Ln(acac)s) were mainly employed. They were
heated in the presence of dissolved elemental sulfur at 280 — 315 °C to form crystalline
nanoparticles in one step.’ Such synthesis was first reported by Ding et al. in 2011
(Figure IL.8).!2 The authors were able to obtain monodisperse Na-doped La202S hexagonal
nanoplatelets of ca. 2 nm thick and ca. 22 nm wide (Figure I1.8a-d). The nanoparticles
contained sulfur and crystallized in La20:2S phase (Figure I1.8e,f). Oxysulfide nanoplatelets
of other lanthanides such as Pr, Nd, Sm, Eu, Gd, Tb were also synthesized using the same

method.
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Figure I1.8: Synthesis of crystalline La,O»S nanoplatelets reported by Ding et al. in 2011. a) TEM
and b) HRTEM (taken with [001] incidence) images of Na-doped La202S nanoplatelets. ¢c) TEM and

d) HRTEM (taken with [100] incidence) images of the nanoplatelet superlattice. €) EDS spectrum of

the nanoplatelets. f) XRD pattern of the nanoplatelets (taken from ref 12).

Since this synthesis of Ln202S nanoplatelets reported by Ding et al. in 2011, derivatives

syntheses with varied reaction conditions have been carried out by several groups including

ours, in order to optimize and rationalize the reaction. In general, this synthetic route stands

out because of its versatility. Many Ln202S (Y, La, Pr, Nd, Sm, Eu, Gd, Tb, Er, Yb)

nanoparticles have been indeed obtained this way in the shape of regular nanoplatelets. The

nanoplatelets were also monodisperse and of very small size (ca. 1 —2 nm thick and 1 — 40 nm

wide).
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Like in aqueous medium, lanthanide oxysulfide synthesized in organic medium could be
doped for photoluminescent properties as well. Their applications were again mainly
phosphors and contrast agents for biomedical imaging. Nevertheless, synthesis in organic
medium resulted in hydrophobic nanoparticles because of the organic surface ligands. Thus,
they require post-synthetic surface modification such as ligand removal or ligand exchange

in order to be suitable for applications in aqueous medium.
I1.2.3.  Synthesis of Gd;.«Ce<O:S nanoparticles in organic medium
11.2.3.1. Consideration of suitable synthesis method for our study

Either in aqueous medium or in organic medium, each synthetic route towards lanthanide
oxysulfide nanoparticles presents its own advantages and limits. Both methods are able to
produce Ln202S nanoparticles. Although, synthesis in organic medium slightly edged over
synthesis in aqueous medium when it comes to the number of Ln202S phases obtained.
Ln20:S nanoparticles have been synthesized from almost all lanthanides in organic medium.
Yet, cerium is an exception. Prior to our work, Ce202S nanoparticles had rarely been
synthesized. The only example presented was the synthesis of Ce202S nanoparticles

supported on carbon.!”

In fact, the cerium in Ce20:2S phase shows oxidation state III. Hence, one must be extremely
careful of the quantity of oxygen available in the reaction medium to avoid oxidation of Ce™!
to Ce'V. In view of this, synthesis in organic medium seems a more suitable method to acquire
cerium-containing  oxysulfide nanoparticles. The gadolinium-cerium  oxysulfide
Gd21-nCexO2S nanoparticles that we are targeting, are expected to be also sensitive to

oxidation.
11.2.3.2. Synthesis method

In order to synthesize Gd21-CexO2S nanoparticles, we adapted the synthesis designed for
Ln20:2S (Y, La, Pr, Nd, Sm, Eu, Gd, Tb, Er, Yb) nanoplatelets reported by Ding et al. in 2011.
The results have been published in Larquet et al., Inorg. Chem. (2017) and in the Ph.D. thesis
of Clément Larquet, defended in September 2018.>3¢ The detailed protocol is described in the

experimental section.
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This synthesis required gadolinium and cerium acetylacetonates hydrate (Gd(acac)s;-xH20 and
Ce(acac)3xH20) as metal precursors. The total quantity of metal precursors corresponded to
1 equivalent. The ratio between the two metal precursors could be adjusted for the desired
Ce/Gd ratio in the final product. Elemental sulfur (Ss) was employed as sulfur source. Ss was
used with 0.5 equivalents of S vs. the metal cations, corresponding to the final stoichiometry
Ln202S. These three main precursors were added to a mixture of organic compounds
containing oleic acid (OA), oleylamine (OAm) and 1-octadecene (ODE) in large excess which
played the roles of surface ligands and solvents. Oleylamine also helped to dissolve and
activate elemental sulfur.’! Oxygen could be provided by the acetylacetonate ligands and/or

the oleic acid.

Similar to other syntheses in the literature,'>13-5

an alkali metal source was necessary for the
formation of lanthanide oxysulfide nanoplatelets. Its role will be discussed in detail later on.

For this synthesis of Gdz(1-xCexO2S nanoparticles, 1 equivalent of sodium oleate was used.

The turbid mixture of the seven reagents was first heated to 120 °C under a flow of Na,
resulting in a clear solution. At this temperature, the ketone moiety of acetylacetonate reacted
with oleylamine to form water. To remove this excess of water as well as other low-boiling-

point impurities, the mixture was degassed in vacuo at this temperature for 20 min.

The clear solution was subsequently heated to 310 °C under a flow of Na. The reaction
medium started to become turbid at 280 °C, suggesting the formation of nanoparticles. The
turbidity was maximum after 305 °C. The temperature was kept at 310 °C for 30 min. The

overall reaction scheme is presented in Figure I1.9 below.

S5 (0.5 equiv. in S)
Na(oleate) (1 equiv.)
OA, OAm, ODE
5 m, , 1/ Gd2(1 7]A)Ce.]A OQS
N 2 nanoparticles
2
1. 120 °C, 20 min
2. 310°C, 30 min

Figure I1.9: Reaction scheme of synthesis of Gdx-CexO,S nanoparticles.

In order to collect the nanoparticles as a powder, ethanol was added and the reaction medium
was centrifuged to yield a sticky solid. This solid was then further washed with a mixture of

n-hexane and ethanol to remove excess reagents and organic matter. The post-synthetic
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treatment was done under air. From 50 mg to 100 mg of product were collected, depending
on experiment. These amounts correspond to reaction yields of 50-100% if we assume that
the products are the desired Gdz(1-CexO2S nanoparticles and we neglect the weight of
remaining organic ligands. Moreover, the yield of the reaction decreased as the cerium

fraction increased, in agreement with a previous observation made in the group.*®
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I1.3. Characterization of Gdza-xCexO2S nanoplatelets

In order to study the nanoparticle properties, functionality and toxicity, a complete description
of the product is required. Six samples of Gdz(1-xCexO2S nanoparticles, with cerium fractions
x=20,0.01,0.05, 0.10, 0.20, 0.50, were synthesized. The products were subjected to a number
of characterizations to determine their size, shape, chemical composition, crystalline nature
and surface state. A description of the synthesized nanoparticles is proposed at the end of this
section. The results presented in this section were acquired in collaboration with Clément

Larquet as part of his Ph.D. thesis.
I1.3.1.  Transition electron microscopy

The size and the shape of the Gd202S (x =0) and GdCeO2S (x =0.5) nanoparticles were
characterized by transmission electron microscopy (TEM) (Figure I1.10). The nanoparticles
feature anisotropic 2D morphology and are highly stacked. As a result, precise measurement
of the dimension of their basal facets remains desirable. For both Gd202S and GdCeO:S
nanoparticles, it is roughly estimated to be 20 + 5 nm. On the other hand, the thickness can
be determined thanks to stacked nanoplatelets that expose their side facets. Both nanoplatelets
are 2 = 1 nm thick. The results indicate no significant difference in size and shape between
monometallic gadolinium oxysulfide nanoparticles and bimetallic gadolinium-cerium

oxysulfide nanoparticles.

Figure I1.10: TEM images of a) Gd,0,S and b) GdCeO,S nanoparticles. The white square indicates

the stacked nanoplatelets that expose their side facets.
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I1.3.2.  Energy dispersive spectroscopy

Energy dispersive spectroscopy (EDS) coupled to scanning electron microscopy (SEM) was
employed to determine the chemical composition of synthesized Gdz(1-»CexO2S nanoplatelets.

A typical EDS spectrum is shown in Figure I1.11.

M Ce Gd
e Ce

Er Si

LS

Figure I1.11: EDS spectrum of Gd; 6Ce4O2S (x = 0.2) nanoparticles.

Gadolinium and cerium are detected, as expected. Surprisingly, rare-earth impurities are also
found. In all of our samples, they are automatically attributed to Er and Yb by the spectrum-
analysis software. However, their quantities are negligible (< 1 at.%). Their presence remains
questionable since no such impurity was declared in the lanthanide precursors. Alongside the
lanthanides, sulfur, oxygen and sodium are also detected. Although, quantification of oxygen

is unreliable due to its low atomic number.

Average chemical compositions of the Gd2(1-1CexO2S nanoparticles were determined from
EDS spectra of at least three different areas of the samples. Cerium contents were calculated
as percentages of the total quantity of gadolinium and cerium. Sulfur and sodium contents

were presented as equivalents vs. the lanthanides (Figure I1.12b).

The measured cerium contents in the final products seem to match with the cerium fraction x
introduced in the reaction mixture (Figure II.12a). The sulfur content varies from 0.18 to

0.23 equivalents vs. lanthanides, much lower than the expected value (0.50) (Figure 11.12b).
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If one takes into account the experimental error of EDS (ca. 5%), this variation between the
samples can be considered insignificant. As for the sodium content, the values fluctuate from
0.06 to 0.33 equivalents vs. lanthanides. They are also lower than the quantity of sodium
introduced in the reaction mixture. Furthermore, the sodium content of the synthesized

Gd21-9CexO2S nanoparticles seems irreproducible through experiments and through

experimentalists.
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Figure I1.12: Chemical compositions of synthesized Gda(1.xCe O2S nanoparticles (x = 0, 0.01, 0.05,
0.10, 0.20, 0.50, are the cerium fraction introduced in the reaction mixture). a) Measured cerium
contents (%), calculated as percentages of the total quantity of Gd and Ce, as function of cerium
fraction x. The error bars represent the standard deviations of the measurements. b) Measured cerium,
sulfur and sodium contents with standard deviations. The sulfur and sodium contents were calculated

as equivalents vs. lanthanides.
11.3.3.  X-ray absorption

In contrast to gadolinium, cerium can adopt two oxidation states which are Ce' and Ce'V. To
determine the oxidation state of cerium in our nanoparticles, we employed X-ray absorption
near edge spectroscopy (XANES) at cerium Li-edge (5723 V). This experiment was done
in collaboration with Andrea Zitolo at beamline SAMBA, SOLEIL synchrotron (France).

A series of reference compounds containing cerium(IIl) and cerium(IV) was measured first.
For instance, the XANES spectra of cerium(Ill) acetylacetonate Ce(acac)s and cerium(IV)

sulfate Ce(SO4)2 are shown in Figure I1.13. Cerium(III)-containing compounds exhibit a
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characteristic absorption band with maximum of intensity at 5727 eV whereas cerium(IV)-

containing compounds feature two maxima at 5731 eV and 5738 eV.

L oo ) ' © ] Ce fraction x
1%
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1 —10%
— 20%
| —50%
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Figure I1.13: Normalized XANES spectra at cerium Liz-edge of Gdy(1.CeO2S nanoparticles (x = 0,
0.01, 0.05, 0.10, 0.20, 0.50) as well as reference compounds of cerium(III) and cerium(IV): Ce(acac);
and Ce(SOa4), respectively. The dashed lines are a guide to the eye for maxima of absorption intensity

of cerium(IIl) and cerium(IV) containing compounds.

The spectra of Gdz(1-xCexO2S nanoparticles were also acquired and compared with those of
the reference compounds (Figure I1.13). In general, both cerium(IIl) and cerium(IV) are
present in our samples. However, the Ce"/Ce'V ratio varies. In particular, compared to the
other samples, Gdi1.8Ceo202S (x = 0.1) (blue) shows a more intense absorption maximum at
5727 eV and a less intense one at 5738 eV. Qualitatively, it suggests that this sample
possesses more cerium(IIl) and less cerium(IV) than the others. Using the same arguments,
Gd1.9Ce0.102S (x = 0.05) likely presents less cerium(III) than the others. At this stage, no trend
can be extracted from the results and the Ce'''/Ce!V ratio appears irreproducible through
experiments. Confirmation by deconvolution of the absorption spectra to extract contributions

of each oxidation state is on-going.
I1.3.4. X-ray diffraction

The crystalline nature of the isolated products in powder form was determined by X-ray

diffraction (XRD). The diffraction patterns of Gdz(1-xCexO2S nanoparticles match that of the
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bulk reference Gd202S (JCPDS 79-5662) (Figure I1.14a). We thus conclude that the
nanoparticles crystallized in a phase isostructural to hexagonal Gd20:S (Figure I1.14c-¢). It
is a lamellar structure which can be described as alternating sheets of [Gd202]*" and S*
(Figure I1.14c). The gadolinium atom is coordinated to 7 atoms in total, including 4 oxygen
atoms and 3 sulfur atoms (Figure II.14¢). The lattice parameters a and ¢ of the reference

hexagonal Gd20:S phase are 3.85 and 6.66 A, respectively.
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Figure I1.14: a) XRD patterns of Gdy(1.Ce<O:S nanoparticles (x = 0, 0.01, 0.05, 0.10, 0.20, 0.50) with
reference pattern of Gd>O,S (JCPDS 79-5662). The dashed line is a guide to the eye for the position
of the (110) peak of the reference pattern. b) Lattice parameter a as function of the cerium fraction x.
The black line corresponds to the expected values according to Vegard’s law. The vertical error bars
correspond to the estimated error in position of the diffraction peaks due to the sample holder. The
horizontal error bars correspond to the standard deviations of the composition measurements. c)
Representation of the lamellar structure of Gd,0,S. d) View from the (001) direction of the structure.

¢) Environment of Gd/Ce in the structure.

Shifts towards smaller angles of some diffraction peaks of the gadolinium-cerium oxysulfide
nanoparticles are observed as the cerium content x increases (Figure Il.14a). Lattice

parameter a = 2d(110) of the hexagonal structure is plotted as a function of the cerium content
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(Figure I1.14b). Position of the most intense diffraction peak (110) was obtained by fitting it
with a pseudo-Voigt function. The shoulder from the (013) peak was also included to improve
the precision of the fit. For x < 0.5, the lattice parameters a of the Gd2(1-x/CexO2S nanoparticles
seem to follow the linear profile of the Vegard’s law, indicating a solid solution of Gd202S
and Ce20:2S. It implies statistical substitution of gadolinium atoms in the Gd202S structure by
cerium atoms. This substitution is also favored by the fact that the ionic radii with
coordination number VII of cerium(I1I) and gadolinium(III) are similar (1.14 A and 1.21 A
respectively). However, for x = 0.5, the lattice parameter deviates from the Vegard linear

profile, suggesting a different scenario with higher cerium contents.

The diffraction patterns of the Gdz1-xCexO2S nanoparticles also feature peaks of different
widths. In particular, we observe that diffraction peaks of (hkl) planes (1 # 0) such as (001)
and (102) are broad, while peaks of (hkl) planes (1 = 0) such as (100) and (110) are narrower.

I1.3.5. Infrared spectroscopy

Our synthesis in organic solvent made use of organic ligands (oleic acid/oleates and
oleylamine) to produce small and anisotropic Gdz(1-xCexO2S nanoparticles as we have shown

1 species,™

by means of other characterization techniques. Oleates are good ligands for Ln
while oleylamine can also coordinate gadolinium cations via their lone pair (Figure I1.15a).
In order to get insights on these surface ligands, Fourier-transform infrared (FTIR)
spectroscopy in attenuated total reflectance (ATR) mode was carried out for Gdz(1-xCexO2S

nanoparticles (x =0, 0.01, 0.05, 0.10, 0.20, 0.50) (Figure I1.15b).

The broad signal at ca. 3300 cm™! can be attributed to either N-H stretching band of oleylamine
or O-H stretching band of adsorbed water. Hydrocarbon chains of the organic ligands are
observed with the asymmetric and symmetric C-H stretching bands present at ca. 2900 cm’!.
The two bands at 1350-1550 cm™! are characteristic of asymmetric and symmetric vibrations
of coordinated COO" groups. Consequently, they are attributed to the coordinated oleates on
the surface of the nanoplatelets. The absence of the intense signal of the stretching mode of

C=0 at 1707 cm™ also suggests that free oleic acid is not present.

There is less evidence of oleylamine coordinated to the surface of the nanoplatelets from the
FTIR spectra, since the typical vibration band of NH2 scissoring mode at 1576 cm™! is masked

by the broad signal of the coordinated oleates. Even though, X-ray photoelectron spectroscopy
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(XPS) of the N 1s region of the samples confirm the presence of a small amount of nitrogen
(< 10% compared to the metals) (data not shown), the quantity of oleylamine bound to the
surface of the nanoplatelets is significantly lower than that of oleates. This has been confirmed
by thermogravimetric analysis coupled to mass spectroscopy (TGA-MS) (see

Appendix IV).3
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Figure I1.15: a) Chemical formulas of oleate and oleylamine. b) ATR-FTIR spectra of Gdy(19CexO2S
nanoparticles (x =0, 0.01, 0.05, 0.10, 0.20, 0.50).

The vibration bands in the 1050-1200 cm! are characteristic of S-O stretching in coordinated
sulfate SO4* group,> suggesting that the sulfur is partially oxidized in ambient air. Further
proofs of this oxidation were previously acquired by the use of XANES at sulfur K-edge and
XPS of the S 2p region.*¢
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A rather sharp vibration band at 846 cm! can be attributed to deformation of CO3>", similar to
what was observed for Gd2(OH)2C0O3SO4 precursor in the synthesis of gadolinium oxysulfates

Gd202504.°° We suspect that this is due to adsorbed CO2 molecules from ambient air.

At this stage, we can conclude that the surface ligand role was occupied in majority by oleates.
In order to shed light onto how the oleates coordinate the surface of the nanoplatelets, we
looked into the frequency difference between the asymmetric and symmetric vibrations the
COO" group. Depending on the values of this difference, the coordination mode can be
attributed to monodentate, chelating, bridging bidentate and monoatomic bridging

(Figure I1.16 I-IV respectively).’’
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Figure I1.16: Coordination modes of carboxylate ligands to metals.

We calculated the frequency difference between the two vibration bands in the Gdz(1-xCexO2S

nanoparticles and reported the results in Table I1.1.

Ce fraction x (%) Vas(COO") (em™) vs(COO") (em™) Vas - Vs (em!)
0 1508 1394 114
1 1508 1398 110
5 1548 1411 137
10 1505 1386 119
20 1548 1406 142
50 1509 1372 137

Table II.1: Positions of asymmetric and symmetric vibration bands of COO™ group of Gdy(1-9Ce 025
nanoparticles (x =0, 0.01, 0.05, 0.10, 0.20, 0.50) and their difference in frequency.

All calculated values range from 110 cm™ to 142 cm™ and are all lower than 200 cm™,
suggesting either a chelating or bridging coordination mode and eliminates the possibility of

monodentate coordination mode.>” The absences of the C=O stretching mode discussed
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earlier also indicates likewise. We thus conclude that oleates coordinate the Gdz1-xCexO2S
nanoplatelets by a mix of chelating and bridging modes. Nevertheless, the exact positions of
the two vibration bands and their Av varies from sample to sample. They are highly dependent

on the washing steps of the synthesis and are irreproducible through experiments.
I1.3.6.  Discussion

We were able to prepare Gdza-xCexO2S nanoparticles for the first time using colloidal
synthesis in organic solvent. From the results of different characterization techniques, we

discuss the composition and structure of the nanoparticles.
I1.3.6.1. Exposed facets and crystallinity

The synthesized Gdz(1-xCexO2S nanoparticles are anisotropic and has platelet shape. They are
ca. 20 nm wide, 2 nm thick and crystallize in a phase isostructural to hexagonal Gd20:2S. Their
diffraction patterns feature peaks of different widths. In fact, the width of a diffraction peak
partly depends on the dimension of its direction. Therefore, this different peak width is
consistent with the anisotropic of the Gd21-xCexO2S nanoparticles. Moreover, broad
diffraction peak of a (hkl) plane indicates a small dimension in the [hkl] direction and vice
versa. For our nanoparticles, peaks of (hkl) planes with 1 # 0 are broad while peaks of (hkl)
planes with I = 0 are narrow. We thus deduce that the larger basal facets of the nanoplatelets
correspond to the (hk0) planes (1 = 0) (Figure I1.14d) and the smaller side facets correspond
to the (hkl) planes (1 # 0) (Figure II.14c). More particularly, by using high-resolution TEM
(HRTEM), these facets have been confirmed as (100) and (001), respectively.’

To estimate the average crystallite domain size of the nanoparticles, we used the Scherrer
equation and the full width at half maximum (FWHM) of the previously fitted (110) peak.
The calculated values are reported in Table I1.2. Crystallite domain sizes remain within the
12-15 nm range in all the samples. No significant change is observed between gadolinium

oxysulfide nanoplatelets and gadolinium-cerium oxysulfide nanoplatelets.
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x (%) 0 1 5 10 20 50
Crystallite
domain size 12 12 15 13 13 15
(nm)

Table I1.2: Estimated crystallite domain size from the (110) peak by Scherrer equation.

The average crystallite domain sizes of the nanoplatelets are slightly lower than their apparent
size measured by TEM (20 + 5 nm). However, it is worth noting that diffraction peak
broadening is not only due to the crystallite size but also the presence of defects and the
contribution of the instrument. Therefore, the calculated values of crystallite domain size are
likely underestimation of the real ones. If one takes into account other contributions of peak
broadening, the crystallite domain size of the Gdz1-xCexO2S nanoplatelets would be closer to
their apparent size. Therefore, we speculate that the nanoplatelets are monocrystals. This has

been confirmed by complementary HRTEM study.’

Overall, a Gd2(1-xCexO2S nanocrystal that we obtained can be schematized as in Figure I1.17.

Note that in reality, the shape of nanoplatelets is not perfectly hexagonal (Figure 11.10).

4 A
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Figure 11.17: Schematic representation of a hypothetical Gdx(.,Ce.O>S hexagonal nanoplatelets.
I1.3.6.2. Tunable cerium content

EDS analysis of the synthesized Gdz(1-CexO2S nanoparticles shows that the cerium content
in the final products matches with the cerium fraction introduced in the reaction mixture. It
indicates that we could effectively tune the cerium content of the nanoplatelets. More
importantly, their size, shape and crystal structure remain unchanged. In principle, this will
allow us to readily study the effect of cerium content on the properties, functionality and

toxicity of the Gdz(1-xCexO2S nanoparticles.
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11.3.6.3. Gd20:S-Ce0:S solid solution and oxidation of the nanoparticles in air

We demonstrated that synthesized Gdz(1-xCexO2S nanoparticles (x = 0, 0.01, 0.05, 0.10, 0.20)
were solid solution of Gd202S and Ce202S. However, it was not the case for GdCeO2S
(x=0.5) since the calculated lattice parameter deviated from the Vegard linear profile
(Figure I1.14b). Similar behavior has been previously observed for another series of
Gd21-9CexO2S  nanoparticles (see Appendix II1).>¢ It was demonstrated that these
nanoparticles were solid solutions of Gd202S and Ce20:S for all values of x if they were kept
under inert atmosphere after synthesis. In ambient air, nanoparticles containing more than
40% of cerium (x > 0.4) oxidized. Concomitant oxidation of both cerium and sulfur led to the
formation of mixed valence phases such as Ce2025S and subsequently cerium(IV) oxide
CeOa. This is consistent with our observation of both signals of cerium(III) and cerium(I'V)
in the XANES spectra of the samples, suggesting the beginning of the oxidation process. It is
worth noting that the Ce"/Ce'V ratio seemed irreproducible through experiments. This
uncontrolled quantity could be a problem for subsequent studies of properties, functionality

and toxicity of the Gd2(1-xCexO2S nanoparticles.
11.3.6.4. Nanocrystal termination: current hypothesis and perspective

Interestingly, the (Gd,Ce)20:S phase was formed despite the large sulfur defect (only 36 to
46% of the theoretical S content was detected). In fact, the obtained nanoplatelets are very
thin (Figure I1.17). They comprise at maximum three layers of unit cells as the lattice
parameter ¢ was reported at 6.66 A (JCPDS 79-5662). This means that at this scale, the surface
can have extreme effect on the overall properties of the nanoparticles. Thus, we propose that
the nanoplatelets are terminated by two [Ln202]** (Ln = Gd, Ce) layers in their basal facets
(Figure I1.18), resulting in a defect in sulfur content. In this model, the surfaces of the
nanoplatelets are positively charged. Thus, surface ligands play a crucial role to compensate
these charges. We previously detected oleates as the main ligand present. They may fulfill

this role by coordinated the [Ln202]** layers in chelating and bridging modes.

The calculated chemical composition of such nanoplatelets of 23 nm wide is Gd202So.64,
already more comparable to that of synthesized nanoplatelets. However, the sulfur content of
these [Ln202]*"-terminated Gdx(1-»CexO2S nanoplatelets is still superior to that we measured.

This likely indicates sulfur vacancies in the internal layers of the nanoplatelets.
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In order to substantiate our hypothesis, pair distribution function (PDF) analysis is particularly
suitable. The pair distribution function G(r) is directly correlated to the probability to find a
distance whose length is r between 2 atoms. Thus, this technique does not require an extended
crystal analysis and is suitable for amorphous and defective compounds. Preliminary results
have been obtained, showing a good agreement between measured PDF and PDF modeled

after [Gd202]**-terminated Gd202S nanoplatelets.’

® Gd/Ce

Figure I1.18: Schematic representation of [Ln,0,]**-terminated Gda(1.,Ce,O2S nanoplatelets.

Another possibility for this sulfur defect is that as the yield of the reaction is not quantitative,
amorphous side-product that do not contain sulfur such as gadolinium or cerium oxide can be
present. This is especially probable in nanoparticles that contain more than 40% of cerium.
These amorphous side-products can be in the form of very small nanoparticles, thus they are

difficult to detect by TEM. However, in-depth analysis of PDF may give us an answer.
11.3.6.5. The presence of sodium

Chemical composition analysis of the Gdz1-xCexO2S nanoplatelets showed that they contain
up to 0.33 equivalents of Na vs. lanthanides. While this value is much lower than the quantity
of sodium introduced in the reaction mixture, it is way higher than doping levels. Since the
nanoplatelets crystallize in phases isostructural to hexagonal Gd202S and no major change of
their crystal structure was observed, it is highly improbable that the total detected quantity of
sodium resides in the inorganic core. Moreover, preliminary results of PDF analysis even
suggested the absence of sodium there.’ Together with the fact that the detected sodium
quantity in the final product is irreproducible through experiments and experimentalists, we
assume that the sodium remains on the surface of the nanoplatelets and can be removed. In
the next section, we will attempt to confirm this and to elucidate the role sodium in the

synthesis of Gdz(1-xCexO2S nanoplatelets.
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I1.4. Role of sodium in the synthesis of lanthanide oxysulfide nanoplatelets

In order to get insights on the role of sodium in our synthesis of lanthanide oxysulfide
nanoplatelets, we considered only the synthesis of Gd202S nanoparticles to simplify the

analysis of results.
I1.4.1.  Influence of sodium stoichiometry

In the earlier works reporting the synthesis of lanthanide oxysulfide nanoparticles such as one
of Ding et al. in 2011,'? 1 equivalent of the sodium acetylacetonate Na(acac) vs. the lanthanide
precursor was systematically added at the beginning of the synthesis. The authors stated that

the presence of sodium is crucial for the crystallization of the nanoparticles.

In the syntheses discussed in the previous section, we also employed 1 equivalent of sodium
and were able to obtain nanoplatelets of Gdz(1-xCexO2S phases. To confirm the statement of
Ding et al., we carried out the synthesis of Gd202S without sodium. The reaction indeed
yielded a very small quantity (< 10 mg) of nanoparticles which are amorphous (Figure I1.19a
and f).

We then gradually decreased the quantity of sodium from 1 equivalent to search for the
minimum amount necessary for the crystallization of the Gd20:2S nanoplatelets. In particular,
0.01, 0.10 and 0.50 equivalents of sodium oleate vs. the gadolinium precursor were added at
the beginning of the reaction. The results were reported in Table I1.3 and Figure I1.19 and

were compared to those of the synthesis with 1 equivalent of sodium.

Added amount of Na Na content of the product S content of the product

(eq. vs. Gd) (eq. vs. Gd) (eq. vs. Gd)
0.01 0 0.06 £ 0.01
0.10 0.06 +0.02 0.13+0.02
0.50 0.03 £0.01 0.22 +£0.02
1.00 0.20+0.03 0.19+0.02

Table I1.3: Sodium and sulfur contents of the products of the syntheses using different quantities of

sodium oleate.
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With 0.50 equivalents of sodium oleate, the synthesis yielded a reasonable amount of product.
Eighty-five milligrams of solid was collected, slightly lower than the obtained amount when
1 equivalent of sodium was used (100 mg). The product is determined to be Gd202S
nanoplatelets (Figure I1.19f) by XRD. Also, no change in their sulfur content (Table IL.3),
size and shape (Figure I1.19d) are observed. Their sodium content appears to be lower than
what we have obtained with Gd21-xCexO2S nanoparticles. Nevertheless, if we take into
account the experimental error margin of EDS which is ca. 0.05 in this case, this change is

not significant.
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Figure I1.19: Influence of added sodium oleate concentration on the size, shape and crystallization of

the Gd>O,S nanoplatelets. TEM images of the products obtained with (A) 0, (B) 0.01, (C) 0.1, (D) 0.5
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and (E) 1 equivalent of added Na(oleate) vs. Gd(acac)s. (F) Corresponding XRD patterns of the

products. Figure is taken from ref 5.

With 0.01 equivalents of sodium, we obtained smaller nanoplatelets (ca. 10 nm)
(Figure I1.19c). Remarkably, their XRD pattern still shows crystalline Gd202S
(Figure I1.19f). The diffraction peaks are broader than those of higher sodium amounts, in
agreement with their smaller apparent size. EDS of the product also shows similar results with

slightly lower sulfur content.

Lastly, the synthesis with 0.01 equivalents of sodium only yielded 15 mg of product, instead
of 100 mg expected for a quantitative reaction. TEM shows even smaller nanoplatelets of ca.
5 nm wide (Figure I1.19b). Their XRD pattern shows a broad diffraction peak in the range of
25-35 ©, probably indicates the presence of an amorphous solid (Figure I1.19f). The sulfur
content is also significantly lower than those of Gd20:S nanoparticles synthesized with
higher amounts of sodium oleate. Also, no sodium is present in the final product as expected

from the already low quantity added at the beginning of the reaction.

Overall, we concluded that sodium is indeed necessary to obtain crystalline gadolinium
oxysulfide nanoplatelets, in agreement with Ding et al.,'? but not for the reasons proposed in

this article, as will be shown below.
I1.4.2.  Elimination of sodium ions from Gd,O:S nanoplatelets

To explain the presence of sodium in the final product as well as its crucial role in the
production of crystalline Ln202S nanoplatelets, Ding et al. employed ab initio calculations
and proposed that Na' (r(VIII) = 1.26 A) were inserted in Ln™ (r(VIII) = 1.06-1.24 A) host
lattices, creating oxygen vacancies. The latter then favored the formation of oxysulfide phase
over its oxide counterpart. They assumed that the synthesized Ln20O2S phases were defective
and doped with a certain amount of Na, in contrast with our results of PDF analysis which
suggest otherwise. The hypothesis of Ding et al. also seems unlikely because we showed that
there was no correlation between the quantity of sodium introduced in the reaction mixture,
the detected sodium and sulfur contents in the final product as well as the crystallization of
Gd20:8S. This suggests that the sodium is likely not in the inorganic core of the nanoplatelets

but on their surface.
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11.4.2.1. Washing with organic solvents

Therefore, in order to acquire hints on the location of sodium, we attempted to remove it from
the final product by intensive washes. Typically, the nanoparticles were isolated from the
reaction medium by centrifugation with added ethanol. Afterwards, they were washed several
times with an n-hexane/ethanol mixture (1/3 in volume). The sodium and sulfur contents of
the product were measured by EDS at each wash (Figure I11.20). It is important to note that
the sulfur content remains constant during the washes, except for the isolation step where
excess sulfur was removed. This likely indicates that the gadolinium oxysulfide nanoparticles

are stable during the post-synthetic washes.

After isolating the nanoparticles from the reaction medium by a first centrifugation, 79% of
added sodium was already removed. The first wash then removed an additional 8%, resulting
in a final sodium content of 0.13 equivalent vs. Gd. The next four washes gradually decreased
the sodium content to a final 0.08 equivalents vs. Gd, unable to completely remove all of the
sodium at this stage. We assume that only the more labile sodium can be removed by this

way.
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Figure I1.20: Evolution of sulfur and sodium contents (eq. vs. Gd) during the washing process of
synthesized Gd,O-S nanoplatelets (taken from ref 5). Washing number “0” refers to the solid collected

from the crude reaction medium by centrifugation with added ethanol.
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11.4.2.2. Washing with water

Compared to a mixture of n-hexane and ethanol, more soluble species of sodium can form in
water. Hence, we suspected that water could help eliminate the remaining sodium from the
Gd20:S nanoplatelets. To confirm this, the nanoparticles were dispersed in distilled water and
the suspension was left under vigorous stirring for 24 hours. The solid was collected

afterwards by simple centrifugation and was characterized by EDS and XRD (Figure I1.21).

Remarkably, EDS of the solid after washing shows no sodium. The sulfur contents of before
and after washing are 17 + 1% and 15 + 1% respectively, indicating no loss of sulfur during
the washing step. And most importantly, the obtained solid preserves its crystal structure of
hexagonal Gd20:S as shown by XRD (Figure 11.21). Its diffraction pattern is identical to that

of initial Gd2028S nanoplatelets.

To recapitulate, we showed that sodium could be completely eliminated from crystalline
Gd20:S nanoplatelets without modifying their crystal structure, within the experimental error
margin of EDS. More precise chemical composition analysis needs to be done in order to
confirm this finding. In particular, it will be done in the future with a newly installed X-ray
fluorescence spectrometer in our lab. Nevertheless, this result ensures that the large majority

of sodium locates at the surface of gadolinium oxysulfide nanoplatelets.
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Figure I1.21: XRD patterns of pristine Gd>O,S nanoplatelets and Gd,O,S nanoplatelets washed with
water. The reference pattern corresponds to bulk Gd,O,S (JCPDS 79-5662).
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I1.4.3.  Synthesis using other alkali-metal precursors

Ding et al. succeeded in synthesizing Ln202S nanoplatelets using other alkali-metal
precursors in 2013.52 Remarkably, La202S nanoplatelets were obtained with lithium, sodium
and potassium acetylacetonate. Whereas the use of Na(acac) led to formation of 23 nm large
nanoplatelets, Li(acac) and K(acac) resulted in 9 nm and 43 nm large nanoplatelets
respectively. La2O2S nanoplatelets synthesized with lithium and potassium also ended up with
lower sulfur content (20% and 19% respectively) than those synthesized with sodium (38%).
Interestingly, the nanoplatelets resulted from synthesis with lithium were poorly crystallized
compared to the two other cases. The authors finally concluded that the nature of the alkali-
metal dopants (lithium, sodium or potassium) could affect the size, shape, crystallinity,

composition and phase stability of the nanoplatelets.

First, we questioned the necessity of the alkali-metal for the synthesis of Ln20:S
nanoplatelets. Synthesis of Gd20:2S nanoplatelets with calcium acetylacetonate Ca(acac). was
thus carried out. No solid could be collected at the end of the reaction. A monovalent metal

ion seems to be required.

Inspired by the experiments of Ding et al., we adapted the synthesis of Gd202S with different
alkali-metal precursors including lithium, sodium and potassium acetylacetonate: Li(acac),
Na(acac) and K(acac) respectively. Cesium carbonate Cs2(CO3) was also used due to the
unavailability of cesium acetylacetonate Cs(acac). It likely reacted with oleic acid and release
CO2 to form Cs(oleate) in situ, which then served as the effective cesium precursor in the
reaction medium. The results were compared with those of the synthesis of Gd2O2S using

sodium oleate as alkali precursor (Table I1.4 and Figure 11.22).

Interestingly, EDS shows comparable sulfur contents in the product of all the syntheses
despite the change of alkali-metal (Table I1.4). The final alkali-metal contents are also
similar. Both of these contents are comparable to what we obtained in the synthesis using

sodium oleate.
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Alkali precursor S content Alkali-metal content
(eq. vs. Gd) (eq. vs. Gd)
Na(oleate) 0.19+0.01 0.20+0.03
Li(acac) 0.15+0.01 N/A
Na(acac) 0.21 £0.01 0.09 +£0.03
K(acac) 0.19+0.01 0.14 £ 0.01
Cs2(CO3) 0.16 £0.01 0.19+0.01

Table I1.4: Sodium and alkali-metal contents of the products of the syntheses using different

alkali-metal precursors.

In general, XRD patterns of the products show crystallized hexagonal Gd20:2S phase in all the
synthesis (Figure I1.22a). The diffraction peaks are, however, broader in the synthesis using
Li(acac). Accordingly, TEM image of the product of this synthesis shows small nanoplatelets
of ca. 7 nm (Figure I1.22b).

For the syntheses with Na(acac), K(acac) and Cs2(CO3), unattributed diffraction peaks are
observed alongside Gd202S (Figure I1.22a). With cesium, these peaks are slightly shifted
towards smaller angles (ca. 0.3 °) compared to those obtained with potassium. With sodium,
the unattributed phase seems to be present in a smaller amount as its diffraction peaks are
barely visible. It is worth noting that these unattributed peaks do not correspond to the
reported cubic (JCPDS 012-0797), hexagonal (JCPDS 016-2410) nor monoclinic
(JCPDS 042-1465) gadolinium oxides phases. They also do not match with the diffraction
patterns of reported phases containing at least two of the following elements: alkali-metal,

gadolinium, carbon, nitrogen, oxygen, sulfur, chlorine and hydrogen.
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Figure I1.22: Synthesis of Gd>O,S nanoplatelets with Na(oleate), Li(acac), Na(acac), K(acac) and
Cs2(CO3). a) XRD patterns of the products as well as the reference pattern of bulk Gd,0,S (JCPDS
79-5662). The dashed line is a guide to the eye for the position of the (110) diffraction peak belonging
to the reference Gd»O,S phase. The asterisks indicate unattributed diffraction peaks. b) Their

corresponding TEM images.

TEM images of the products of the syntheses with Na(acac), K(acac) and Cs2(CO3) show
nanoplatelets of irregular size and shape (Figure I1.22a). Two categories of nanoplatelets can
be distinguished: small nanoplatelets (< 20 nm wide) that resemble Gd202S nanoplatelets

obtained with sodium oleate and larger nanoplatelets (> 25 nm wide). The latter are especially
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large in the synthesis with potassium acetylacetonate. Remarkably, these nanoplatelets are of
regular rectangular shape (ca. 30 nm x 100 nm) with round corners. They also appear to be

quite thin as the electron beam can pass through.

In order to verify the crystallinity of the large rectangular nanoplatelets in the synthesis with
potassium acetylacetonate K(acac) and identify their nature, scanning transmission electron
microscopy (STEM) was employed (Figure I1.23). Lattice fringes were observed, suggesting
the crystalline nature of the nanoplatelets (Figure 11.23c¢).

Peak n° 20 (°) d(A)
1 23.4 3.80
2 31.9 2.80
3 45.8 1.98
4 52.4 1.75
5 66.8 1.40

Table IL.5: Positions of the unattributed peaks in the diffraction pattern belonging to the product of

the synthesis with potassium acetylacetonate K(acac) in Figure 11.22a.

Fast Fourier Transform (FFT) of a smaller area of the micrograph of nanoplatelets shows a
pattern of spots that corresponds to the unidentified phase in their XRD pattern
(Figure I1.23d). Indeed, each marked spot represents a characteristic distance of repetition in
the direct space (distance between lattice fringes) and can be attributed to a diffraction peak
presented in Table IL5. For example, spot n°1 represents a distance of repetition of 3.80 A,
coinciding with the diffraction peak n°1 at 23.4 °©. We thus confirmed that the unattributed
peaks in the XRD pattern belong to the large rectangular nanoplatelets. However, the

corresponding crystal structure remains a mystery.

As of the small nanoplatelets mixed with the large rectangular ones, determining their
crystallinity seems to be tricky because they are quite aggregated. Nevertheless, we speculate
that they are crystallized in the Gd20:2S phase detected by XRD, based on the widths of the
diffraction peaks.



70 Chapter 11

Figure 11.23: a) STEM bright field and b) high-angle annular dark-field (HAADF) imaging of the
large rectangular nanoplatelets obtained by synthesis with potassium acetylacetonate K(acac). The
white square indicates an area where lattice fringes are observed. ¢) Zoom of the designated white

square and its d) FFT.

Overall, we conclude that monovalent metal ions are necessary for the synthesis of Gd20:2S
nanoplatelets. We were able to synthesized crystallized Gd202S nanoplatelets of similar sulfur
contents using lithium, sodium, potassium and cesium precursors. Surprisingly, the
crystallization of Gd202S was possible even when there is a large difference between the ionic
radii of the alkali-metals. No notable contraction or dilation of the unit cell was deduced from
the diffraction patterns of the products. This again questions the doping of alkali-metal into
the Gd202S lattices. In fact, while the crystal radius of monovalent sodium in a
coordination VII (1.26 A) is comparable to that of trivalent gadolinium (1.14 A), those of
potassium (1.60 A) and cesium (1.81 A and 1.88 A for coordinations VI and VIII
respectively, coordination VII of cesium is not reported) are far larger. In these cases,

obtaining an unmodified Gd20:S phase appears improbable if the doping takes place.
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I1.4.4. Conclusion and perspective on the role of sodium

In this section, we discussed the role of sodium in our colloidal synthesis of Gd202S

nanoplatelets. We confirmed that addition of a sodium precursor at the beginning of the

synthesis is necessary for the crystallization of Gd202S. We showed that only a quantity as

low as 0.10 equivalents of sodium oleate vs. gadolinium precursor was needed. Even then,

sodium still remained in the final product. Nevertheless, we were able to eliminate all the

remaining sodium (within experimental error margin of EDS) by washing the product with

water and still preserved the crystal structure of the nanoplatelets. Lastly, we found out that

addition of other alkali-metals such as lithium, potassium and cesium could also result in

crystallization of Gd202S of comparable sulfur contents. However, alkaline earth metal such

as calcium did not yield any solid.

Altogether, the obtained results in this section support our hypothesis of sodium residing at

the surface of the gadolinium oxysulfide nanoplatelets. On the contrary, the sodium doping

of Gd20:S seems unlikely. This

study was made jointly with small and wide-angle X-ray

scattering (SAXS-WAXS) of the reaction medium presented in the Ph.D. thesis of Clément

Larquet. A new mechanism of formation of Gd202S nanoplatelets explaining the role of

sodium emerged thanks to these combined results (Figure 11.24).
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Figure 11.24: Proposed mechanism

(taken from ref 5).
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In particular, we proposed that, under our synthetic conditions, a lamellar phase of Na(oleate)
exists in the reaction medium, leaving a 1.5 nm thick space in between. This space then served
as a template to grow crystalline Gd20:28S, resulting in the 2D shape of nanoplatelets. This
model also shows that the nanoplatelets need to terminate with positively charged [Gd202]**
layers to face the oleate ligands. Generally, the proposed mechanism underlines the

importance of lamellar phases such as Na(oleate) in the crystallization of nanoscale Gd202S.

So far, this hypothesis is promising as it fits well with our results. Yet, control syntheses
without oleic acid and without both oleic acid and oleate yielded crystalline Gd202S
nanoplatelets even though they are quite aggregated (Figure I1.25). Thus, this mechanism

still needs to be refined.
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Figure I1.25: Synthesis of Gd>O,S nanoplatelets without oleic acid and without both oleic acid and
oleate. a) XRD patterns of the products as well as the reference pattern of bulk Gd>O.S
(JCPDS 79-5662). TEM images of the nanoparticles resulted from synthesis a) without oleic acid and

¢) without both oleic acid and oleate.
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The above conclusions were applied for monometallic Gd202S nanoplatelets. Nevertheless,
they are likely applicable for bimetallic Gd2(1-xCexO2S nanoplatelets as well. Our preliminary
results showed that sodium is also necessary for the synthesis of Gdz(1-CexO2S nanoplatelets
and can be completely removed from the final product by the same washing with water (data

not shown).
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I1.5. Conclusion

By employing colloidal synthesis in organic solvent, we were able to synthesized crystalline
gadolinium oxysulfide and gadolinium-cerium oxysulfide Gdz(1-nCexO2S (x = 0, 0.01, 0.05,
0.10, 0.20, 0.50) nanoplatelets. They are fairly small (2 nm thick and 20 nm wide) and are
potential versatile nanomaterials. We expect that they can exhibit interesting absorption,
magnetic and catalytic properties. We also assume that they are able to host other lanthanides

for tunable photoluminescent property.

Before applying the safer-by-design approach to these promising nanomaterials and studying
their properties, functionalities and toxicity, a detailed description of the these Gdz(1-xCexO2S
nanoplatelets is required. Important hints were deduced from the results of complementary

characterization techniques. We summarize our findings in Figure I11.26.

In particular, the obtained Gd2(1-xCexO2S phases are solid solutions of Gd202S and Ce20:S if
kept under inert atmosphere. In ambient air, the nanoparticles start to be oxidized above 40%
of Ce. Also, the nanoplatelets terminate by [Ln202]*" (Ln = Gd, Ce) layers in their basal
facets. The resulting charged surfaces are coordinated by oleates, assuring the electrical

neutrality.

We showed that sodium in particular, or alkali-metal in general, are necessary for the
formation of Gd202S nanoplatelets. However, they remain in the final product and their
quantity (up to 33% vs. lanthanide) is irreproducible through experiments. Yet, we determined
that the sodium likely locates at the surface of the nanoplatelets and can be completely
eliminated (within the experimental error margin of the chemical composition analysis
technique) without modifying the crystal structure of the latter. Thus, we concluded that this
uncontrolled quantity is labile enough to be removed, which is good news for the subsequent

studies of properties, functionalities and toxicity of the nanoplatelets.
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Figure I1.26: a) Schematic representation of Gdx(1.CexO,S nanoplatelets and b) zoom in the red area
with details of the structure at the interface between the nanocrystal and the ligands (adapted from

ref 5). Ln indicates either Gd or Ce.
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II1.1. Photocatalysis

Environmental pollution is one of most serious global problem at the moment. It is
accompanied by the lack of sufficiently clean energy sources that worsens the situation. In
view of this matter, the sun is considered an inexhaustibly abundant, clean and safe energy
source. Photocatalysis is one of the most effective strategies to take advantage of this energy.
Since its discovery in the early 20™ century, it has been regarded as a major advance in solving
the global energy problem, due to its applications in environmental cleaning such as

self-cleaning glasses, purification of water and air, artificial photosynthesis, etc.!

One of the first impacting reports on photocatalysis was that of Fujishima and Honda in 1972.2
The authors described the electrochemical photolysis of water to produce oxygen and
hydrogen on semiconducting TiO:2 electrodes. Since then, immense research efforts were
made by the scientific community to understand the fundamental mechanism behind the

process and improve its efficiency.!

II1.1.1. Photocatalytic process

The photocatalytic process is defined as the acceleration of a reaction with light in the
presence of a catalyst, usually a semiconductor. The reaction occurs on its solid surface. The
process first involves the transfer and the adsorption of the reactants from the reaction medium
to the reaction sites on the surface of the catalyst. This depends on the different properties of
the catalyst such as surface area, porosity, charge, hydrophobicity/hydrophilicity, etc. In
particular, higher surface area provides more reaction sites for the reactants and increase the

reaction yield.

The reaction is initiated by absorption of light with energy equal or greater than the bandgap
of the semiconductor. As a result of this irradiation, pairs of electrons and holes are generated
in the conduction band (CB) and the valence band (VB) of the solid, respectively
(Figure I11.1). Subsequently, there are two possible scenarios: the electron and hole
recombine and generate heat or they are separated and diffuse to the surface of the catalyst,
in contact with the reactants. In the second case, the catalyst can then act as electron donor or

acceptor towards adsorbed molecules if the redox reaction is thermodynamically allowed.
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As an example of this process, photodegradation of organic pollutants in the presence of TiO2
nanoparticles in water is depicted in Figure III.1. Upon bandgap excitation of the material,
surface electrons and holes react with oxygen and water molecules to form superoxide
radicals O2™ and hydroxyl radicals ‘OH respectively. These radicals then react with the

organic pollutant to break it down into small molecules such as water and COa.
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Figure II1.1: Schematic representation of photocatalysis process by bandgap illumination of a
semiconductor nanoparticle (taken from ref 4). CB and VB stand for conduction band and valence

band respectively.
I11.1.2. Photocatalysts

Based on the aforementioned principle of the photocatalytic process, several criteria for the
design of photocatalyst can be deduced: (i) high surface area to increase the contact with the
reactants; (ii) appropriate surface state (porosity, charge, hydrophobicity/hydrophilicity) so
that the surface is accessible to the reactants; (iii) suitable bandgap value and position for
easier excitation of the catalyst and to trigger redox reactions; (iv) high absorption coefficient
to generate more electron-hole pairs; (v) low probability of electron-hole recombination to

enhance the efficiency of the process.

The era of photocatalyst development coincides with the boom of nanotechnology. This led
to a focus shift in the field towards nanoscale photocatalysts which exhibit extremely high
surface-to-volume ratio. Nowadays, titanium dioxide TiO2 is the most common photocatalyst
because it features excellent efficiency and chemical stability.! In particular, the commercial

TiO2 P25 powder, containing nanoparticles of anatase and rutile phases, is widely considered
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the standard material for photocatalysis.® However, TiO> P25 nanoparticles exhibit a
relatively wide bandgap of ca. 3.1 eV, meaning that they only absorb UV light (A <400 nm).
This only represents ca. 7% of the total irradiated solar energy (Figure II1.2a). Taking into
account the limited yield of electron-hole pair generation in the photocatalyst, even less
energy eventually serves the catalytic reaction. On the other hand, the visible region of the
spectrum represents ca. 44% of the total energy of the sun. Therefore, new photocatalysts

operating with visible light are highly sought.
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Figure I11.2: a) Solar spectrum and energy percentages of UV, visible and infrared lights (adapted
from ref 7). b) Positions of conduction and valence bands of several semiconductors relative to the

energy levels of various redox couples in water (taken from ref 8).

Several strategies were examined to develop photocatalysts with visible light. These strategies
include modification of TiO2 to tune its bandgap by doping with light elements and d-block
metals or by construction of hetero-junctions with metals such as Pt, Pd. Moreover,
semiconductors other than TiO2 such as WO3, CdS or BiVO4 were also considered.®>'° The
bandgaps of some of those are presented in Figure IIL.2b in comparison with the energy
levels of various redox couples in water. Nevertheless, so far, the efficiency of the
photocatalysis is still much lower with visible light than UV light. They usually suffer from
high recombination rate of electron-hole pairs or low absorption cross section. Efforts still are

still needed to develop new efficient photocatalysts with visible light.
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III.1.3. Nanoscale photocatalyst: a double-edged sword?

In addition to make efforts to develop new nanoscale photocatalysts with high efficiency, it
is also important to consider their potential toxicity. There was first a general consensus in
the photocatalysis field that TiO2 nanoparticles were non-toxic, based on results of their
cytotoxicity tests.!'!!? Yet, inhalation studies on mice seemed to suggest otherwise.'> !>
Inflammatory responses were prominently shown. In 2017, the European Chemicals Agency
even concluded that TiO2, without further physicochemical description, should be classified
as category 2 carcinogen (suspected human carcinogen). There has also been evidence of TiO2

nanoparticles impacting the ecosystem.!%!”

This controversy around the safety of TiO2 nanoparticles, even though mainly present in the
sectors of food and cosmetics, still emphasizes the need to develop new photocatalysts.
Potential backlash from the society due to the concerns towards nanomaterials in general may
hinder their development for photocatalysis. Therefore, we apply the safer-by-design
approach (see Chapter I) for Gd2a-»CexO2S nanoparticles to evaluate their potential as
photocatalysts with visible light (Figure III.3). In particular, their absorption properties,

performance in photocatalysis tests and preliminary toxicity will be discussed next in this

chapter.

Photocatalysis

Figure II1.3: Safer-by-design approach for Gd1.,CeyO2S as potential photocatalysts with visible

light.
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I1.2. Gdza-xCe2:02S nanoparticles as photocatalysts with visible light

II1.2.1. Ligand removal

In the previous chapter, we showed that oleates were the main ligands at the surface of as
prepared Gdz(1-CexO2S nanoplatelets. For photocatalytic reactions, however, the surface of
the catalyst needs to be accessible to water molecules for radical production. Consequently,
the hydrophobic carbon chains are an obstacle for photodegradation process of organic

pollutants. We thus attempted to remove these organic ligands.
I11.2.1.1. Washing of nanoparticles

The simplest way to remove the organic ligands is washing the nanoparticles with solvents.
We thus increased the number of washes after the synthesis. The nanoparticles isolated from
the reaction medium were washed up to 7 times with mixture of n-hexane and ethanol (1:3 in
volume, 40 mL in total). After each wash, a comparable amount of product (ca. 2 mg) was
analyzed by Fourier Transform Infrared spectroscopy (FTIR) in ATR mode. The spectra of
washed Gd20:2S nanoparticles are shown in Figure II1.4. Characteristic vibration bands of
the ligands such as the asymmetric and symmetric C-H stretching bands at ca. 2900 cm™' and

the two bands of coordinated COO™ groups at 1350-1550 cm™! are analyzed.

After the first wash, we clearly observe C-H vibration bands whereas those of the coordinated
COO" groups are faint. This suggests the presence of uncoordinated molecules such as
oleylamine, octadecene or oleic acid, trapped in the product. The signals of these molecules
mask those of coordinated oleates ligands. Accordingly, the obtained product was also very

viscous.

As expected, a sole wash is not enough to remove excess organic molecules from the product.
In the previously described synthesis of Gdz(1-xCexO2S nanoplatelets (see Chapter II), the
nanoparticles were washed three times. After three washes, the COO" vibration bands appear
more pronounced. We thus conclude that the majority of excess uncoordinated ligands was

removed. The product was a dry powder at this stage.

Starting from the 4" wash, the FTIR spectra show insignificant decrease of the intensities of

both C-H and COOQO" vibration bands. Even after seven washes in total, these bands are still
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present. Washing the nanoparticles with a mixture of n-hexane and ethanol does not seem to

be the most efficient method to remove ligands.

7" wash

5" wash

2" wash

1* wash
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Figure I11.4: FTIR spectra of Gd>O,S nanoparticles after different numbers of wash.
2.1.2. Ligand burning

We turned to another ligand removal method which is heating the product at high
temperatures. In fact, the organic compounds have lower thermal stability than the inorganic
core. Taking advantage of this, we heated the synthesized Gd202S nanoparticles at 500 °C
during 2 hours. The thermal treatment was carried out under inert atmosphere (argon) in order

to avoid the oxidation of oxysulfide phase.

The product was first analyzed by FTIR (Figure IIL5). Strikingly, the asymmetric and
symmetric C-H stretching bands at ca. 2900 cm™! disappear after the thermal treatment. This
suggests decomposition of the carbon chains, resulting in free carbon. We still observe the
vibrations bands of coordinated COO™ groups. They probably remain to compensate the
positively charged surface of the nanoparticles even though their carbon chain is decomposed.

We speculate that these COO™ groups belong to short chain oleates such as acetates. These
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results have later been confirmed in the lab with in-depth Thermogravimetric Analysis (TGA)
(see Appendix IV).!® Besides carboxylate groups, sulfates and carbonates are still present in

the product after ligand burning.

Pristine Gd,0,S
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Figure IIL.5: FTIR spectra of Gd,O,S nanoparticles before and after thermal treatment at 500 °C

under inert atmosphere (argon).

TEM image of the product shows aggregates of nanoplatelets of size comparable to the
pristine Gd20:S (Figure I11.6a and b). After the treatment, Gd20:S is still the main crystalline
phase, as shown by XRD (Figure II1.6¢c). However, other narrow diffraction peaks are also
detected. They may be attributed to oxides such as cubic Gd203, NaGdO: and gadolinium
oxysulfate Gd202S04. The narrow peaks probably correspond to large nanoparticles present
in the product but could not be observed by TEM. It should be reminded that our oxysulfide
nanoparticles present sulfur defects. The formation of large oxysulfide crystals is thus

prohibited and the oxygen-rich phases are favored.

We showed that the carbon chain of surface-coordinated oleates could be decomposed by
thermal treatment of the nanoparticles during 2 hours at 500 °C under argon. The
nanoplatelets were aggregated and large crystallites of oxides and oxysulfate were detected
by XRD. We conclude that ligand burning can be an efficient method to remove organic
ligands from the oxysulfide nanoparticles. Nevertheless, optimization of the treatment

conditions needs to be done to avoid formation of oxygen-rich phases. Complementary results
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have shown that a thermal treatment at 350 °C during 20 min under oxidizing atmosphere
(O2/He) could decompose the organic ligands while preserving the oxysulfide crystalline
structure of the nanoparticles (see Appendix IV).!® These results pave the way for future

studies of properties of Gdz(1-xCexO2S nanoparticles in the cases where the organic ligands

are undesirable.

After treatment
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Figure I11.6: Thermal treatment of Gd,O,S nanoparticles. TEM images of the nanoparticles a) before
and b) after the treatment. ¢c) XRD patterns of pristine nanoparticles and the product after the treatment.

The reference pattern corresponds to bulk hexagonal Gd,O,S (JCPDS 79-5662).

2.1.3. Conclusion

In this section, we discussed the possibility of removing hydrophobic ligands from the
synthesized Gd202S nanoparticles for catalytic reactions in aqueous media. The simple
method of washing could only eliminate the excess uncoordinated ligands. On the other hand,
thermal treatment at 500 °C could completely burn the carbon chains of the ligands, leaving
short chain carboxylates on the surface of the nanoparticles. Nevertheless, oxides and

oxysulfate phases were formed. Besides those two methods, we also attempted to displace the
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oleates by smaller surface ligands such as BF4 at room temperature. However, after the

treatment, oleates still remained and the nanoparticles were oxidized (data not shown).

These results emphasize the important role of oleates as surface ligand to ensure the charge
balance and compensate the lack of sulfur of the oxysulfide nanoplatelets. Because the
nanoplatelets are very thin (2 nm), complete removal of the ligands in solution may result in
drastic modification of the overall object. Yet, ligand burning with optimized conditions can
represent a smooth way to remove the ligands for future studies. In the present study, however,
we use Gd2(1-nCexO2S nanoparticles washed three times with mixture of n-hexane and

ethanol.
II1.2.2. Tunable absorption

In 1958, Flahaut et al. synthesized a series of bulk Ln202S (Ln = lanthanide) and reported
their physical properties.'® The authors stated that Gd202S was white while Ce202S was deep
brown. Inspired by these results, we synthesized bimetallic Gdz(1-xCexO2S nanoparticles with

the hope to tune the absorption properties of the material by adjusting its cerium content.

At the nanoscale, the colors of the gadolinium and cerium oxysulfides seem to be similar to
those of their bulk phase. Dry powder of synthesized Gd202S nanoparticles appears white
(Figure I11.7). As for Ce202S nanoparticles, their powder is deep brown but they are easily
oxidized in air to give a green powder instead.’’ Colors of powders of bimetallic
Gd2(1-xCexO2S nanoparticles are between white and brown. The color gradually becomes
darker as the cerium content increases (Figure II1.7). This is probably due to the substitution

of Gd™ for Ce in the Gd20:S phase that we discussed in the previous chapter.
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Cerium fraction (%)

Figure I11.7: Change of powder color of Gda.1Ce20:2S nanoparticles (x from 0 to 90%) due to

Gd"/Ce" substitution (taken from ref 2').

To characterize the absorption of the synthesized Gdz2(1-+CexO2S (x =0, 1, 5, 10, 20, 50%)
powders, we employed UV-visible diffuse reflectance spectroscopy (Figure II1.8). The
Kubelka-Munk function of reflectance F(R) was calculated from obtained apparent
absorbance. This function is directly proportional to the extinction coefficient of the material,

thus to its absorption properties.

The Ce/Gd substitution strongly affects the absorption of the nanomaterials, in accordance to
their color. In fact, spectrum of the synthesized Gd20:S nanoparticles indicates absorption in
the UV region with a threshold around 270 nm. The bandgap of the material was previously
estimated at ca. 4.7 eV using Tauc plot.2! This value is greater than that of TiO2 P25
nanoparticles (ca. 3.1 eV). Whereas, spectra of synthesized Gd2(1-xCexO2S nanoparticles
shows gradual shifts of absorption threshold towards the visible region. At the extreme of
cerium content in this series of samples, GdCeO2S (x =50%) nanoparticles feature an
absorption threshold over 530 nm, corresponding to an estimated bandgap of 2.3 eV.?! The
bandgap of GdCeO:S nanoparticles is thus smaller than that of TiO2 P25 nanoparticles. It is
also in the low side when compared to discovered photocatalysts with visible light such as

WOs (Figure I1L1.2b).
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Figure I11.8: UV-visible diffuse reflectance spectra of Gda(i.xCe2O2S nanoparticles (x from 0 to
50%). The Y-axis is expressed as the Kubelka-Munk function F(R) calculated from obtained apparent

absorbance.

The obtained results confirm that the absorption of the bimetallic Gdz(1-nCe2:02S
nanoparticles can be tuned within a wide wavelength range (250 — 550 nm) by adjusting the
Gd/Ce ratio. Moreover, in the last chapter, we have already shown that this ratio was
controllable by our synthesis. The tunable absorption in the visible region makes
Gd2(1-nCexO2S nanoparticles particularly interesting for visible-light photocatalysis (visible-

blind ultraviolet photodetectors, multiple bandgap solar cell).
I11.2.3. Photodegradation of organic dyes

In order to probe the photocatalytic activity of the Gdz1-xCexO2S nanoparticles, we studied
the photodegradation of organic dyes such as rhodamine B (RhB) or methylene blue (MB)
(Figure II1.9), commonly used in the literature as a model for the photocatalytic depollution
process.??? These dyes exhibit intense absorption in the visible spectrum (Amax(RhB) = 554
and Amax(MB) = 665 nm). Consequently, their degradation can be readily monitored by UV-

visible absorption spectroscopy.
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Rhodamine B Methylene Blue
Amax = 954 nm Amax = 665 nm

Figure II1.9: Chemical formulas of commonly used organic dyes to probe photocatalytic activity.

Our photocatalysis setup is home-built as presented in Figure III.10. The light source is a
square plate holder containing nine LEDs. They exhibit monochromatic emission centered at
501 nm with a full width at half maximum (FWHM) of ca. 30nm. Photocatalytic tests using

the same light source have already been reported by our colleagues in the lab.!%?*

Figure I11.10: Homebuilt photocatalysis setup using cyan light (A = 501 nm) produced by nine LEDs.
The irradiated vials contain suspensions of Gdx-»Ce202S nanoparticles in aqueous rthodamine B

solutions. During the reaction, the setup was kept in the dark.

Light excitation at 501 nm corresponds to an energy of 2.5 eV. Hence, this cyan light can
excite the bandgap of GdCeO:S (x = 50%) nanoparticles (2.3 eV) to create pairs of electron
and hole. Whereas, its energy is not sufficient to excite the wide bandgap of Gd20:S (x = 0%)
nanoparticles (4.7 eV). We thus expected a big difference of photocatalytic activity between

the two nanoparticles.
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In typical experiments, aqueous rhodamine B solutions with initial absorbance of 0.8 were
prepared. Gd202S and GdCeO:S nanoparticles were dispersed in the solutions for a final
concentration of 1 mg/mL, similar to what was reported in the literature for other
photocatalysts with visible light such as BiVO4 or Biz2WQe.!%** The suspensions were first
kept in the dark under stirring for 1 h to reach the adsorption/desorption equilibrium of the
dye. During the irradiation, aliquots were taken at regular time point and were centrifuged to
remove the nanoparticles. The filtrates were then analyzed by UV-visible absorption

spectroscopy. The obtained results are presented in Figure IT1.11.
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Figure I11.11: Photodegradation of rhodamine B under irradiation with 501 nm light, in the presence
of Gd(1.9Ce20:S (x =0, 50%) nanoparticles. UV-visible absorption spectra over time of a) RhB
without nanoparticles, b) RhB in presence of Gd>O.S (x =0%), ¢) RhB in presence of GdCeO,S
(x=50%). to corresponds to the start of irradiation. d) Corresponding evolutions of normalized

maximum absorbance over time.

Initial test in the absence of the nanoparticles shows no significant change of absorption of
RhB even after 7 days (Figure II1.11a and d). The slight fluctuation of intensity is within the
experimental error margin (ca. 0.2 of Amax/Amaxo). Thus, catalyst is necessary for the

photodegradation of Rh B.
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For both Gd20:S and GdCeO:S nanoparticles, the maximum absorbance at to is much lower
than that of the control experiment (0.10 and 0.15 vs. 0.78) (Figure II1.11a-c). This is due to
the adsorption of RhB on the nanoparticles. In particular, dye adsorption on Gd202S seems
slightly more efficient than on GdCeOxzS as less RhB is detected in the filtrate (0.10 vs. 0.15),
suggesting a difference in specific surface area of the two samples. After the first 1 — 2 days,
the maximum absorbance increases significantly (Figure III.11d), likely because of
desorption of the dye from the nanoparticles. This desorption can be explained by the heating

accompanied the irradiation.

Afterwards, maximum absorbance decreases in the presence of both Gd202S and GdCeO:S
nanoparticles (Figure III.11b-d). Surprisingly, both nanoparticles photodecompose RhB
with excitation at 501 nm. However, the reaction takes place during at least 6 days and is quite
slow. Besides the decrease of maximum absorbance, we also notice that the absorption spectra
shift towards the blue over time. These shifts are characteristic of degradation of RhB via
N-deethylation in a stepwise process (four N-ethyl groups).?® The final maximum absorbances
in the case of Gd202S and GdCeO2S are 509 and 525 nm, respectively. The former
corresponds to the thrice N-deethylated product while the latter corresponds to the twice
N-deethylated product. Interestingly, the reaction appears slightly faster with Gd202S

nanoparticles.

The photodegradation of RhB via N-deethylation are assigned to a photosensitized process
where the excited dye molecule transfers its electron to the conduction band of the
nanoparticle (Figure I11.12a).23>2% This electron then reduce O2 in water to form superoxide
anion radical O2". The latter eventually reacts with the dye molecules, resulting in the
N-deethylation reaction. It should be noted that this process is only feasible if the relative
energy levels are appropriate. In fact, the excited state of the dye D*, the conduction band
(CB) of the catalyst and the redox couples O2/O2" need to be in an increasing order (top to
bottom) of energy as in Figure II1.12a. It is also crucial that the dye can absorb excitation

light which is our case (i.e. RhB absorbs 501 nm light).

This photosensitized process explains why Gd20:S nanoparticles are active in the
photodegradation of RhB even though their bandgap is too wide to be excited by a 501 nm
light. On the other hand, the bandgap of GdCeO:S nanoparticles can be excited by this
excitation light. Hence, they likely photodegrade RhB via two reaction pathways:
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photosensitization and photocatalysis.***** The former is similar to that of Gd>02S

nanoparticles (Figure II1.12a) while the latter is depicted in Figure II1.12b.
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Figure I11.12: Simplified schematic representation of a) photosensitization and b) photocatalysis
processes upon excitation of wide bandgap Gd»0,S (x =0%) nanoparticles and small bandgap
GdCeOsS (x = 50%) nanoparticles. Note that the positions of covalence and conduction bands are
hypothetical. VB and CB stand for valence band and conduction band. D and D* denote ground state

and excited state of the dye respectively. “h” and “e” indicate hole and electron.

In the photocatalytic process, the excited pair of electron and hole can directly react with
oxygen or water molecules to form O2™ or "OH radicals, respectively. This again depends on
the relative positions of the energy levels. In order to produce both radicals, the potentials of
redox couples 02/02™ and ‘OH/H20 (E vs. SHE = -0.33 and 2.38 V respectively)?”*® needs to
be in between the bandgap of the catalyst. Thus, only materials with bandgap superior to

2.71 eV are suitable.

GdCeO:S nanoparticles with a bandgap of 2.3 eV cannot directly generate both O2™ and "OH
radicals by photocatalysis using 501 nm light. Furthermore, we have already shown that they
photodegrade RhB via N-deethylation reaction, hence photosensitization of the dye. In order
for this process to be possible, the energy of the conduction band of the GdCeO:2S
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nanoparticles needs to be lower than that of the redox couples O2/O02". We thus propose an
energy diagram explaining the photocatalysis by the GdCeO2S nanoparticles in
Figure II1.12b. Consequently, the cerium-containing nanoparticles only directly generate
superoxide radical O2". However, it should be noted that this simplified model does not take
into account curvature of the band at the interface with the reaction medium. Hence, this

diagram can only be applied to the surface of the nanoparticles and not the inner core.

Overall, both Gd202S (x =0%) nanoparticles and GdCeO2S (x =50%) nanoparticles
photodegrade RhB with visible light at 501 nm. Although, the reaction is quite slow, probably
due to the large quantity of organic ligands on the surface of the nanoparticles that creates a
hydrophobic layer. In the case of Gd202S nanoparticles, the dye was degraded via a
photosensitized pathway while it can be both photosensitization and photocatalysis for
GdCeO:S nanoparticles. In the reaction with both nanoparticles, superoxide radicals O2™
likely forms first. They can, however, subsequently transform into ‘OH in water. Electronic
paramagnetic resonance (EPR) spectroscopy will be employed to confirm the nature of

formed radicals.

The photodegradation of RhB appears slightly faster in the case of Gd202S nanoparticles.
This can be explained by the difference in kinetics of photosensitized and photocatalytic

processes as well as the potential difference of specific surface area of the two samples.

Lastly, we also carried out the photodegradation of methylene blue (MB) with our
nanoparticles. However, preliminary results indicated that MB degraded in the absence of

nanoparticles under experiment conditions (data not shown).

I11.2.4. Radical production

In the last section, we showed that Gd202S (x = 0%) nanoparticles and GdCeO:S (x = 50%)
nanoparticles likely produced superoxide radical O2™ under irradiation and photodegraded
rhodamine B. Thus, in order to evaluate the photocatalytic activity of Gdz1-xCexO2S

nanoparticles, we studied their ability to produce radicals.

I11.2.4.1.  Dithiothreitol (DTT) as radical probe

Detection of radicals such as hydroxyl radical ‘OH and superoxide radical O:" under

photocatalytic conditions has been carried out by a wide range of methods including
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spectroscopy, colorimetry, fluorescence, etc.?’ Standing out is EPR spin trapping method. It
consists in trapping the radicals which have short lifetime in solution with molecules such as
5,5-dimethyl-1pyrroline N-oxide (DMPO). The formed adduct DMPO-R® has a longer
lifetime and can be detected by EPR spectroscopy. This method was developed for selective
and efficient detection of photogenerated radicals even at low concentrations.?’ Nevertheless,
EPR spectroscopy requires specific and expensive equipment. Hence, alternative methods are
also developed. Colorimetry and fluorescence using selective radical probes are the most
commonly used. For example, tetrazolium (XTT) (colorimetry) is used for detection of O2™
while terephthalic acid (fluorescence) and p-nitrosodimethylaniline (RNO) (colorimetry) are

used for "OH.?’

In the lab, we have experiences in employing dithiothreitol (DTT) as molecular probe to
evaluate production of reactive oxygen species (ROS) in a cellular media. This was proved to
be an efficient method to study latent ability of particles to generate oxidative stress.’*>2
Although the DTT assay appears less attractive in a photocatalytic context because of the low
sensitivity and selectivity for different types of radicals, it can still be very useful for screening
radical production under irradiation. Thus, we adapted an experimental protocol for 96-well

plate to screen the photocatalytic activities of Gdz(1-xCe2xO2S nanoparticles.

In principle, DTT molecules can react with 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB or
Ellman’s reagent), cleaving the disulfide bond to form 2-nitro-5-thiobenzoic acid (TNB). This
reaction between the two colorless compounds results in a product with intense yellow color
(Amax = 405 nm) (Figure II1.13-1). Thus, the quantity of present DTT can be measured using
UV-visible absorption spectroscopy.

Semiconductor nanoparticles generate radicals in water under irradiation. In particular, we
showed that Gd21-vCe2:02S nanoparticles exposed to 501 nm light likely produced
superoxide radical O2". In the presence of ROS, DTT molecule transforms into its radical
form DTT-S® and ultimately results in disulfide molecules ox-DTT (Figure II1.13-2).
However, colorless ox-DTT does not react with DTNB to form detectable TNB. Hence, this
method can be used to indirectly evaluate radical production. High number of produced

radicals results in small quantity of TNB detected and vice versa.
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Typically, aqueous DTT solution and suspension of nanoparticles in water are added in each
well of a 96-well plate in duplicate. One plate is irradiated by light from LEDs during 4 hours
while the other is left in the dark during the same amount of time. The Gdz1-xCe2:02S
nanoparticles containing cerium (x > 0%) absorb at the wavelength used to detect TNB
(405 nm). Thus, the plates are centrifuged and only the supernatant is taken and transferred
to new plates. Excess DTNB is then added to the supernatant to form TNB in a quantitative

reaction. The absorbance at 405 nm is finally measured for each well, thanks to a microplate

reader.
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Figure I11.13: DTT as radical probe. Reaction scheme of (1) DTT with DTNB to form an intense
yellow product, detectable by UV-visible absorption spectroscopy and (2) DTT with radicals in
solution to form disulfide ox-DTT that does not react with DTNB.

I11.2.4.2.  Validation of the method with commercial TiO, P25 nanoparticles

In order to confirm that the DTT assay can effectively evaluate radical production under
irradiation, we first carried out the experiment with commercial TiO2 P25 nanoparticles.
These nanoparticles are well known for their high photocatalytic activity with UV light and
they can generate both O2" or "OH radicals.! For this experiment, we use nine LEDs whose

emission is centered at 391 nm and FWHM of ca. 15 nm as light source (Figure I11.14a).

Control test of DTT in the absence of nanoparticles gave similar final absorbance values in
the dark and under irradiation: 1.46 = 0.01 and 1.44 + 0.03 respectively. DTT molecules are

thus stable under our experimental conditions.
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Experiments with increasing concentration of TiO: nanoparticles (50, 100, 500 and
1000 pg/mL) were carried out. Detected quantities of DTT are normalized with that of the
control experiment without nanoparticles (Figure II1.14b, dots). Radical production of the
nanoparticles is evaluated by calculating the difference between the normalized DTT

quantities in the dark and under irradiation (Figure II1.14b, bars).

In the dark, DTT quantity remains unchanged when the nanoparticle concentration increases
(Figure I11.14b, black dots). Their normalized values are slightly above 1, likely due to
absorption of a small fraction of TiO2 nanoparticles that we were unable to remove by
centrifugation. This result indicates that no radical is formed without irradiation of the

photocatalysts.

Under irradiation with 391 nm light on the other hand, the normalized DTT quantity linearly
decreases when the nanoparticle concentration increases (Figure I11.14b, purple dots). At the
lowest tested concentration of nanoparticles (50 pg/mL), the radical production is ca. 0.6.
Whereas at 1000 pg/mL of nanoparticles, it reaches 0.9, indicating that the photogenerated

radicals already reacted with almost all of DTT molecules.
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Figure I11.14: a) Experimental setup for evaluation of radical production under irradiation of 391 nm
UV light produced from nine LEDs. b) Normalized quantities of DTT after 4 h in the dark and under
irradiation (dots), in the presence of different concentrations of TiO, P25 (left y-axis). Radical
productions under irradiation calculated as difference between the normalized DTT quantities in the

dark and under irradiation is presented as bar graph (right y-axis).
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Overall, we confirmed the photocatalytic activity of TiO2 P25 nanoparticles by evaluating
their ability to produce radical under UV irradiation. Hence, DTT assay can be used to screen

the activity of gadolinium-cerium oxysulfide Gdz(1-CexO2S nanoparticles.
I11.2.4.3.  Bimetallic Gdz(1-xCexO2S nanoparticles

For the radical production evaluation of Gdz(1-xCexO2S nanoparticles, we used the same
visible light source (emission centered at 501 nm) as in the previously discussed
photodegradation of rhodamine B (Figure II1.15a). We again expect better activity from the
nanoparticles with higher cerium content because they absorb more efficiently in the visible
region. Moreover, photosensitization cannot occur under the conditions of this experiment

because DTT molecules only absorb in the UV region.

We first carried out the control test in the absence of nanoparticles. The obtained absorbance
values in the dark and under irradiation are comparable: 1.48 £0.01 and 1.44 +0.03
respectively. We confirm that DTT remains stable under a less energetic irradiation with

501 nm light.

In order to evaluate the photocatalytic activity of Gdz(1-nCexO2S nanoparticles, a reference
photocatalyst is necessary for comparison. As discussed in the previous section, TiO2 P25
nanoparticles are efficient photocatalysts. However, they are only active under UV light. We
then turned to BiVO4 nanoparticles previously synthesized in our lab by Dr. Tamar Saison.'”
They were reported to exhibit a small bandgap of 2.5 eV and could be excited by 501 nm,
similar to our GdCeO:S nanoparticles (band gap 2.3 eV). They also likely generate radicals
under irradiation and efficiently degrade rhodamine B via both photosensitization and

photocatalysis. Thus, BiVO4 nanoparticles seem suitable to be a reference.

Like TiO2 P25 nanoparticles, BiVOs nanoparticles do not produce radicals in the dark
(Figure II1.15b, black dots). Less DTT is observed under irradiation at higher concentrations
of nanoparticles (500 — 1000 pg/mL) (Figure IIL.15b, cyan dots). In particular, radical
production of BiVO4 nanoparticles at 1000 pg/mL reaches 0.2 (Figure IIL.15b, grey bars).

With increasing concentrations of Gd202S (0% Ce) nanoparticles and GdCeO:2S (50% Ce)
nanoparticles, surprisingly, the normalized DTT quantity decreases in the dark to below 1

(Figure II1.15c and d respectively, black dots). Under irradiation, it decreases even further,
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indicating radical production with visible light (cyan points). At the highest nanoparticle
concentration (1000 pg/mL), the radical productions are evaluated at 0.1 and 0.2 for Gd202S
and GdCeO:S respectively (grey bars). However, the high uncertainty of the value in the case
of Gd20:S nanoparticles makes it difficult to confirm whether they can photogenerate
radicals. In contrast, GdCeO:2S nanoparticles seem to produce radicals under irradiation with

501 nm light.
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Figure I11.15: a) Experimental setup for evaluation of radical production under irradiation of 501 nm
visible light produced from nine LEDs. Radical production under irradiation of 501 nm visible light
of b) BiVOs nanoparticles, c) Gd,0,S (x=0%) nanoparticles and d) GdCeO,S (x=50%)

nanoparticles at different concentrations of photocatalysts.

Altogether, we conclude that both BiVO4 and GdCeO:S nanoparticles produce radical under
irradiation with 501 nm light. Their activities also appear to be similar but far below that of
TiO2 P25 nanoparticles with UV light (0.2 vs. 0.9). As for Gd20:S nanoparticles, however,
we cannot confirm their activity because of the high uncertainty of the result. Surprisingly,

we observed a decrease of DTT quantities at higher concentration of oxysulfide nanoparticles
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in the dark. This suggests either radical production in the absence of light or adsorption of
DTT molecules on the GdCeO:2S nanoparticles. In fact, adsorbed DTT would be eliminated
with the nanoparticles during the centrifugation step, giving rise to a bias in our evaluation of

photocatalytic activity.

The same experiment was carried out for Gd2(1-nCexO2S nanoparticles with intermediate
cerium contents (1, 5, 10, 20%). The results at 1000 ug/mL of catalyst are summarized in
Figure II1.16. We indeed observe fluctuations of the normalized DTT quantities across the
samples in the dark as well as under irradiation (from 0.4 to 1.0). We thus speculate that these
samples do not possess the same specific surface area. This affects their ability to adsorb DTT
molecules of the nanoparticles, hence the large differences between the measured DTT
quantities. Nevertheless, it is worth noting that radical production is observed for cerium

containing Gdz(1-xCexO2S nanoparticles, especially at cerium content higher than 5%.
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Figure I11.16: Normalized DTT quantities measured after 4 h in the dark and under irradiation with

1000 pg/mL of Gdy(1.xCerO2S nanoparticles (x from 0 to 50%).

In conclusion, with the DTT assay, we showed that cerium-containing Gd2(1-xCexO2S
nanoparticles photogenerate radicals with visible light, especially at higher cerium contents
and nanoparticle concentrations. However, this observed activity is likely mediated by
adsorption of DTT on the nanoparticles, giving rise to a bias in the analysis of results.
Comparison between different samples is thus difficult. We can only conclude whether the

photocatalyst produces radical. Moreover, radicals are detected indirectly using DTT. The
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results must be confirmed by another technique. In the next step of the study, evaluation of

radical production using EPR spectroscopy would be ideal.
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II1.3. Cytotoxicity of Gdza-xCexO2S nanoparticles

In this section, we discuss the potential toxicity of Gdz(1-xCexO2S nanoparticles, as part of the
safer-by-design approach. Compared to animal studies, cell-line studies are less ethically
questionable, easier to control, reproduce and less expensive. Thus, in this section, we will
present in vitro studies using the developed nanoparticles as a first step towards understanding

their toxicity.
II1.3.1. Cell line model

When foreign matters such as microorganisms and nanoparticles come in contact with the
body of humans or animals, they get countered by the innate defense mechanisms of the host.
The epithelial surface provides a physical barrier between the inside and the outside of the
body. Epithelial cells can also produce chemical substances that hinder the invasion of the
foreign matters. Besides, the body can also react with immune responses. Macrophages are
likely the first cells of the immune system that the foreign matters encounter. They are capable
of recognizing, ingesting by phagocytosis and clearing foreign matters. Hence, understanding
how epithelial cells and macrophages react to exposure to the foreign matters can give insights

on the toxicity of this latter.

Immortalized RAW 264.7 cells (Figure II1.17) are commonly used in our group as well as in
other groups as an in vitro model of macrophages to assess the cytotoxicity of different
nanoparticles.!’*33> The RAW 264.7 are macrophage-like cells, originating from Albelson
leukemia virus transformed cell line derived from BALB/c mice. These cells have been used
in laboratories for more than 40 years and are described as an appropriate model of
macrophages.’® They are capable of phagocytosis and are also reported to be stable for
long-term growth (up to 30 passages) in cell culture. Hence, we employed this cell-line to

evaluate the cytotoxicity of Gdz(1-x)CexO2S nanoparticles.



Towards safer-by-design bimetallic Gd-Ce oxysulfide nanoparticles for photocatalysis 109

Figure I11.17: Optical microscope image of murine macrophage RAW 264.7 cell line provided by
American Type Culture Collection (ATCC® TIB-71™).

I11.3.2.  Cell viability

The cytotoxicity of Gdz(1-»CexO2S nanoparticles was first assessed. Exposure of the cells to
cytotoxic agents can affect different parameters of the cells such as their metabolic activity,
membrane permeability, DNA content, etc. Thus, we performed various assays to evaluate

each of these endpoints.

Following exposure of RAW 264.7 cells to selected nanoparticles at different concentrations
(1, 10, 50, 100 pg/mL) during 24 h, WST-1, Hoechst and LDH assays were performed to
characterize mitochondrial activity, cellular DNA content and membrane integrity of the

macrophages, respectively.

I11.3.2.1.  Mitochondrial activity

WST-1 assay is a colorimetric method to characterize mitochondrial activity of the cells. This
method is based on the cleavage of the colorless tetrazolium salt WST-1 to formazan by
mitochondrial reductase, which exists in the mitochondrial respiratory chain and is only active
in viable cells (Figure I11.18). An increase of the mitochondrial activity leads to an increase
of the production of formazan dye and vice versa. Formazan exhibits a dark yellow color and

thus, the mitochondrial activity can be assessed using UV-visible absorption spectroscopy.
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Figure I11.18: Cleavage of tetrazolium salt WST-1 to formazan by mitochondrial dehydrogenase. EC

stands for electron coupling reagent.

In this experiment, RAW 264.7 cells were exposed to nanoparticles for 24 h. The
exposed-cells were then incubated with WST-1 solution for 3 h. The absorption of resulting
media is measured by a microplate reader at 450 nm and the relative mitochondrial activity is

calculated by normalizing the obtained absorbance values to that of unexposed cells.

The experiment was carried out for Gdz1-xCexO2S nanoparticles with 0%, 10%, 50% of
cerium as well as commercial TiO2 P25 nanoparticles as control (Figure I11.19a). The
mitochondrial activity of the RAW 264.7 macrophages remains constant around 100%
compared to unexposed cells upon exposure up to 100 pg/mL of TiO2 nanoparticles. With
Gd20:S (0% Ce) nanoparticles, the mitochondrial activity rises slightly above 100% at lower
concentrations then decreases when the concentration increases. It stops at ca. 75% at the
highest tested concentration of nanoparticles (100ug/mL). As for cerium-containing
Gd21-vCexO2S nanoparticles, the measured mitochondrial activity remains around 100% of
that observed for unexposed cells after exposure to 1 or 10 pg/mL of nanoparticles. However,
exposure to higher concentration of nanoparticles (50 and 100 pg/mL) significantly decreases

the mitochondrial activity of the cells to close to 0% of that of unexposed cells.
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Figure I11.19: a) WST-1 assay of RAW 264.7 macrophages exposed to Gdx1-¢Ce O>S and TiO, P25
nanoparticles at different concentrations during 24 h. The mitochondrial activities were reported as
percentages of that of unexposed cells. The experiments were repeated at least three times. ****
signifies a p-value inferior to 0.0001. b) Assay interference test: incubation of formazan dye with
100 pg/mL of Gdai-+CexO,S nanoparticles. Resulting absorbance is normalized by that of formazan

dye.

The decrease of the mitochondrial activity of the cells can be due to adsorption of formazan
dye to the nanoparticles. In order to verify this, culture medium of RAW 264.7 cells incubated
with WST-1 solution for 3 h was taken and mixed with either distilled water as control
experiment, or suspensions of nanoparticles for another 3 h. The absorbance at 450 nm was
then measured and normalized with that of the control experiment. The results of Gd202S
(0% Ce) and GdCeO:S (50% Ce) are presented in Figure I11.19b. The normalized absorbance
values for both nanoparticle samples (with and without cerium) fluctuate around 1. This

indicates that the nanoparticles do not significantly adsorb formazan dye.

The results from the interference test rule out the effect of adsorption of formazan dye by the
nanoparticles on our observations. WST-1 assay shows that TiO2 nanoparticles do not have
any effect on the mitochondrial activity of the macrophages. Gd202S nanoparticles without
Ce induce changes at the highest concentration even though not significant. Their impact on
the metabolic activity of the cell seems therefore limited. However, oxysulfide nanoparticles
containing 10% Ce and 50% Ce inhibit mitochondrial activity of the cells at 50 and

100 pg/mL. This indicates cytotoxic effect of these cerium-containing nanoparticles.
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I11.3.2.2. DNA quantification

Fluorometry is a highly sensitive and simple method to quantify DNA. The principle of this
method is essentially based on the binding of fluorescent compounds to nucleic acids by
intercalation. One of the most commonly used fluorescent dyes is Hoechst 33258
(Figure II1.20). When excited at 360 nm, the fluorescence emission at 460 nm of the dye
increases significantly in the presence of DNA. This method is capable of detecting

nanograms of DNA and can be used to determine cellular DNA content.
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Figure I11.20: Chemical formula of Hoechst 33258 molecule.

RAW 264.7 macrophages that were exposed to nanoparticles in microplates were incubated
with water for 30 min. This cytolysis step is necessary to release intracellular DNA in the
culture medium. Then, solution of Hoechst dye was added and fluorescence intensity was

measured in each well with a microplate reader.

The assay was performed with Gd21-xCexO2S and TiO2 P25 nanoparticles at different
concentrations from 1 to 100 pg/mL (Figure I11.21). The obtained fluorescence intensity was
normalized to that of unexposed cells. Interestingly, for all nanoparticles and at all
concentrations, no significant change in cellular DNA content is observed. The DNA contents

remain at 100% compared to unexposed cells.
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Figure I11.21: Cellular DNA quantification of RAW 264.7 macrophages exposed to Gda(1-9Ce,O2S
and TiO, P25 nanoparticles at different concentrations during 24 h. The cellular DNA contents were

reported as percentages of that of unexposed cells. The experiments were repeated at least three times.

I11.3.2.3.  Membrane integrity

Exposure of cells to cytotoxic agents can also compromise the cell membrane integrity, then
allowing cellular contents to leak outside the cell. Viability assays based on this principle
include monitoring the release of lactate dehydrogenase (LDH), which is a stable cytoplasmic
enzyme present in all cells. This method relies on measuring the activity of LDH in catalyzing
the redox reaction between NAD™" and lactate to form NADH and pyruvate (Figure I11.22).
Then, NADH can react with tetrazolium salts in the presence of a catalyst to form formazan
in a cleavage reaction similar to that of WST-1 assay. The quantity of formed formazan is
related to the quantity of LDH released and can be measured by UV-visible absorption
spectroscopy. A higher LDH quantity detected indicates that the membrane integrity is more

compromised and vice versa.

Typically, the media of RAW 264.7 cells exposed to nanoparticles were taken and incubated
with a mixture of tetrazolium salt and catalyst for the cleavage reaction during 30 min. The
reaction was then stopped by addition of HCI solution and the absorbance at 490 nm was

measured by a microplate reader.
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Figure I11.22: Released lactate dehydrogenase reduces NAD™ to NADH and results in cleavage of

tetrazolium salt to formazan.

The released LDH quantity was measured for the cells exposed to Gdz(1-CexO2S and TiO2
P25 nanoparticles as well as solution of Triton X-100 (diluted at 2%) (Figure II1.23). The
latter serves as a positive control for the experiments as it can lyse the cells, resulting in
maximum amount of released LDH. The obtained values were normalized with that of

unexposed cells.

As expected, upon exposure to Triton X-100 solution, RAW 264.7 cells show an increase of
detected LDH compared to that of unexposed cells (Figure I11.23). The normalized LDH
quantity is measured at ca. 200%. Cells exposed to TiO2 nanoparticles shows unchanged LDH
quantity released in the medium compared to unexposed cell, at all tested concentrations of
nanoparticles. With Gd20:S nanoparticles, the normalized quantity of LDH is slightly below
100% at 1 pg/mL. However, it rises significantly to ca. 145% at 100 pg/mL of nanoparticles.
As for the cerium-containing nanoparticles, the measured LDH quantity remains around
100% at 1 and 10 ug/mL of nanoparticles. Surprisingly, at higher concentrations of
nanoparticles, the values decrease significantly to below 50% compared to that of unexposed
cells. This decrease can be observed from 50 pg/mL for nanoparticles with 10% of cerium

and from 100 pg/mL for nanoparticles with 50% of cerium.
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This decrease of LDH quantity upon exposure to nanoparticles compared to unexposed cells
has already been observed by Han et al. in 2011 for copper and silver nanoparticles.” The
inactivation of LDH molecules non-specifically in solution can be explained either by their
adsorption on the nanoparticles, their oxidation catalyzed by metallic nanoparticles or
generation of free radicals caused by the nanoparticles. We have previously shown that
Gd2(1-nCexO2S nanoparticles are capable of adsorbing molecules such as DTT. They can also
generate radicals under 500 nm visible light. Yet, the LDH assay uses 490 nm light to measure
the LDH quantity. Thus, it is highly likely that these properties of Gdz1-xCexO2S
nanoparticles interfere with the assay and inactivate LDH molecules. We conclude that the
LDH assay is unsuitable to assess the cytotoxicity of our Gdz(1-»CexO2S nanoparticles. Other
assays such as Neutral red, Trypan blue or calcein acetoxymethyl (calcein AM) are available

to assess the membrane integrity of the cells and could be employed instead.
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Figure I11.23: Monitor of release of lactate dehydrogenase (LDH) of RAW 264.7 macrophages
exposed to Gdy1-9Ce O2S and TiO, P25 nanoparticles at different concentrations during 24 h. Triton
was employed as positive control of the experiment. The LDH quantities were reported as percentages

of that of unexposed cells. The experiments were repeated at least three times.

I11.3.3. Sub-lethal effects

Not all deleterious effects of the nanoparticles towards the cell result in membrane or

metabolic function defects. Detecting cellular responses upon exposure to sub-lethal doses of
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nanoparticles is of particular importance to gather insights on the mechanisms that lead to cell

death at higher concentrations of nanoparticles.

We have shown in the last section that severe damages to the cell were detected after 24 h
from 50 pg/mL of cerium-containing nanoparticles. However, at 10 pg/mL, the nanoparticles
had no visible effect on the viability of the macrophages. Thus, this concentration of
nanoparticles is suitable for sub-lethal effect studies. Shorter duration of nanoparticles

exposure (below 24 h) may also be relevant.
I11.3.3.1.  Intracellular ROS activity

First, we looked into the intracellular production of reactive oxygen species (ROS) of the
RAW 264.7 macrophages in response to the exposure to oxysulfide nanoparticles. For this
purpose, we employed the HDCF-DA assay. This fluorometric assay makes use of an
originally non-fluorescent derivative of fluorescein diacetate H:DCF-DA (Figure 111.24).
This lipophilic molecule can pass through the plasma membrane of the cells and then is
de-esterified by non-specific cellular esterase to form non-fluorescent dialcohol H2DCF. This
dialcohol molecule is hydrophilic. Thus, it stays inside the cell and can be eventually oxidized
by intracellular ROS to form DCF which is fluorescent. Taking advantage of this process,

intracellular ROS production can be measured by simple fluorescence spectroscopy.

COOH COOH O 5
cl Cl 1. Membrane crossing  Cl Cl  RrOS cl cl
—_—
O O 2.Cellular esterase O O O O
H;COO O OOCH OH HO (0] S

3 HO 0
H,DCF-DA H,DCF DCF
(non-fluorescent) (non-fluorescent) (flucrescent)

Figure I11.24: Measuring intracellular ROS activity by H,DCF-DA assay.

In practice, RAW 264.7 macrophages were incubated with HxDCF-DA solution for 1 hour so
that the latter can diffuse into the cells. The cells were then washed several times with fresh
culture medium to eliminate the H2DCF-DA molecules that remain in the extracellular
medium. This step is necessary to remove unwanted signals that come from extracellular

sources of ROS such as nanoparticles. Subsequently, the cells containing H2DCF are exposed
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to the nanoparticles and the fluorescence intensity of DCF is measured at different exposure

times.

RAW 264.7 cells exposed to Gd202S nanoparticles as well as previously proved cytotoxic
Gd2(1-nCexO2S nanoparticles (10 and 50% of cerium) were subjected to the H-DCF-DA assay.
The measured fluorescence intensities after 15 and 45 min were normalized to that of

unexposed cells. The results are presented in Figure I11.25.

Following exposure to 10 pg/mL of Gdzi-xCexO2S nanoparticles during 15 min, the
normalized fluorescence intensity remains at ca. 1 for all tested nanoparticles (Figure II1.25,
light gray bars). After 45 min, oxysulfide nanoparticles containing 10% Ce increase the
fluorescence intensity slightly above 1 but not significantly. For Gd202S (0% Ce) and
GdCeO:S (50% Ce) nanoparticles, the intensity stays at ca. 1.
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Figure I11.25: Intracellular ROS activity of RAW 264.7 cells upon exposure to 10 and 50 ug/mL of
Gdy1-+CexO,S nanoparticles (0, 10 and 50% Ce) after 15 min and 45 min. The ROS activities were
normalized to that of unexposed cells. The experiments were repeated three times. **** indicates a

p-value inferior to 0.0001.

Exposure to 50 pg/mL of nanoparticles, however, results in changes of the fluorescence
intensity of DCF compared to that of unexposed cells (Figure II1.25, light grey). After 15 min
of exposure, cells exposed to Gd202S (0% Ce) and GdCeOz2S (50% Ce) nanoparticles show
normalized fluorescence intensities around 1. Yet, cells exposed to Gdi.sCeo202S (10% Ce)
nanoparticles increase significantly to ca. 2. After 45 min of exposure, Gd202S (0% Ce)
nanoparticles induce no change in the DCF fluorescence intensity compared to that at 15 min.

Nevertheless, the normalized fluorescence intensity increases to above 3 following exposure
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of cells to Gdi1.8Ceo.202S (10% Ce) nanoparticles and to above 2 in the case of GdCeO2S (50%

Ce) nanoparticles.

The results of the HoDCF-DA assay suggest that, at 50 pg/mL, the cerium-containing
nanoparticles induce an increase of intracellular ROS production as soon as 15 min after
exposure. This ROS activity increases even further after 45 min of exposure. In contrast, no
change of ROS activity is detected after exposure to Gd202S nanoparticles in the same

conditions, compared to unexposed cells.

Consequently, we speculate that oxidative stress is likely one of the pathways that lead to
death of RAW 264.7 macrophages upon exposure to cerium-containing Gdz(1-xCexO2S
nanoparticles. Hence, we investigated the expression of specific protein in response to

oxidative stress.
II1.3.3.2.  Oxidative stress

Heme oxygenase-1 (HO-1) is an enzyme that catabolizes heme to obtain biliverdin, acting as
anti-oxidants.*® HO-1 is induced in response to oxidative stress and inflammatory stimuli. It
provides protective effects against a variety of cellular stresses. Thus, expression of HO-1 is

a relevant parameter to study oxidative stress.

Similar to previously described cell viability assays, we exposed RAW 264.7 macrophages to
10 pg/mL of Gd202S (0% Ce) nanoparticles or GdCeO2S (50% Ce) nanoparticles for
24 hours. The cells were then lysed and the amount of expressed HO-1 was studied by western
blot. As a positive control, the cells were treated with 10 pg/mL of lipopolysaccharide (LPS),

an endotoxin.

Western blot analysis shows the presence of HO-1 by fluorescence bands at ca. 32 kDa for
untreated as well as treated cells (Figure II1.26a). Bands of B-actin are also detected at ca.
47 kDa. They are of similar intensity, indicating comparable expression of this housekeeping
gene. Comparison between the fluorescence intensities of HO-1 band is thus straightforward.
The results suggest higher expression of HO-1 in the cells treated with LPS than in untreated
cells. Nevertheless, HO-1 expression levels of cells treated with nanoparticles are comparable
to the control. By quantifying the intensities of fluorescence bands of three repeated

experiments, we demonstrated that there is indeed no significant difference between the two
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(Figure II1.26b). Hence, at this stage, it is not clear that lanthanide oxysulfide nanoparticles
induce oxidative stress in RAW 264.7 cells.
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Figure I11.26: HO-1 expression of RAW 264.7 cells after 24 h of exposure to 10 pg/mL of Gd,O,S
(0% Ce) nanoparticles and GdCeO,S (50% Ce) nanoparticles. Cell treatment with 10 pg/mL of LPS
was used as positive control. a) Results from western blot analysis of HO-1 and B-actin. b) Deduced
average quantities of HO-1 from the intensity of the fluorescent bands of three repeated western blot

analyses. They are normalized with the corresponding B-actin quantity.

I11.3.3.3. Inflammatory response

Besides oxidative stress, inflammation is also a relevant cellular response to exposure to
nanoparticles. In order to study the inflammatory response of the cell upon exposure to
Gd2(1-xCexO2S nanoparticles, we measured the pro-inflammatory cytokine levels. In
particular, interleukin 6 (IL-6), interleukin 1beta (IL- 1) and tumor necrosis factor alpha
(TNF-0) are important inflammation markers and were chosen to be studied in a preliminary

study.

We treated RAW 264.7 cells in a similar fashion to oxidative stress study, i.e. nanoparticles

at10 pg/mL during 24 hours. LPS was employed as positive control. After the exposure, the
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cells were taken and centrifuged to remove remaining cells and nanoparticles. The levels of
selected cytokines in the cell supernatant were then evaluated by ELISA microassay analysis.

The results are presented in Figure I11.27.

The quantities of secreted IL- 6 and IL- 1B in untreated cells are below the detection limit of
the ELISA kit. Whereas, around 250 pg/mL of TNF-a was detected in the same sample. As
expected, treatment with LPS increases all three IL-6, IL- 1B and TNF-a cytokine levels
significantly compared to untreated cells. The exact quantity of secreted TNF-a is, however,
undetermined due to saturation of measured absorbance in ELISA microassay analysis. Cells
exposed to Gd202S (0% Ce) nanoparticles and GdCeO:S (50% Ce) show no IL- 6 and IL- 1
secretion, as for untreated cells. Compared to the control, the level of TNF-a is higher in cells
exposed to GdCeO2S (50% Ce) nanoparticles while that with Gd202S (0% Ce) nanoparticles
is unchanged. However, given the high variability between the three independent

experiments, we could not conclude on the significance of this secretion.
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Figure I11.27: a-c) Pro-inflammatory cytokines IL- 6, IL- 1 and TNF-a secretion levels of
RAW 264.7 cells treated with 10 pg/mL of Gd>O,S (0% Ce) nanoparticles and GdCeO,S (50% Ce)

nanoparticles during 24 h. Cell treatment with 10 pg/mL of LPS was used as positive control.
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The detected levels of inflammation markers IL- 6, IL- 1B and TNF-a in LPS-stimulated
RAW 264.7 cells are comparable to that found in the literature, validating our experiment.*’
Nevertheless, there is no evidence of inflammation from the cells after 24 hours of exposure

to 10 pg/mL of Gdz(1-xCexO2S nanoparticles.
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I11.4. Possible origins of cytotoxicity

In the previous section, we showed that cerium-containing Gdz(1-x/CexO2S nanoparticles were
significantly more cytotoxic than Gd20:S nanoparticles. Although we could not clearly
determine the cellular mechanisms that led to this cytotoxicity, signs of ROS activity were
detected. In this section, instead of focusing on the cell response, we will investigate the

nanoparticles and why they could be cytotoxic.
II1.4.1. Sodium content

As previously discussed, the sodium content of synthesized Gdz(1-nCexO2S nanoparticles is
non-consistent through samples (see Chapter II). Furthermore, the sodium can be released in
the medium when the nanoparticles are suspended in water. Therefore, when cells are exposed

to the nanoparticles, they are treated with an additional amount of sodium as well.

In particular, previously studied Gdz(1-xCexO2S nanoparticles features sodium contents from
0.20 to 0.33 equivalents vs. lanthanide (Table III.1). Among those, Gdi1.8Ceo.202S (10% Ce)
nanoparticles contain the maximum quantity of sodium: 0.33 equivalent vs. lanthanides.
Accordingly, cells exposed to 100 pg/mL of this nanoparticle are treated with ca. 0.1 mM of
sodium. This amount is negligible compared to extracellular sodium concentration at
equilibrium which is in the range of 137-155 mM.* Hence, it is highly unlikely that the

released sodium is the source of the cytotoxicity of the Gdz(1-xCexO2S nanoparticles.
II1.4.2. Specific surface area

Another suspected parameter is the specific surface area of the nanoparticles. A larger surface
area may result in higher activity of the nanoparticles. It may cause harmful effects to the
cells.*! Smaller nanoparticles or aggregates of nanoparticles, which exhibit large specific
surface area, also occupy less volume and represent a higher number of units for the same
massive concentration. This may as well lead to increased oxidative stress, ROS generation,

mitochondrial perturbation, etc.

It seemed that synthesized Gdz(1-xCexO2S nanoparticles do not possess the same capability to
adsorb molecules (see 111.2.4.3). Moreover, we observe that the suspension stability of the

nanoparticles in water varies between samples, suggesting different aggregation states.
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Hence, we investigate the specific surface area of previously studied Gdzi-xCexO2S
nanoparticles containing 0, 10 and 50% of cerium. Due to the small quantity of sample
available, only ca. 10 mg of powder of the nanoparticles was analyzed by adsorption isotherm.
The corresponding surface area was deduced using the Brunauer-Emmett-Teller (BET)

model.

Sample Na content. as,ZBE_Tl
(eq. vs. lanthanides) (m*.g™")
0% Ce 0.20 +0.03 55
10% Ce 0.33+0.04 81
50% Ce 0.23 +£0.02 70

Table III.1: Sodium contents measured by SEM-EDS and specific surface areas measured by
adsorption isotherm of Gdz(1.CerO2S nanoparticles with 0, 10 and 50% of cerium. The surface area

values were extracted using the Brunauer-Emmett-Teller (BET) theory.

The Gd21-vCexO2S nanoparticles feature specific surface area from 55 to 70 m’.g’!
(Table IIL.1). If we consider the intrinsic experimental error of the adsorption isotherm
technique (10 m?.g™") and potential error from the small amount of analyzed powder, there is
no clear difference between the samples containing cerium and those that do not. Thus, it is
unlikely that this is the origin of the cytotoxicity of the cerium-containing nanoparticles. In
order to confirm this, we selected a different GdCeO:2S (50% Ce) sample with lower specific
surface area (32 m%.g™!) and evaluated its cytotoxicity by WST-1 assay. The nanoparticles
were prepared using the same colloidal synthesis in organic solvent as described in Chapter 11,

but with only 0.5 equivalents of sodium precursor vs. lanthanide precursor introduced.

RAW 264.7 macrophages exposed to this new GdCeO:S nanoparticle sample show no
significant difference of mitochondrial activity compared to those exposed to the
nanoparticles with higher specific surface area (Figure II1.28). Thus, the cytotoxicity of the

Gd2(1-xCexO2S nanoparticles is not only related to the surface exposure.
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Figure I11.28: Mitochondrial activities of RAW 264.7 cells exposed to GdCeO,S (50% Ce)
nanoparticles with different specific surface areas: 70 and 32 m?.g™". The mitochondrial activities were
reported as percentages of that of unexposed cells. The experiments were repeated three times.
Statistical analysis revealed no significant difference between the two groups of nanoparticles at

comparable concentration.
I11.4.3. Stability of Gdza-xCe2:02S nanoparticles in aqueous media

When the nanoparticles are dispersed in cellular medium, they may evolve and interact
differently with the cells. It can either lead to biocompatible or bioadverse outcomes. For
example, it is well known that the dissolution of zinc oxide (ZnO) and copper oxide (CuO)
nanoparticles in aqueous media results in their cytotoxicity.*>** Therefore, to acquire insights
on the evolution of the Gdz(1-xCexO2S nanoparticles in aqueous media, we dispersed them in

distilled water and re-characterized them afterwards.

Suspensions in water of the Gdz(1-CexO2S nanoparticles (0% and 50% Ce) at 100 pg/mL
were left under vigorous stirring for 24 hours. The nanoparticles were then collected by
centrifugation and their size, shape, composition, crystal structure and surface ligand were

characterized.

In general, the nanoparticles are more aggregated after treatment with distilled water, as
shown by TEM (Figure II1.29). Aggregates of size up to ca. 5 um could be observed at higher
magnification (data not shown). Interestingly, while GdCeO:S (50%) nanoparticles preserve
their shape (Figure I11.29d), Gd202S (0% Ce) nanoparticles have considerably evolved in
solution (Figure II1.29c). The loss of sharp edges may suggest significant change of the

platelets at a local level.



Towards safer-by-design bimetallic Gd-Ce oxysulfide nanoparticles for photocatalysis 125

Figure I11.29: a, b) TEM images of pristine Gd,0,S (0% Ce) and GdCeO,S (50% Ce) nanoparticles

and c, d) their corresponding TEM images after treatment with distilled water.

XRD patterns of the products show unchanged crystal structures for both Gd202S (0% Ce)
and GdCeO2S (50% Ce) nanoparticles after the water treatment (Figure II11.30a). The
composition of the nanoparticles remains the same as well. In fact, for Gd202S nanoparticles,
the sulfur contents before and after treatment are measured at 0.17 +0.01 and 0.15+0.01
equivalents vs. lanthanide by SEM-EDS, respectively. In the case of GACeO2S nanoparticles,
they are determined at 0.20 + 0.01 and 0.19 + 0.01, respectively. The cerium content of the
pristine GdCeO2S nanoparticles is 0.48 + 0.01 and that of treated nanoparticles is 0.49 + 0.01.

FTIR spectra of both nanoparticles before and after the water treatment are also identical.
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Figure I11.30: a) XRD patterns of pristine and treated Gd>0,S (0% Ce) and GdCeO,S (50% Ce)
nanoparticles. b) Their corresponding FTIR spectra.

Overall, from ensemble characterization techniques, there was no detectable change of the
chemical composition, crystal structure and surface ligand of the Gdz(1-nCexO2S (0 and 50%
Ce) nanoparticles after their treatment with distilled water during 24 hours. Yet, by TEM, we
observed modification of the morphology of Gd202S nanoparticles to rod-like objects while
GdCeO2S nanoparticles remain platelets. Whether this new morphology of Gd202S
nanoparticles is related to their lower cytotoxicity towards RAW 264.7 cells it is still to be
investigated. Nevertheless, this result proves that the nanoparticles can be modified locally in
water. It also emphasizes the need of local characterization techniques to elucidate the origin

of the cytotoxicity of the cerium-containing oxysulfide nanoparticles.
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I11.4.4. Local characterization of cell-nanoparticle interaction

Cryo-TEM is a powerful technique that allows characterization of individual nanoparticles in
cells. Coupled with EDS or Electron Energy Loss Spectroscopy (EELS), this technique can
also give information on chemical composition and speciation of the nanoparticles. However,
efforts are still needed to develop cryo-TEM into a reliable tool to investigate
cell-nanoparticle interaction. On the other hand, synchrotron-based X-ray hyperspectral
imaging is well-known for characterizing both the cell and the nanoparticle at a mesoscopic
scale. Reports in the literature have shown intracellular fate of nanoparticles using this
technique.*>** In particular, Ferraro et al. have demonstrated that the oxidation state of cerium
in cerium(IV) oxide CeO2 nanoparticles could be modified upon incubation with the cells.**
Therefore, it is fitting to employ the same technique to characterize the interaction between

RAW 264.7 macrophages and Gd21-xCexO2S nanoparticles, also containing cerium.
I11.4.4.1.  XAS-XRF hyperspectral imaging of cells in cryogenic mode

The X-ray hyperspectral imaging experiments were carried out at beamline ID21 of the
European Synchrotron Radiation Facility (ESRF) in Grenoble (France) with the help of
Dr. Ana Elena Pradas del Real, Dr. Hiram Castillo and Dr. Murielle Salomé.

For this experiment, we exposed RAW 264.7 cells to 10 pg/mL of Gd21-xCexO2S (0, 10 and
50% Ce) nanoparticles, similar to the previous sub-lethal effect studies. The cells were then
cryo-preserved by snap-freezing. This technique preserves better the cell morphology and
structure than other fixation methods such as freeze-drying, presenting a major advantage
over the latter. Typically, the snap-freezing was carried out with liquid nitrogen-cooled
isopentane at ca. -150 °C. Isopentane acted as a better thermal conductor than liquid nitrogen,
thus avoiding uneven freezing and cracking of the cells. Snap-frozen cells were preserved
at -80 °C before being transferred to a vacuum chamber cooled at ca. -130 °C at the beamline

ID21 for the measurements.

The beamline ID21 is equipped with a focused X-ray beam, allowing acquisition of X-ray
fluorescence (XRF) and X-ray absorption (XAS) spectra of an area as small as 0.5 pm?. XRF
addresses the chemical composition of the sample while XAS provides its chemical
speciation. Therefore, using the focused beam to scan, both chemical composition and

speciation distributions of the sample can be recorded.
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I11.4.4.2. Imaging cells and nanoparticles composition

We analyzed the composition distribution of the samples containing RAW 264.7 cells
exposed to Gdz(1-xCexO2S nanoparticles first. This also provided better visualization of the
cells as well as the nanoparticles in the samples. For the XRF experiment, the photon energy
of the beam was fixed at 7.4 keV so that we could record fluorescence signal of gadolinium
(Lo-line at 6.06 keV). The La-line of cerium is at lower energy, 4.84 keV. A typical
cumulated XRF spectrum recorded in a 100 um? area of cells exposed to GdCeO:S (50% Ce)

nanoparticles is presented in Figure 111.31.
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Figure II1.31: Black dotted line: cumulated spectrum of a 100 um?* X-ray fluorescence map of cells
exposed to GdCeO,S (50% Ce) nanoparticles. Color lines: fit of peaks from elements with color legend
on the right. The arrows indicate several elements that are relevant for the cells, the nanoparticles and

the experimental setup.

The spectrum can be deconvoluted into peaks corresponding to fluorescence lines of different
elements. Those that are usually found in cell medium such as S, P, K, Cl, Ca, Mg or Fe are
all present. Ce and Gd are also detected as expected of GdCeO:2S nanoparticles. The signal of

other elements (Al, Si, Ti, Cr, etc.) comes from the experimental setup.

For quantification, a thin-film XRF reference sample was measured. This sample contains
several elements homogeneously deposited in 1 — 3 atomic layers. Their absolute contents are
known. The absolute composition of the samples can thus be deduced in ppm or mM
(Table I11.2). However, the values extracted by this method are approximate because of the

difference of matrix between our samples and the reference sample. Consequently, analysis
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of absolute concentrations of elements between the samples is semi-quantitative. On the other

hand, analysis of relative concentrations between elements in one sample is reliable.

Element Line Concentration (mM)
Mg K 69.9
Al K 96.0
Si K 13850
P K 290.1
S K 165.1
Cl K 365.7
K K 238.4
Ca K 9.3
Ti K 0.0
A% K 0.1
Cr K 0.6
Mn K 0.0
Fe K 0.2
Zr L 31.3
Nb L 20.1
Mo L 3.5
Ce L 3.6
Sm L 0.6
Gd L 2.8

Table II1.2: Quantification of detected elements of cumulated X-ray fluorescence spectrum of cells

exposed to GdCeO:S (50% Ce) nanoparticles.

Elemental maps describing the distribution of K, P, S and Ca of unexposed cells are presented
in Figure II1.32. The cells are visualized in areas of high concentrations of K, P or S.
Although the maximum detected concentration of potassium is comparable to those of
phosphorus and sulfur (0.05 vs. 0.10 and 0.07 mM, respectively), it is distributed more
homogeneously inside the cells. Therefore, cells can be more readily visualized using

distribution of K. This is in agreement with a previous report at the same beamline.*’ The
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macrophages have round shape of ca. 20 pum. Some of them are elongated. Their geometries

are consistent with those observed by optical microscopy in culture (Figure I11.17).
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Figure I11.32: Single-element XRF maps (72 um x 73 pm) of non-exposed cells showing distribution
of K, P, S and Ca. The images are displayed using a linear scale. The values in the color bars represent

the concentration of elements in mM. The XRF maps were acquired at 7.4 keV.

Calcium is also detected but in lower quantities (maximum concentration of 0.005 mM). Its
distribution does not clearly correlate to those of the other three cell-marker elements. Even
so, Ca plays an important role in cell signaling and is involved in inflammatory
mechanisms.*>*¢ Thus, it is necessary to monitor the Ca distribution in the cells exposed to

nanoparticles.

Cells exposed Gd202S (0% Ce), GdisCeo202S (10% Ce) and GdCeO2S (50% Ce)
nanoparticles were analyzed in the same fashion as unexposed cells. Their respective
single-element maps are presented in Figure I11.33, Figure I111.34 and Figure I11.35. The K
maps show no change of morphology of the cells after exposure to the nanoparticles. The

concentration of potassium remains comparable in all samples as well, with a maximum

varying from 0.05 to 0.15 mM.
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The Gd2(1-xCexO2S nanoparticles are localized using Gd maps. Aggregates of size ranging
from 0.5 to 5 um are observed. Larger aggregates locate mainly outside of the cells. As
expected, cerium is not detected in the sample of Gd202S (0% Ce) nanoparticles. Whereas, in
those of gadolinium-cerium nanoparticles, cerium is indeed measured and co-localized with

gadolinium.
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Figure I11.33: Single-element XRF maps (61 pm % 61 pm) of cells exposed to Gd,0.S (0% Ce)
nanoparticles showing distribution of K, Ca, Gd and Ce. The images are displayed using a linear scale.
The values in the color bars represent the concentration of elements in mM. The XRF maps were

acquired at 7.4 keV.

Interestingly, the calcium maps indicate increases of Ca concentration compared to unexposed
cells. The maximum concentrations of calcium detected in cells exposed to nanoparticles are
in the range of 0.04 — 0.16 mM, ca. 10 to 30-fold of that detected in unexposed cells.

Moreover, co-localization of calcium and gadolinium is observed.
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Figure I11.34: Single-element XRF maps (64 um x 69 um) of cells exposed to Gd;3Ceo20.S (10%

Ce) nanoparticles showing distribution of K, Ca, Gd and Ce. The images are displayed using a linear
scale. The values in the color bars represent the concentration of elements in mM. The XRF maps

were acquired at 7.4 keV.

In order to evaluate the Ce/Gd ratio throughout the maps of the Gdi.sCe0202S (10% Ce) and
GdCeO2S (50% Ce) samples, we plotted the concentration of Ce as function of the
concentration of Gd at each pixel (Figure I11.36). A linear profile is present in both cases,
confirming the visually observed co-localization between Gd and Ce. The slope of the profile
indicates the average Ce/Gd ratio in the whole map. Compared to the values obtained by EDS
for pristine nanoparticles (0.14 + 0.01 for Gdi.8Ceo.202S and 1.25 = 0.05 for GdCeO:S), the
ratio is lower for the nanoparticles incubated with the cells. This suggests a loss of cerium
during the cell treatment. The loss of cerium is clear in the Gdi.8Ce0202S (10% Ce) samples
(Figure II1.36a). In contrast, this loss is very subtle in the GdCeO:2S (50% Ce) samples since
the slope of the linear profile is only slightly lower than that of pristine nanoparticles
(Figure I11.36b). Nevertheless, groups of points that deviate from the average linear profile
are detected, featuring nanoparticles with lower cerium contents. This loss of cerium remains
to be confirmed by measuring the Ce/Gd ratio of pristine nanoparticles using XRF in the same

experimental conditions.
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Figure I11.35: Single-element XRF maps (100 pm x 100 um) of cells exposed to GdCeO,S (50% Ce)
nanoparticles showing distribution of K, Ca, Gd and Ce. The images are displayed using a linear scale.

The values in the color bars represent the concentration of elements in mM. The XRF maps were
acquired at 7.4 keV.
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Figure I11.36: Scatter plot of concentration profile of Ce over Gd in XRF maps of cells exposed to
nanoparticles containing a) 10% and b) 50% of cerium. The red zones describe the standard deviation

of the EDS measurement. The arrows indicate the groups of points that deviate from the linear

concentration profile.



134 Chapter 111

I11.4.4.3. Chemical speciation imaging

In order to gather information on the chemical speciation of the nanoparticles, we performed
XAS on selected samples. For this, the photon energy of the X-ray beam was set to 5.8 keV,
at the Ce L3-edge. Similar to the chemical composition imaging, XRF maps were acquired.
At this energy, fluorescence of gadolinium does not occur. Thus, the nanoparticles were
visualized using the cerium distribution. The cells were still visualized using the K maps.
Small areas containing both nanoparticles and cells were selected and hyperspectral images

were recorded using the focused X-ray beam.

Typically, XRF spectra and X-ray absorption intensity were first recorded at a given photon
energy. The photon energy of the beam was then modified and the process was repeated.
Eventually, we acquired hyperspectral maps where a XAS spectrum is associated with each
pixel of an XRF map. We were interested in the oxidation state of cerium so only the near

edge region (XANES) was measured (from 5.68 to 5.78 keV).

Potassium and cerium merged XRF map of an individual cell incubated with Gdi.sCeo202S
(10% Ce) nanoparticles is presented in Figure II1.37 Left. XANES spectra of reference
compounds of cerium(Ill), cerium(IV), pristine oxysulfide nanoparticles and two
nanoparticle-containing zones inside the cell are also presented in Figure II1.37 Right.
Cerium in the pristine nanoparticles is both Ce" and Ce', consistent with the previous
obtained results at SAMBA beamline of SOLEIL synchrotron (see Chapter II). The two
analyzed zones of the XRF map present different absorption intensities at 5723 eV,

characteristic of Ce™!

. While Zone 1 shows higher intensity than that of pristine nanoparticles,
Zone 2 shows similar intensity. At 5736 eV, characteristic of Ce'Y, the absorption intensities

of the two zones are the same as that of the pristine nanoparticles.
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Figure I11.37: Left: Merged XRF map of Gd;3Ce20,.S (10% Ce) acquired at 5.8 keV showing
distributions of K and Ce. Right: Normalized XANES spectra of reference compounds and zones

indicated in the map.

As for GdCeO2S (50% Ce) nanoparticles, a small group of cells with nanoparticles nearby
was selected for the experiment (Figure I11.38 Left). Several nanoparticle-containing zones
were analyzed by XANES and compared to the pristine nanoparticles (Figure I11.38 Right).
Similar to the Gdi.sCeo.202S (10% Ce) nanoparticles, the cerium in GdCeO2S (50% Ce)
nanoparticles shows mixed valence III/IV. XANES spectra of analyzed zones are identical to

that of the pristine nanoparticles, in contrast with the previous case.

We detected change of absorption intensity at 5723 eV between two different groups of
Gdi1.8Ce0202S (10% Ce) nanoparticles inside a RAW 264.7 cell. This likely indicates a
modification of the oxidation state of cerium. Nanoparticles in Zone 1 present more Ce'"! than

those in Zone 2 and the pristine nanoparticles.

Similar change of oxidation state of cerium was reported for cerium oxide CeO2 nanoparticles
incubated with human HeLa cells.** We speculate that the nanoparticles in these two zones
may have different biological environments. Thus, they interact with intracellular ROS

M quantity in Zone 1 is probably due to the reduction of Ce'v by

differently. The increase Ce
superoxide radicals O2". The presence of such mechanism was already proposed by Celardo

et al. to explain the antioxidant activity of CeO:2 nanoparticles.*’
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Surprisingly, no change of oxidation state of cerium was detected for GdCeO2S (50% Ce)
nanoparticles incubated with RAW 264.7 cells. It may be related to the fact that the GdCeO:2S
(50% Ce) nanoparticles induce less intracellular ROS production than Gdi.sCe0202S (10%
Ce) nanoparticles (Figure II1.25). Moreover, it is coherent with the observed difference of
cerium loss between these two nanoparticles. Nevertheless, analyses on a larger number of

areas need to be done to substantiate our hypotheses.
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Figure I11.38: Left: Merged map of GdCeO,S (50% Ce) acquired at 5.8 keV showing distributions of
K and Ce. Right: Normalized XANES spectra of standards and zones indicated in the map.
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IIL.5. In vivo toxicity study

Although we have shown the cytotoxicity of gadolinium-cerium nanoparticles using cell-line
studies, the ultimate goal is to determine whether the Gdz(1-xCexO2S nanoparticles are harmful

for human health. Thus, it is necessary to carry out in vivo experiments on animals next.

Human skin, lungs and gastrointestinal tract are in constant contact with environment. In
particular, the lungs and gastrointestinal tract are the most likely points of entry for
nanoparticles.*® The nanoparticles can be inhaled into the body from air via the upper
respiratory tract. The lung is then the first line of contact for the nanoparticles that gain entry
to the body. It is the most likely organ for long-term exposure.*’ Therefore, the pulmonary
toxicity of nanoparticles requires consideration. In this section, we will discuss the potential

acute in vivo toxicity of the Gdz(1-CexO2S nanoparticles based on results on mice.
ITI.5.1. Non-surgical intratracheal instillation of mice

Fifteen C57BL/6 mice of 12 weeks old were divided into three groups of five individuals.
One group was subjected to non-surgical intratracheal instillation of 15 pL of distilled water
and served as control group. The two others were instilled with 50 pg of either Gd202S
(0% Ce) and GdCeO2S (50% Ce) nanoparticles in 15 pL of distilled water. The mice were
sacrificed after 24 hours and bronchoalveolar lavage (BAL) fluid was collected for

differential cell counts as well as measuring cytokines level.

The exposure dose of nanoparticles was estimated in the context of professional activities,
based on the occupational exposure limit value of particulate matters in the French work
regulations which is 5 mg.m>.h"!. We considered that 48 L.min"!' of air may be inhaled during
a moderate physical effort.”® For a working period of 8 hours, the resulting dose is thus
0.1152 g of nanoparticles. If this dose is for a 70 kg person, the corresponding dose fora 30 g

mouse would be 50 pg.
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II1.5.2. Bronchoalveolar lavage fluid analysis

I11.5.2.1. Differential cell counts

Cells in the BAL fluids of the three groups of mice were stained with Diff-Quick (Dade
Behring, La Défense, France) and were observed with optical microscope. Representative
images of each group are presented in Figure I11.39a-c. In general, alveolar macrophages are
observed. No sign of nanoparticles is seen in almost all of the samples except for one mouse

of the Gd202S (0% Ce) group (Figure I11.39b). Aggregates of nanoparticles are detected.

They are internalized by the macrophages.
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Figure II1.39: Optical microscopy images of stained cells in BAL fluid collected from mice instilled
with a) distilled water, b) Gd,0,S (0% Ce) nanoparticles and ¢) GdCeO,S (50% Ce) nanoparticles.
The arrows indicate aggregates of nanoparticles. d) Total concentration of cells, cell counts of
lymphocyte and neutrophil in BAL fluids of each group of mice. The cell counts of lymphocyte and

neutrophil were reported as percentages of the total number of cells. The red circle indicates the high

cell count of neutrophil.

The total cell counts show no significant trend between the control group, Gd202S (0% Ce)
and GdCeO:S (50% Ce) (Figure 111.39d). It is also the case for the lymphocyte and neutrophil
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cell counts. The average lymphocyte and neutrophil cell counts of all three groups are close
to zero. However, the BAL fluid collected from one particular mouse instilled with Gd202S
(0% Ce) shows remarkably higher neutrophil cell count (21 cells) than that of all other mice.

It is in the same BAL fluid that we noted the presence of nanoparticles.
I11.5.2.2.  Pro-inflammatory cytokine levels

Similar to the cell-line studies, the levels of pro-inflammatory cytokines IL- 6, IL- 1 and
TNF-a in the collected BAL fluids were measured using ELISA microassay analysis. The
results are presented in Figure I11.40. Average concentrations of the three cytokines are all
below 2 pg/mL, well below the detection limit of the ELISA kits. This may suggest that the

proteins are too diluted in the BAL fluids for detection.
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Figure I11.40: Pro-inflammatory cytokines a) IL- 6, b) IL-1B and ¢) TNF-a levels in BAL fluids
collected from mice instilled with distilled water, Gd,O,S (0% Ce) nanoparticles and GdCeO,S (50%
Ce) nanoparticles. The negative values are due to the error of the measurement. They indicate that the

corresponding cytokines levels are undetectable.



140 Chapter 111

II1.5.3. Pulmonary toxicity of Gdz1-yCexO2S nanoparticles

We attempted to compare acute pulmonary toxicities of Gd202S (0% Ce) and GdCeO2S
(50% Ce) by non-surgical intratracheal instillation to mice. The pro-inflammatory cytokine
levels and the cell count of neutrophil, which is a marker of inflammation, in the BAL fluids
were negligible. This may suggest an absence of inflammatory response of the lung 24 hours
after the instillation. Even though, the peak of the inflammatory response can still take place
before or after the 24-hour mark. Yet, the nanoparticles were nowhere to be seen in the BAL
fluids, except for that of one mouse. Due to the hydrophobic character of the oxysulfide
nanoparticles, they are easily aggregated in water. Therefore, we speculate that formed
aggregates could not be effectively instilled to the lung of the mice and were stuck either in
the catheter used for instillation or the tracheal of the mice. At this stage, conclusion of the
pulmonary toxicity of Gdz-xCexO2S nanoparticles cannot be drawn. Improvement of the
experimental protocol may be required. Repeated instillation experiments are also important

to determine the chronic toxicity of Gdz1-xCexO2S nanoparticles.
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II1.6. Discussion

I11.6.1. Photocatalytic activity of Gdz1-Ce.O2S nanoparticles

In this chapter, we evaluated the potential of Gd21-xCexO2S nanoplatelets prepared by
colloidal synthesis in organic solvent as photocatalysts with visible light. We showed that
cerium plays an important role in bandgap and absorption tuning of the Gdz(1-xCexO2S
nanomaterials. Higher cerium contents resulted in smaller bandgap and gave rise to absorption
in the visible region of the electromagnetic spectrum. Cerium-containing nanoparticles
exhibited photocatalytic activities under 501 nm irradiation. In particular, GdCeO2S (50% Ce)
nanoparticles could degrade rhodamine B with visible light via both photosensitization and
photocatalysis. DTT assay also indicated that they photogenerated radicals in water. However,
this radical production needs to be confirmed by EPR spectroscopy or other colorimetric and
fluorescent methods using selective radical probes.?’” The determination of radical nature
would also give insights on the relative positions of conduction and valence bands of the

nanoparticles compared to the redox couples O2/O2™ and *OH/H20.

GdCeO:S (50% Ce) nanoparticles showed more potential for photocatalysis with visible light
than Gd202S (0% Ce) nanoparticles because of their lower bandgap energy (2.3 eV vs.
4.7 eV, respectively) and absorption in the visible region (absorption threshold at ca. 530 mn).
The bandgap of GdCeO:S nanoparticles is lower than that of TiO2 P25 nanoparticles (ca.
3.1 eV) and also in the low side compared to previously reported photocatalysts with visible
light such as WO3, BiVO4 or Bi2WOe.%1%* Furthermore, synthesized GdCeO:S nanoplatelets
exhibited larger specific surface area (70 m?.g™') compared to previously reported TiO2 P25,
BiVO4 or BixWOs nanoparticles (below 50 m2.g!) in similar studies.!®** Altogether, they
seem to be very promising photocatalysts. Yet, photodegradation of rhodamine B in the
presence of GdCeO:2S nanoplatelets was incomplete even after one week of continuous
irradiation at 501 nm. In contrast, TiO2 P25, BiVO4 and Bi2WOe nanoparticles at comparable
concentrations took only hours to complete the reaction.!®?* The difference of light sources
between the studies certainly plays a part in this and GdCeO:2S nanoplatelets could also
possess low absorption cross section or high electron-hole pair recombination rate. Further
analysis is required to confirm. At this stage, we speculate that the main reason for the low
photocatalytic activity of oxysulfide nanoplatelets is their hydrophobic surface. In fact, even

after intensive washing, organic ligands remained on the surface of the nanoparticles. They
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ensured the charge balance of the latter. However, this hydrophobic layer likely hindered the
access of water molecules to the surface of the catalysts, resulting in a slow photodegradation
of RhB. To improve the kinetics of the reaction, the ligands must be removed. Thermal

treatment with optimized conditions seems a promising method (see Appendix IV).!®
I11.6.2. Toxicity of Gdz1-xCexO:S nanoparticles

In parallel to the study of photocatalytic activity of Gd2(1-xCexO2S nanoparticles, we evaluated
their potential toxicity by carrying out several in vitro and in vivo experiments. The
cytotoxicity of Gdz(1-xCexO2S nanoplatelets prepared by colloidal synthesis in organic solvent
was assessed for the first time using murine macrophage-like cells RAW 264.7. Up to
100 ug/mL of nanoparticles were tested. Cytotoxicity assessments of nanoparticles are widely
carried out in this range of concentration and it is where their adverse effect is often
detected.’">? Using the same range of concentration for our study allows comparison between
our results and those previously reported. It is also worth noting that these concentrations are
much lower than that used in photocatalytic tests of Gdz(1-CexO2S nanoparticles (1 mg/mL).
Thus, the adverse effect of the nanoparticles in photocatalytic context would be even more

important than what is determined in toxicity assays.

The results of cell viability assays showed that Gdz1-xCexO2S nanoparticles were more
cytotoxic than TiO2 P25 nanoparticles which are the most commonly used photocatalysts. In
the literature regarding nanoparticle toxicity, only a few studies reported the potential toxicity
of oxysulfide nanoparticles. These studies focus mainly on doped Gd202S nanoparticles for
biomedical imaging.?*">7 In general, they have negligible cytotoxic effect. However, these
nanoparticles are coated with polymers such as polyvinylpyrrolidone (PVP) or polyethylene
glycol (PEG) to assure their dispersion in water. Therefore, their surface state is completely
different from that of our nanoparticles making comparison between the two difficult. Besides
oxysulfide nanoparticles, lanthanide oxide nanoparticles such as Gd203 and CeO:z are the most
similar to our nanoparticles when it comes to chemical composition. Studies on their toxicity
using the same RAW 264.7 cell line revealed that most lanthanide oxide nanoparticles,
including Gd203, are cytotoxic except for Ce02.%*°! The origin of the toxicity seemed to be
the release of lanthanide ions from the particle surface. This led to complexation and capture
of biological phosphates from cellular membranes and proteins, triggering the lysosomal

damage.’! However, in our case, Gd202S nanoparticles showed negligible cytotoxicity. It
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should be noted that the more covalent bonding in oxysulfides is expected to lower their
solubility in aqueous media. Moreover, the surface of our nanoparticles is coordinated by
hydrophobic molecules. Therefore, they tend to aggregate in biological medial. This may

lower their exposed surface, limiting the release of ions.

Overall, due to the difference of various physicochemical parameters between our
nanoparticles and those reported in the literature, comparison of their toxicity is challenging.
However, since our Gdz(1-nCexO2S nanoplatelets were synthesized using the same method,
they possess similar physicochemical characteristics (see Chapter II). Therefore, the results
of their cytotoxicity can be readily discussed together. We showed that while the cytotoxic of
Gd20:2S nanoparticles was negligible, cerium-containing Gdz(1-xCexO2S nanoparticles (10%
and 50% Ce) were significantly more cytotoxic. The effect of different sodium contents and
specific surface areas between samples did not seem to be significant. Upon dispersion in
water, although slight change of morphology of Gd20:S nanoparticles was detected, the
overall chemical composition, crystal structure and surface ligand of the Gdz1-xCexO2S
nanoparticles were preserved. Therefore, the presence of cerium is likely responsible for the
detected cytotoxicity. At this stage, no correlation was found between the cerium content and
the adverse effect of the nanoparticles. Synchrotron-based X-ray hyperspectral imaging
showed that nanoparticles incubated with the cells seemed to possess lower cerium content
than that of pristine nanoparticles, suggesting a release of cerium to the medium. Interestingly,
in contrast, ceria nanoparticles (CeO2) showed negligible dissolution in biological media.’®>
The contribution of the released cerium to the observed cytotoxicity could be evaluated by
carrying out exposure of cells to sources of cerium ions of comparable quantities. Besides the
release of cerium, modification of the oxidation state of cerium in a group of nanoparticles
containing 10% Ce compared to the pristine nanoparticles was observed as well. Similar
change of oxidation state of cerium was reported for cerium oxide CeO:2 nanoparticles
incubated with human HeLa cells.*® It suggested an interaction of the cerium-containing
nanoparticles with intracellular ROS. To support this hypothesis, we already showed that the
gadolinium-cerium oxysulfide nanoparticles induced significantly more intracellular ROS
production than gadolinium oxysulfide nanoparticles after only 15 min of exposure. Both the
release of cerium and its change of oxidation state could be at the origin of the observed
cytotoxicity. Nevertheless, further confirmations are required. In particular, results of a larger

dataset are needed. In view of this, post-mortem characterization of cell pellets after exposure
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to nanoparticles would be relevant. The determination of the key parameters that lead to the

cytotoxicity of Gdz(1-xCexO2S nanoparticles is crucial to deploy strategies to alleviate it.

In order to confirm our findings on the cytotoxicity of Gdz(1-xCexO2S nanoparticles, it would
be relevant to compare the results between different cell lines. We believe that human
epithelial cells such as BEAS-2B or human macrophages THP-1 that are widely used should
be studied next since we seek to evaluate the effect of nanoparticles on human health.
Evaluation of genotoxicity of the nanoparticles is also of importance. In addition, responses
of the cells upon exposure to nanoparticles as well as mechanisms underlying cell death
should be explored to elucidate the nanoparticles toxicity. For example, aforementioned
gadolinium oxide nanoparticles triggered lysosomal damage in cells that led to pyroptosis of
the cells.’! Autophagy and apoptosis are also common cellular mechanisms that respond to
nanoparticle exposure.’>*? In this work, we only attempted to evaluate oxidative stress and
inflammatory response of the cells upon exposure to Gdz(1-CexO2S nanoparticles. There was
no evidence of both of these responses after 24 hours of exposure at a sub-lethal dose. We
speculate that either the concentration of nanoparticles is too low for detectable responses of
the cells or the peak of the responses take place earlier or later than 24 h. Additional

experiments at different exposure durations are required.

Calcium release is also a major oxidative stress response that may lead to mitochondrial
perturbation and cell death.®® Using XRF imaging, we detected increases of the concentration
of calcium in the samples containing cells exposed to nanoparticles compared to that of
unexposed cells. Moreover, co-localization between Ca and Gd, thus the nanoparticles, was
observed. Two explanations can be provided: adsorption of calcium species from the cell
culture or extracellular flux of calcium generated by the cell. The latter was observed for
carbon nanotubes in an unpublished work in our lab, indicating cell response upon exposure.
In our case, however, this calcium flux is highly improbable because of the 10 to 30-fold
increase of calcium concentration. We thus speculate that the observed co-localization

between Ca and Gd is due to the adsorption of calcium on the nanoparticles.

Phagocytosis is the main response of macrophages upon exposure to foreign matters.
Therefore, internalization of nanoparticles by the cells needs to be characterized. In aqueous
media, Gd2(1-xCexO2S nanoparticles aggregate due to their hydrophobic surface. The size of
the aggregates could not be measured by Dynamic Light Scattering (DLS) because of the low
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stability of the suspensions. However, XRF imaging of cells exposed to the nanoparticles
revealed aggregates of size ranging from 0.5 to 5 um, consistent with TEM observation of the
same nanoparticles in water. Larger aggregates located outside of the cells while smaller ones
were either on top of the cells or inside them. Optical microscopy failed to provide
information on the location of smaller aggregates due to its limit of resolution. To determine
whether aggregates of Gdz(1-xCexO2S nanoparticles were internalized by the macrophages or
not, chemical analysis such as Inductively Coupled Plasma Optical Emission Spectrometry
(ICP-OES) of the cellular content might be carried out. TEM of sections of fixed cells exposed

to nanoparticles would also confirm this.®!

To acquire more insights on the effect of Gdz1-yCexO2S nanoparticles towards the cells,
Fourier transform infrared microspectroscopy of single cells exposed to the nanoparticles was
carried out at SMIS beamline, SOLEIL synchrotron. Alterations in protein structure, cell
membrane alteration and changes in energy metabolism of the cells may be monitored using
this technique. Data treatment and analysis will be performed using multivariate statistical

analysis in the next coming weeks.
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II1.7. Conclusion

In this chapter, we discussed the safer-by-design approach in relation with the Gdz(1-+Ce2:02S
nanoparticles design for photocatalysis. First, the oxysulfide nanoplatelets synthesized in
organic medium were intensively washed to remove the hydrophobic surface ligands that
potentially hinder their surface reactivity in water. Then their absorption properties were
characterized. We demonstrated that the bandgap of the oxysulfide nanoparticles and their
absorption were tunable with the cerium content. Higher cerium content led to smaller

bandgap and absorption in the visible region of the spectrum (Figure I11.41).

The visible absorption of cerium-containing nanoparticles gave rise to their photocatalytic
activities with 501 nm light. They were able to photogenerated radicals in water and
photodegrade rhodamine B. Nevertheless, their efficiency was lower than that of reference
TiO2 P25 nanoparticles, possibly due to remaining organic ligands on the surface of the
nanoparticles. To improve the performance of Gdz(1-xCe2:O2S nanoplatelets, the ligands need

to be further removed by thermal treatment.

The cerium made Gdz(1-+Ce2rO2S nanoparticles a potential candidate for photocatalyst with
visible light. However, cerium-containing nanoparticles were proved to be more cytotoxic
than those that do not. This was likely due to a loss of cerium during the cell treatment and its

reactivity towards intracellular ROS.

Overall, we highlighted the crucial role of cerium on the functionality and the toxicity of
Gd21-0Ce2¢02S nanoparticles. It was originally included in view of design of new
photocatalyst with visible light. While the cerium indeed had positive effects on the
functionality of the nanoparticles, it was also proved to increase their cytotoxicity. According
to our view on the safer-by-design approach, further improvements are desired and the
feedback loop needs to be applied again (Figure II1.41). A compromise on the cerium content
of the Gd2(1-xCe2xO2S nanoparticles might be necessary in the future for both functional and
safe gadolinium-cerium oxysulfide nanomaterials. In particular, a low cerium content at
doping regime (< 5% Ce) would be promising as it may reduce the toxicity while preserving

absorption in the visible region (absorption threshold at ca. 450 nm).
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IV.1. Doped Gdz1-Ce2:0:S nanoparticles as potential contrast agents

In the last chapter, we showed that Gdz(-xCe2xO2S nanoplatelets prepared by colloidal
synthesis in organic solvent were potential candidate for photocatalyst with visible light.
However, these nanoparticles may also find applications in multimodal biomedical imaging
as previously discussed in Chapter II. In fact, examples in the literature show that lanthanide
oxysulfide nanoplatelets can be doped with other lanthanides for a wvariety of
photoluminescence properties (Figure IV.1).!? Gadolinium oxysulfide Gd202S nanoparticles
also exhibit high magnetic susceptibility which makes them relevant for magnetic imaging
(see Chapter II, Figure 3b).>® Moreover, it was recently demonstrated in our lab that the
Gd2(1-nCe2:02S nanoplatelets were paramagnetic and their magnetic properties could be tuned

with the cerium content.”!?
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Figure IV.1: (a) Photoluminescence excitation spectra of Gd20,S:Tb** (or Eu**, Sm**, and Dy*"). (b)
Photoluminescence spectra of Gd20,S:RE*" (RE* = Tb**, Tb**/Eu**, Eu**, Sm**, Sm**/Dy**, Dy*")
nanoplatelets in cyclohexane solution (2 mg.mL™") under 264 nm excitation; (c) are the corresponding

images of (b) under 254 nm excitation (taken from ref ).
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IV.1.1. Examples of oxysulfide nanoparticles for multimodal biomedical imaging

Osseni et al. reported for the first time in 2011 that oxysulfide nanoparticles could potentially
be employed for biomedical imaging.® They prepared 100 nm Eu-doped Gd»0:S
nanoparticles which strongly absorb X-ray or near UV (363 nm) and re-emit a red light at
624 nm. These nanoparticles were coated with a 10 nm layer of amino-silica shell, giving
opportunities to graft biomolecules for potential drug delivery application. It was shown that
coated Gd20:S:Eu nanoparticles easily internalized NIH3T3 mouse living cells and could be
imaged by epifluorescence microscopy. The nanoparticles were not cytotoxic up to 1 mg/mL,

based on evaluation of cell proliferation.

The same group later reported in 2014 that aforementioned Gd202S:Eu nanoparticles without
the silica coating were also water-dispersible (Figure I'V.2a). They could be employed not
only for photoluminescence imaging but also for 72>-weighted magnetic resonance imaging
and X-ray tomography (FigureIV.2c-d).® The relaxation rate 72> of the Gd20:S:Eu
nanoparticles was determined to be 114 s'.mM™ at B=7 T, comparable to commercial
contrast agents based on iron oxide nanoparticles such as Endorem and Resovist. However,
they slightly inhibited proliferation of MDA-MB231 cancer cells above 100 ng/mL
(Figure IV.2b).

More recently, it was reported that these Gd,O,S:Eu nanoparticles could also be PEGylated.?
PEGylated nanoparticles showed slightly higher relaxation rate 2 = 123 s"".mM! than that of
uncoated Gd,0,S:Eu nanoparticles. Furthermore, whole body in vivo distribution, elimination
and toxicity evaluation revealed a high tolerance of the PEGylated nanoparticles with slow

clearance.

Rosticher et al. also demonstrated the usability of Gd202S nanoparticles doped with Eu**, Ti**
and Mg?" for persistent luminescence imaging.’ The nanoparticles were polydisperse with
diameters ranging from 20 to 100 nm. They emitted red light at ca. 620 nm which persisted
after 2 min of excitation at 365 nm. Their relaxation rates for magnetic imaging »; and 2 were
determined to be 6.7 and 8.8 s'.mM™! at B = 1 T, respectively. No information on the potential

toxicity of these nanoparticles was provided.
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Figure IV.2: a) TEM image of Gd>O,S:Eu nanoparticles. b) Proliferation of MDA-MB231 cancer
cells exposed to the nanoparticles. ¢) Photoluminescence spectrum of the Gd,O,S:Eu nanoparticles
recorded with 363 nm excitation light source. d) 7>-weighted magnetic resonance images of

Gd,0,S:Eu nanoparticles (adapted from ref ®).
IV.1.2. Design Gdza-»Ce2:O2S nanoplatelets for biomedical imaging

The previous examples showcased the potential of lanthanide-doped gadolinium oxysulfide
nanoparticles for multimodal biomedical imaging. Yet, there is no related study on the smaller
oxysulfide nanoplatelets obtained from colloidal synthesis in organic solvent. It is due to the
limited number of studies on these nanoplatelets in overall, but also possibly due to their
hydrophobic nature, making them incompatible with most biomedical applications. Despite
this drawback, these nanoplatelets likely possess larger apparent surface area than previously
mentioned nanoparticles. Therefore, they could potentially exhibit higher contrast for
Magnetic Resonance Imaging (MRI) since only the Gd** ions close to the surface contribute
to the contrast effect.!'”!* We thus attempted to design a prototype of contrast agent for

magnetic and photoluminescence imaging based on our Gdz(1-x/Ce2:O2S nanoplatelets.
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Considering the variety of previously reported photoluminescence properties of doped
lanthanide oxysulfide nanoplatelets (Figure IV.1a), we believe that europium, which
generates a sharp and intense emission at ca. 624nm, is a relevant dopant for
photoluminescence imaging. In fact, the penetration in biological tissue at this wavelength is
inherently better than at lower wavelengths.'* Hence, we first synthesized Eu-doped
Gd2(1-xCe2¢028S nanoplatelets. Then, in order to make the nanoplatelets water-dispersible, we
coated them with polyvinyl pyrrolidone (PVP) which is a biocompatible polymer for

biomedical imaging.!>!¢
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IV.2. PVP-coated Eu-doped Gdza-Ce2x02S nanoparticles

IV.2.1. Eu-doped Gdzg1-xCe2O:S nanoparticles

To synthesize europium-doped gadolinium-cerium oxysulfide nanoplatelets, we adapted the
synthesis protocol employed for undoped Gdz(1-xCe2xO2S nanoplatelets described in
Chapter II. First, gadolinium oxysulfide Gd202S nanoplatelets doped with different quantities
of Eu (0.5, 1, 2 and 4 at.% of Eu vs. the total quantity of lanthanide) were prepared. Then,
gadolinium-cerium Gdz(1-xCe2xO2S oxysulfide nanoplatelets (x = 0.02, 0.10, 0.20) doped with
2% of Eu were also synthesized. The products were characterized by powder XRD and TEM.
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Figure I'V.3: XRD patterns of Eu-doped Gd,O,S nanoparticles (0.5, 1, 2, 4 at.% Eu vs. total quantity
of lanthanide) with reference pattern of bulk hexagonal Gd,O,S (JCPDS 79-5662).

Eu-doped Gd202S nanoparticles show identical XRD patterns to undoped Gd202S
nanoplatelets (Figure IV.3). They all match with that of the bulk hexagonal Gd.0:S
(JCPDS 79-5662). Consequently, inclusion of up to 4 at.% of europium in the Gd20:S lattice

does not seem to induce significant strain.

The Eu-doped gadolinium oxysulfides are nanoplatelets, as shown by TEM (Figure 1V.4a-d).

They seem to be of similar size (ca. 20 nm) and shape to undoped Gd20:S nanoplatelets

(Figure IV 4e).
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Figure IV.4: a-d) TEM images of Gd,O,S nanoparticles doped with 0.5, 1, 2, 4 at.% Eu vs. total
quantity of lanthanides, respectively. ¢) TEM image of undoped Gd,O,S nanoparticles.

Doped gadolinium-cerium oxysulfide nanoplatelets show shifts of diffraction peaks compared
to those of the reference bulk Gd20:S (Figure IV.5a). Lattice parameters a = 2d(110) of the
hexagonal structures are deduced from the positions of the (110) diffraction peak. They follow
the Vegard’s law that describes solid solutions of gadolinium and cerium oxysulfide phases
(Figure IV.5b). The results are in accordance with those of undoped Gdz1-xCe2:02S
nanoplatelets (see Chapter II).

TEM images of the Eu-doped Gdz(1-xCe2¢O2S nanoplatelets (Figure IV.6) again indicate no
change of size and shape compared to undoped Gd20:S nanoplatelets (Figure 1V .4¢e).
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Figure IV.5: a) XRD patterns of Eu-doped (2 at.% vs. total quantity of lanthanide) Gda(1.Ce2.02S
nanoparticles (x = 0, 0.02, 0.10, 0.20) with reference pattern of bulk hexagonal Gd,O,S (JCPDS 79-
5662). The dashed line is a guide to the eye for the position of the (110) peak of the reference pattern.
b) Lattice parameter a as function of the cerium fraction x. The black line corresponds to the expected
values according to Vegard’s law. The vertical error bars correspond to the estimated error in position

of the diffraction peaks due to the sample holder.

Figure IV.6: a-d) TEM images of Eu-doped (2 at.% vs. total quantity of lanthanide) Gdz(1-Ce2.02S
nanoparticles (x =0, 0.02, 0.10, 0.20) respectively.

We demonstrated that Eu-doped Gdz(1-xCe2:O2S nanoplatelets could be prepared in the same

fashion as for undoped nanoplatelets. Doping with up to 4 at.% of Eu induced no significant
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change in size, shape as well as crystal structure of the oxysulfide nanoplatelets. In the next

section, we will discuss the optical properties of doped nanoplatelets.
IV.2.2. Optical properties of pristine Eu-doped Gdz1-xyCe2<O2S nanoparticles

Photoluminescence properties of pristine Eu-doped Gdz(1-xCe2xO2S nanoplatelets dispersed
in n-hexane was characterized. For this, the crude product (after synthesis) was washed three
times with a mixture of n-hexane and ethanol to remove excess reagents and organic matters.
However, the suspensions in n-hexane obtained this way were turbid, suggesting strong light
scattering. The nanoplatelets were likely aggregated and this might alter their optical

properties in suspension.

In order to prevent aggregation of the nanoplatelets, 1 equivalent (vs. total quantity of
lanthanides) of oleic acid as stabilizing agent was added after the first wash. At the end of the
post-synthetic treatment, the solid was dispersed in n-hexane. This suspension was diluted to
a final concentration of ca. 1 mM of lanthanides. It was then sonicated for 5 min at room
temperature to give a clear suspension of Eu-doped Gdz(1-xCe2xO2S nanoplatelets. The optical
properties of obtained nanoparticle suspensions were characterized by UV-visible absorption

and photoluminescence spectroscopies.
IV.2.2.1.  Effect of dopant level

Gd20:2S nanoparticles doped with 0.5, 1, 2 and 4 at.% of Eu vs. the total quantity of lanthanide
show similar absorption spectra (Figure IV.7a). However, their total absorbance varies,

indicating different concentrations of nanoparticles between suspensions.

Photoluminescence spectra of the Eu-doped Gdz(1-xCe2:O2S suspensions were recorded using
an excitation light at 250 nm (Figure IV.7b). To compensate the difference of concentration
between the suspensions, the spectra were normalized with the absorbance at 300 nm. All
samples show a typical emission of Eu** at 624 nm.!? This emission corresponds to the
SDo—"F2 transition of Eu". It seems to be the most intense at 1% of Eu. Its intensity decreases
at higher concentrations of dopant (2% and 4%), likely due to the concentration quenching

effect.®!”
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Figure IV.7: a) UV-visible absorption spectra of suspensions in zn-hexane of Gd>O,S nanoparticles
doped with 0.5, 1, 2, 4 at.% Eu vs. total quantity of lanthanides and b) their respective normalized

photoluminescence spectra recorded with excitation at 250 nm.

The observed optimal dopant level is lower than that reported by Lei et al. (1% vs. 4%
respectively).! However, the photoluminescence intensity depends on the distribution of the
Eu®" emitters in the Gd202S matrix. For example, aggregated Eu®* or those located near the
surface of the nanoplatelets are more susceptible to quenching.!” In order to get insights on
the distribution of Eu** in the oxysulfide nanoplatelets, more in-depth analyses such as

photoluminescence decay and excitation spectroscopy are required.
1v.2.2.2. Photoluminescence quenching by cerium

Suspensions of Eu-doped Gd2-xCe202S nanoplatelets exhibit different absorption
properties depending on the cerium content. The absorption threshold shifts towards the
visible region of the spectrum as the cerium content increases (Figure IV.8a). This is in
agreement with the results of undoped nanoparticles (see Chapter III). However, it prevents

us from using the absorbance values to normalize the photoluminescence spectra.

The photoluminescence spectra of Eu-doped Gdz(1-xCe2¢02S nanoparticles suspensions are
presented in Figure IV.8b. For all samples, an intense peak corresponding to the 2" order of
Rayleigh scattering at 500 nm is detected. A less intense one at 750 nm can be attributed to

the 3™ order of the light scattering. Since the intensity of scattered light depends on the
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concentration of particles, we normalized the photoluminescence spectra using the intensity

of the 2™ order peak at 500 nm.
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Figure IV.8: a) UV-visible absorption spectra of suspensions in n-hexane of Eu-doped (2 at.% vs.
total quantity of lanthanide) Gdy1.xCe20,S nanoparticles (x = 0, 0.02, 0.10, 0.20) and b) their

respective normalized photoluminescence spectra recorded with 250 nm excitation light.

Although the characteristic emission of Eu** at 624 nm is observed at 2% of cerium, it is a lot
less intense than that of Gd202S:Eu nanoparticles. At higher cerium-content (10% and 20%),
it completely disappears. This may suggest photoluminescence quenching of europium due

to the presence of cerium.
IV.2.3. PVP-coating of Gdz1-xCe202S nanoparticles
IV.2.3.1. PVP-coating and characterization of products

For biomedical applications, the nanoparticles need to be dispersed in aqueous media.
However, we proved that the surface of Gdz(1-xCe2¢O2S nanoplatelets synthesized in organic
solvent was mainly occupied by oleates (see Chapter II and Chapter I1I). These nanoparticles
are highly hydrophobic and cannot be dispersed in water. Thus, it is difficult to employ them
per se as contrast agents. In order to make Eu-doped Gd2a-xCe2:02S nanoplatelets
water-dispersible, we coated them with polyvinyl pyrrolidone (PVP). For this, we adapted a
method reported by Fang et al. in 2014 for 3-nm gadolinium oxide Gd203 nanoparticles.'?
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As prepared Eu-doped Gdz(1-xCe2:O2S nanoparticles were dispersed in n-hexane. The final
clear suspension was mixed with dichloromethane and a solution of PVP (MW = 55000) in
dimethylformamide (DMF) with 1:1:2 volume ratios, respectively. The mixture was then
heated at reflux at 90 °C for 16 hours. The product was recovered by adding diethyl ether to

the reaction medium and subsequent centrifugation.

This coating process was first carried out for Gd202S:Eu(2%) nanoparticles with 0.08
equivalents of PVP under ambient air and nitrogen as well as with 0.018 equivalents of PVP
under nitrogen. The products were characterized by powder XRD (Figure IV.9). They all
mainly crystallized in hexagonal Gd20:S phase as expected. XRD patterns of the products
obtained with 0.08 eq. of PVP in ambient air and with 0.018 eq. of PVP under nitrogen feature
additional diffraction peaks at 31.9 © and 45.6 °. These peaks are more intense in the product
obtained in ambient air. They do not correspond to the reported cubic (JCPDS 012-0797),
hexagonal (JCPDS 016-2410) nor monoclinic (JCPDS 042-1465) gadolinium oxides Gd203
phases. Nevertheless, their positions seem to be close to those of the side-product of the
synthesis of Gd202S nanoparticles using K(acac) as alternative alkali metal precursor (see

Chapter II, Figure 22).
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Figure IV.9: XRD pattern of pristine Gd,0,S:Eu(2%) nanoparticles and those of obtained product
after PVP-coating with different experimental conditions. The red arrows indicate the positions of

unattributed diffraction peaks.
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PVP-coated Gd202S:Eu(2%) nanoparticles obtained with both quantities of PVP could be
readily dispersed in water to form a clear suspension. Despite the low quality of images due

to the presence of the polymer, TEM show nanoplatelets of same characteristics as pristine
Gd20:S (Figure 1V.10a).

Thermogravimetric analysis of the products obtained with 0.018 and 0.08 eq. of PVP under
nitrogen was carried out with the help of Benoit Fleury at the IPCM lab at Sorbonne
Université. The results first show a loss of adsorbed water around 100 °C (Figure I'V.10b). It
presents ca. 11 wt.% of the total mass. From ca. 300 °C, PVP and organic ligands remained
from the synthesis starts to degrade. Above 500 °C, the mass of the sample remains constant,

suggesting a total degradation of the organics.
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Figure IV.10: a) TEM image of PVP-coated Gd»0,S:Eu(2%) nanoparticles and b) their

thermogravimetric analysis.

The organics content of coated nanoparticles can be determined by measuring the weight loss
between 300 and 500 °C. We have previously shown that pristine Gdz(1-xCe2:02S
nanoparticles contained around 30 wt.% of organic ligands (see Appendix IV).'® If we assume
that the same quantity of organic ligands remained in our coated nanoparticles, we can deduce
the PVP-content of the latter. The results are reported in Table IV.1. In both cases, the
measured PVP content appears slightly higher than the expected value. It may suggest a small

loss of nanoparticles during the coating process, in agreement with its non-quantitative yield
(estimated from 50 to 70%).
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Measured

Eq. of PVP vs. Gd Expected PYP organics content Estimated P‘YP
content (Wt.%) 0 content (wt.%)
(wt.%)
0.018 71 82 74
0.08 9 o6 o

Table IV.1: Expected and measured PVP contents of PVP-coated Gd,0,S:Eu(2%) nanoparticles.

In general, we demonstrated that Eu-doped Gd20:S nanoparticles could be coated by PVP

using a previously published protocol by Fang et al.!?

Despite the presence of a crystalline
side-product, by using 0.08 eq. of PVP and heating under inert atmosphere for 16 hours, its
quantity could be minimized. However, the final PVP content in the product was determined
to be 96 wt.%. Resulting small quantity of nanoparticles present may imply larger amount of
product needed for desired performance in biomedical imaging. Therefore, we tried to reduce

the quantity of PVP in the final product.

IV.2.3.2. Reducing PVP content in the final product

In the last section, we assumed that the side-product could be formed by heating the
oxysulfide nanoparticles under air and 0.018 eq. of PVP vs. Gd was likely insufficient to
prevent its formation upon heating for 16 hours even under nitrogen. Therefore, we reduced
the heating time to 4 hours and doubled the quantity of PVP to 0.036 eq. vs. Gd. The XRD
patterns of PVP-coated undoped and Eu-doped Gd20:S nanoparticles are presented in
Figure IV.11. They are identical to that of the pristine nanoparticles. Previously observed

diffraction peaks at 31.9 © and 45.6 ° attributed to the unidentified side-product are absent.

We showed that PVP-coated oxysulfide nanoparticles crystallized in pure hexagonal Gd202S
phase could be obtained with as little as 0.036 eq. of PVP vs. Gd. The coating process could
also be extended to cerium-containing oxysulfide nanoparticles (data not shown). The final
PVP contents in the products are still needed to be confirmed. TGA of the products is planned
to be performed in the coming weeks. Further optimization of the coating process is still likely
possible. Nevertheless, at the moment, we consider these PVP-coated nanoparticles

prototypes of water-dispersible Gdz(1-x)Ce2xO2S nanoplatelets.
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Figure IV.11: XRD pattern of pristine Gd,O,S, PVP-coated Gd»0.S and Gd»0,S:Eu(2%)
nanoparticles obtained with 0.036 equivalents of PVP vs. Gd, heating under nitrogen for 4 h.

IV.2.4. Optical properties of PVP-coated Gd,0,S:Eu nanoparticles

PVP-coated Gd202S:Eu(1%) nanoparticles prepared from 0.036 eq. of PVP vs. Gd were
dispersed in water for a final concentration of 100 mg/mL to give a clear suspension. The
latter was then characterized by UV-visible absorption and photoluminescence
spectroscopies. The results were compared with those of suspension of pristine

Gd202S:Eu(1%) nanoparticles in water (Figure IV.12).

The absorption spectrum of PVP-coated nanoparticles is slightly deformed compared to that
of pristine nanoparticles (Figure IV.12a). This is likely due to the more important light
scattering of the suspension containing PVP-coated nanoparticles that interferes with its
absorption. In fact, the Rayleigh scattering strongly depends on the wavelength (~ A*). Hence,

the change in absorbance is not homogeneous throughout the spectrum.

The photoluminescence spectra of pristine and coated nanoparticles were normalized by their
maximum emission intensity. PVP-coated Gd202S:Eu(1%) nanoparticles exhibit identical
emission profile compared to that of pristine nanoparticles (Figure I'V.12b). The PVP-coating
preserves the photoluminescence properties of the Eu-doped Gd20:S:Eu nanoplatelets.

Therefore, these water-dispersible nanoparticles can potentially be used as contrast agents for
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photoluminescence imaging. Observation by epifluorescence in living cells needs to be done

to confirm their performance.
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Figure IV.12: a) UV-visible absorption spectra of pristine Gd>0,S:Eu(1%) nanoparticles in n-hexane
(black) and of PVP-coated Gd»O,S:Eu(1%) nanoparticles in water (red). b) Their respective

normalized photoluminescence spectra recorded with 250 nm excitation light.
IV.2.5. Cytotoxicity of PVP-coated gadolinium oxysulfide nanoparticles

In order to evaluate the potential cytotoxicity of the PVP-coated oxysulfide nanoplatelets, we
employed WST-1 assay and measured the mitochondrial activity of treated RAW 264.7 cells.
The experiment was carried out in the same fashion as for pristine Gd2(1-nCe2:02S
nanoparticles (see Chapter III). The macrophages were exposed to different concentrations
(1, 10, 50 and 100 pg/mL) of PVP-coated Gd202S and PVP-coated Gd20:S:Eu(1%)
nanoparticles during 24 h and their mitochondrial activity was compared to that of unexposed

cells (Figure IV.13).

At all concentrations of both doped and undoped nanoparticles, the mitochondrial activities
of the cells remain above 100% compared to that of unexposed ones. The results are not
significantly different than that of titanium dioxide nanoparticles. This suggests negligible
adverse effect of PVP-coated gadolinium oxysulfide nanoparticles on RAW 264.7 cells. It
should be noted that the real nanoparticle contents of these PVP-coated nanoparticles are
much lower than 100%. In fact, they are only about 15% in mass if we consider a quantitative

coating process using 0.036 eq. of PVP vs. Gd. This needs to be taken into consideration when
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comparing cytotoxicity of nanoparticles discussed in other chapters of this manuscript. So far,

the nanoparticle content of reported contrast agents based on Gd202S nanoparticles was often

not provided, making comparison of toxicity very challenging.

Although PVP-coated Gd20:2S and PVP-coated Gd202S:Eu(1%) nanoparticles did not show

any adverse effect towards the mitochondrial activity of RAW 264.7 cells, other endpoints of

cytotoxicity (cellular DNA content, membrane integrity, inflammation response, oxidative

stress, etc.) still need to be characterized to confirm their absence of cytotoxicity (see

Chapter I1I).
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Figure IV.13: WST-1 assay of RAW 264.7 macrophages exposed to PVP-coated Gd,0,S,
PVP-coated Gd>0,S:Eu(1%) and TiO; P25 nanoparticles at different concentrations during 24 h. The

experiments were repeated three times.
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IV.3. Discussion

Eu-doped Gd2(1-xCe2:02S nanoplatelets were prepared using colloidal synthesis in organic
solvent as described in previous chapters. Doping preserved all physicochemical
characteristics such as size, shape, crystal structure, etc. of the host. To the best of our
knowledge, this is the first time doped bimetallic oxysulfide nanoparticles were reported. It
paves the way for the synthesis of trimetallic lanthanide oxysulfide nanoparticles which may

feature novel properties and more possibilities to tune their properties.

The Eu-doped Gd2(1-xCe2¢02S nanoplatelets with low cerium content (<2% Ce) exhibit
characteristic photoluminescence of Eu** at ca. 624 nm. This photoluminescence is consistent
to that of previously reported Eu-doped Gd202S nanoparticles for bimodal biomedical
imaging.>® At higher cerium contents (> 10% Ce) however, the emission at ca. 624 nm was
inhibited. Overall, the presence of cerium seemed to quench the photoluminescence of Eu’*,
in disagreement with previous studies on Ce*" and Eu** co-doped compounds such as YAIO3
or YVO4."2 In those studies, the photoluminescence intensity at 624 nm of co-doped
compounds was shown to be higher than that of compounds doped with only Eu. It was
suggested that this was due to the energy transfer of Ce** to Eu**. We have previously shown
that synthesized Gd2(1-xCe2xO2S nanoplatelets were partially oxidized in ambient air (see
Chapter II). Increasing the cerium content of the nanoplatelets may lead to the creation of
more defects such as surface Ce'V, hence decrease the emission intensity.?!** In-depth
analysis including photoluminescence lifetime and excitation spectroscopy in solid-state of
both cerium and europium centers are needed to confirm. The photoluminescence quenching
by cerium make cerium-containing Eu-doped Gdz(1-xCe2xO2S nanoparticles less relevant for

bimodal fluorescent-magnetic biomedical imaging than Eu-doped Gd202S nanoparticles.

We were able to coat the Eu-doped Gdz(1-xCe2xO28S nanoplatelets by PVP (MW = 55000) and
dispersed them in water for the first time. Although optimization of the process is still needed,
this result highlights the potential of these small nanoparticles as contrast agents for
biomedical imaging. A coating protocol similar to that reported by Fang et al. for 3-nm
gadolinium oxide Gd203 nanoparticles was employed.'? In the article, the author claimed that
the PVP displaced the oleic acid on the surface of initial Gd203 nanoparticles in a ligand
exchange reaction. However, no evidence was provided to support this statement. The excess

quantity of PVP in the final product also makes characterization of oleic acid by FTIR
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difficult. In our case, the [Ln202]*"-terminated surface of the Gdx(1-nCe2+02S nanoplatelets is
coordinated by oleates to ensure the charge balance (see Chapter II). Together with the small
thickness of the nanoplatelets (ca. 2 nm), it appears unlikely that oleates are displaced in the
reaction with PVP. Therefore, we speculate that PVP simply coated oleates-capped

Gd21-1Ce2¢028S nanoplatelets, making them water-dispersible.

The coating process preserved the size, shape, crystal structure and photoluminescent
properties of the nanoparticles. Dynamic Light Scattering (DLS) experiment needs to be done
to determinate the hydrodynamic size of the coated nanoparticles. Coating with PVP of
different molar mass or with other biocompatible polymers such as polyethylene glycol (PEG)
seems a nice way to tune the dispersion properties which could be important for the
biodistribution and toxicity of the nanoparticles. Post-functionalization of the polymer is also

relevant for targeting.

Results of WST-1 assay of macrophages exposed to PVP-coated nanoparticles showed an
absence of adverse effect up to 100 ug/mL. This concentration is comparable to what
commonly used for cell labeling using fluorescent microscopy.>® For magnetic imaging,
around 100 pM of gadolinium-based contrast agents are usually used.**>** This concentration
corresponds to ca. 100 mg/mL of coated-Gd202S nanoparticles (85 wt.% of PVP),
comparable to our study as well. In addition to carrying out complementary toxicity assays to
confirm this, investigating the effect of the coating on the cytotoxicity of the Gdz(1-xCe2:02S
nanoparticles also is of relevance. The polymer shell might prevent the release of cerium to
the medium as well as the ROS production of cerium-containing oxysulfide nanoparticles (see
Chapter III), thus lower their cytotoxicity. For this, toxicity assays need to be carried out for
both PVP-coated nanoparticles and physical mixture of PVP with the nanoparticles of the

same ratio between the two.
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IV.4. Conclusion

We demonstrated that Eu-doped Gdzai-rCexO2S oxysulfide nanoplatelets prepared by
colloidal synthesis in organic solvents could be transferred to aqueous media via PVP-coating.
PVP-coated Gd20:S:Eu nanoparticles exhibited red emission at ca. 624 nm, showing
potential for photoluminescent imaging. Previous results in our lab showed that synthesized
Gd2(1-1CexO2S nanoplatelets were paramagnetic. Hence, similar to examples of Gd202S
nanoparticles in the literature, they could also be employed for MRI. Preliminary results on
mitochondrial activity of macrophages exposed to PVP-coated nanoparticles showed an
absence of adverse effect. Altogether, we showed the potential of PVP-coated Gd20:S:Eu
nanoparticles for bimodal, fluorescent and magnetic imaging. However, their performance
and toxicity are still to be determined in view of developing safer-by-design contrast agents

for multimodal imaging based on oxysulfide nanoplatelets.

We also showed that cerium quenched the photoluminescence of europium in nanoplatelets
containing both elements. Although Ce played an important role in the tunable optical and
magnetic properties of Gd21-nCexO2S nanoplatelets, its presence seemed to make these
nanoparticles less relevant for applications in biomedical imaging. Its potential antioxidant
effect for theranostics is also likely inhibited by the polymer coating. Overall, gadolinium

oxysulfide Gd20:S nanoparticles may be a better candidate for biomedical applications.
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Conclusion and perspectives

In this work, we applied safer-by-design approach for bimetallic gadolinium-cerium
oxysulfide nanoplatelets of compositions Gd21-xCe2xO2S as model of emerging
nanomaterials. The nanoparticles were designed for potential applications in photocatalysis
and fluorescent-magnetic biomedical imaging. The objective was to optimize the performance
of the material while minimizing its toxicity. By deploying this safer-by-design approach, we
expect developing nanomaterials that meet the safe and performance criteria in close relation

with the activity sector and its regulations.
1. Gd21-Ce202S nanoplatelets

Crystalline Gdz(1-xCe2¢O2S nanoplatelets of dimensions 2 x 20 nm were prepared by colloidal
synthesis in organic solvents. We were able to precisely control the cerium content of the
nanoparticles by adjusting the stoichiometry of the cerium precursor. However, the
nanoparticles oxidized in ambient air. As a result, both cerium(IIl) and cerium(IV) were
present. The nanoplatelets terminate by [Ln202]** (Ln = Gd, Ce) layers in their basal facets.
The resulting charged surfaces are coordinated by oleates, making the nanoparticles
hydrophobic. We also demonstrated that the sodium in particular, or alkali-metal in general,
were necessary for the formation of Gdz(1-1Ce2xO2S nanoplatelets. They likely remained on
the surface of the nanoplatelets in the final products and their quantity is irreproducible

through experiments.

The non-consistent presence of sodium could be a problem for studies of performance in
targeted applications of the nanoparticles and of their toxicity. Therefore, it was necessary to
elucidate its role in the synthesis of the Gdz(1-xCe2rO2S nanoplatelets. Small and wide-angle
X-ray scattering (SAXS-WAXS) experiments showed that during the synthesis with oleic
acid, a lamellar mesophase, consistent with a bilayer of sodium oleate was formed. This
mesophase then served as a template for nucleation and growth of the Gdz(1-xCe2:O2S
nanoplatelets. Unveiling the formation mechanism of the nanoplatelets would enable the
possibility to control their size and shape, which could be of importance for their design for

targeted applications.
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2. Safer-by-design Gdza-xCe2xO2S nanoparticles for photocatalysis

We demonstrated for the first time that the bandgap and the absorption of Gdz(1-xCe2:02S
nanoplatelets were tunable with their cerium content. Higher cerium content of the
nanomaterial led to smaller bandgap and absorption in the visible region of the spectrum,
making them relevant for photocatalysis under visible light. Indeed, cerium-containing
nanoparticles showed catalytic activities with 501 nm irradiation, even though relatively low.
While the cerium had positive effects on the functionality of the nanoparticles, its presence
seemed to result in higher cytotoxicity of the nanoparticles. The cerium content may need to

be compromised to ensure the safety of the material.

The oleates ligands on the surface of the nanoparticles likely hinder their reactivity towards
water molecules. In order to improve the photocatalytic activity of Gd2(1-nCe2:02S
nanoplatelets, they need to be removed. Since the nanoplatelets are very thin, complete
removal of the ligands may result in drastic modification of the overall object. Nevertheless,
preliminary results suggested that thermal treatment might be a promising method. The ligand

removal is crucial to obtain a photocatalyst prototype based on oxysulfide nanoplatelets.

We also explored the origin of the cytotoxicity of cerium-containing nanoparticles. Their
irreproducible sodium content, Ce"/Ce!V ratio and specific surface area prevented clear
conclusion. Nevertheless, results from X-ray hyperspectral imaging of exposed cells hinted
at cerium leaching and redox reaction involving this element. Confirmation of this would give

important insights to develop strategies to mitigate this cytotoxicity.

3. Gd2a-xCe20:S nanoparticles for biomedical imaging

Lanthanide doping is a suitable strategy to include photoluminescence properties in Gd202S
nanoplatelets. Moreover, we were able to coat Eu-doped Gd202S nanoplatelets with
polyvinylpyrrolidone (PVP) to make them water-dispersible while preserving their emission.
This makes them suitable for fluorescent imaging. Their performance is still to be confirmed
by observation in living cells. Gd202S nanoparticles could also be employed for MRI.
Magnetic relaxation experiments need to be done to determine their relaxation constants.
Then, the coating process might need to be further adjusted for optimized performance in

imaging.
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Preliminary results on cytotoxicity of PVP-coated nanoparticles showed an absence of
adverse effect. However, additional toxicity assays similar to those carried out in the case of
Gd21-xCe20:2S nanoparticles for photocatalysis are required to conclude. The effect of the
PVP-coating on the nanoparticle toxicity is also to be determined. Coating could be a general

strategy to mitigate the toxicity of oxysulfide nanoplatelets.

Finally, we showed that cerium quenched the photoluminescence of europium in
nanoplatelets containing both elements. Overall, we believe that gadolinium oxysulfide

Gd20:28 nanoparticles are a better candidate for biomedical applications.

4. Safer-by-design approach for emerging nanomaterials

Safer-by-design concept was applied for the first time for bimetallic gadolinium-cerium
oxysulfide nanoparticles of compositions Gdz1-yCe202S as a model of emerging
nanomaterials. It effectively allowed early detection of toxicity of the nanomaterial. Thus,
strategies to mitigate this latter could be envisaged early on. This is especially important for

materials whose toxicity is unknown.

Our work highlighted the importance of in-depth characterization of the nanomaterials to
identify key physicochemical parameters that influence their performance and toxicity. This
could be challenging for emerging systems since they are usually not completely mastered.

Nevertheless, the knowledge gain is enormous, in particular for fundamental research.

The safer-by-design approach for emerging nanomaterials emphasizes on the ability to
modify the nanomaterial to improve its performance or mitigate its toxicity. Therefore, it

could be difficult to apply for systems that are not as flexible.

Overall, the safer-by-design approach is useful to anticipate risks relating to nanomaterials
and thus for regulations compliance. It should be systematically applied in the design of
nanomaterial-containing products that will go to the market. However, for emerging
nanomaterials, at which stage of their research it should be applied to have the maximum

impact may depend on the material.
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ES.1. Synthesis and post-synthetic treatment of nanoparticles

ES.1.1. Synthesis of Gdza.-xCexO2S nanoparticles

Oleylamine (OAm; technical grade, 70%), oleic acid (OA; technical grade, 90%), 1-
octadecene (ODE; technical grade, 90%), sulfur (Ss; > 99.5%), sodium oleate (Na(oleate);
>99%), cesium carbonate (Cs2CO3; 99%) and europium(Ill) acetylacetonate
(Eu(acac)3xH20) were purchased from Sigma-Aldrich. Potassium acetylacetonate
(K(acac)xH20, 97%) was purchased from Alfa Aesar. Sodium acetylacetonate
(Na(acac)-xH20, >98%), lithium acetylacetonate (Li(acac)xH20, 98+%), calcium (II)
acetylacetonate (Ca(acac)2:xH20), gadolinium (III) acetylacetonate (Gd(acac)3-xH20; 99.9%)
and cerium (III) acetylacetonate (Ce(acac)s;xH20; 99.9%) were purchased from Strem
Chemicals. The latter was stored in the glovebox. All chemicals described above were used

without further purification.

Oxysulfide nanoparticles were prepared via a solvothermal reaction under purified nitrogen
atmosphere using standard air-free techniques with Schlenk line. In a typical synthesis using
sodium acetylacetonate, Gd(acac);xH20 (227 mg, 0.5 mmol, 1 equiv.), Ss (8 mg,
0.032 mmol, 0.5 equiv. in S), Na(oleate)-xH20 (152 mg, 0.5 mmol, 1 equiv.) were added to a
mixture of OA (0.71 g, 2.5 mmol, 5 equiv.), OAm (4.54 g, 17 mmol, 34 equiv.) and ODE
(8.10 g, 32.5 mmol, 65 equiv.) in a 100 mL three-necked flask at room temperature. The
yellow mixture was degassed at 120 °C under vacuum for 20 min then heated to 310 °C,
giving a pale-yellow solution. The solution was stirred at this temperature for 30 min under

nitrogen. After heating, it was left to cool to room temperature.

The nanoparticles were isolated by centrifugation (6000 g, 10 min, 20 °C) using 30 mL of
ethanol. They were washed at least three times using 40 mL of a n-hexane/ethanol mixture
(1/3 in volume) to remove remaining reagents and organic matter. From 100 to 120 mg of
dried white powder were obtained, corresponding to a 100% yield of Gd20:S (this calculation

neglects the weight of organic ligands).

Syntheses of Gd202S nanoparticles using other alkali and alkaline earth cation sources such
as Li(acac), Na(acac), K(acac), Cs2COs3, Ca(acac)2 were carried out in the same fashion and

with the same equivalence of alkali and alkaline earth cation (1 equiv.).

185
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Syntheses of Gdz(1-x)CexO2S nanoparticles and Eu-doped Gdz(1-xCexO2S nanoparticles were
carried out in the same fashion. Added quantities of gadolinium precursor Gd(acac)s-xH20,
cerium precursor Ce(acac)3xH20 and europium precursor Eu(acac);xH20 were adjusted
accordingly so that the total amount of lanthanides added was 0.5 mmol. For these syntheses,
from 50 mg to 100 mg of dried powder were obtained depending on the cerium content of the

nanoparticles.
ES.1.2. Thermal treatment of Gd20,S nanoparticles

As prepared Gd20:S nanoparticles (100 mg) were heated at 500 °C for 2 h under argon flow
in a quartz tube with a Carbolite tube furnace. The heating rate was fixed at 10 °C.min"!. After
heating, the tube was left in the furnace until the temperature dropped to around 100 °C. It
was then removed and was left to cool down to room temperature naturally. The black solid

was recovered by centrifugation (6000 g, 10 min, 20 °C) using 50 mL of ethanol.
ES.1.3. Polymer coating of Gdz1-vCexO2S nanoparticles

For the coating process, polyvinylpyrrolidone (PVP) (MW = 55,000) was purchased from
Sigma-Aldrich. In a typical experiment, as prepared Gd2(1-nCexO2S nanoparticles (ca.
100 mg, 0.25 mmol) were dispersed in 5 mL of n-hexane and the resulting suspension was
stored in the glovebox. Then, 1 mL of the nanoparticle suspension, 2 mL of dichloromethane
and 2mL of a solution of PVP (100 mg, 1.8 umol, 0.032eq. vs. Gd202S) in
dimethylformamide (DMF) were introduced into a Schlenk tube under nitrogen. The clear
mixture was heated at reflux at 90 °C with an oil bath under vigorous stirring for 4 h. The
reaction medium was left to cool down to room temperature and 25 mL of diethyl ether was
added. Precipitate appeared immediately and the product was recovered by centrifugation at
6000 g for 30 min. It was washed with 25 mL of a mixture of toluene/diethyl ether (1/4 in

volume) three times.

ES.2. Characterization of nanoparticles

ES.2.1. Powder X-ray Diffraction (XRD)

Powder XRD measurements were performed with a Bruker D8 X-ray diffractometer

operating in the reflection mode at Cu Ka radiation with 40 kV beam voltage and 40 mA
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beam current. From 10 to 50 mg of powder were deposited on a low-noise Si monocrystal
sample holder for the measurements. Typical diffraction patterns were recorded with steps of
0.05° and a scanning speed of 2.5-5 s/point. For easier phase identification, the diffraction
patterns were systematically shifted 0.25 © to correct the extra sample height due to the sample

holder. The background was also subtracted using EVA software.
ES.2.2. Transmission Electron Microscopy (TEM)

TEM images were recorded on a FEI TECHNAI G2 Spirit microscope operating at 120 kV
equipped with a Gatan CCD camera. Samples were prepared by evaporating a drop of

n-hexane diluted nanoparticles suspension on a carbon-coated copper grid.

STEM bright-field and HAADF were performed using a spherical aberration corrected
JEOL 2100 F operating at 200 kV. EDS mapping was performed using JEOL Silicon Drift
Detector (DrySD60GV: sensor size 60 mm 2) with a solid angle of approximately 0.5 srad.

ES.2.3. Energy Dispersive X-ray Spectroscopy (EDS)

A small amount of powder was deposited on carbon adhesive tape on a scanning electron
microscope sample holder. EDS analyses were performed on a SEM HITACHI S-3400N
instrument at 20 kV. Cobalt was used as calibrator and the analyses were performed on at

least three different zones on the samples to calculate an average chemical composition.
ES.2.4. X-ray Absorption Near Edge Spectroscopy (XANES)

The experiments were carried out at the SOLEIL synchrotron facility using an electron energy
of 2.7 GeV and an average ring current of 450 mA. X-ray absorption spectra were recorded
at beamline SAMBA. From 2 to 3 mg of nanoparticles in the form of dry powder were diluted
in ca. 40 mg of graphite. The mixtures were compressed to pellets of diameter 6 mm with a
pressure of 2 t. Measurements were performed in transmission mode at the cerium Lin-edge

(5723 eV). All acquired data were normalized to the edge jump for analysis.
ES.2.5. Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectra were recorded on a Spectrum 400 (PerkinElmer) spectrometer. From 1 to
3 mg of dry powder were deposited on the attenuated total reflectance (ATR) diamond crystal.
187
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Transmittance was measured from 550 cm™ to 4000 cm™ with steps of 0.5 cm™. For each

sample, at least 4 spectra were collected.
ES.2.6. UV-visible spectroscopy

Measurements in liquid mode were carried out with suspensions of nanoparticles loaded in a
3.5 mL absorption quartz cell with optical path length 10 mm. Absorption spectra were
recorded using a Cary-WinUV 5000 spectrophotometer (AGILENT) between 300 nm and
800 nm with steps of 1 nm.

For measurements in diffuse reflectance mode, dry powders of nanoparticles were loaded in
the sample holder to make a uniform layer of solid. The UV-visible diffuse reflectance spectra
were measured using an integration sphere between 250 nm and 800 nm at 1 nm.s™' and
corrected with a sample of BaSOs as reference. The Kubelka-Munk function F(R) was

calculated from obtained apparent absorbance according to the formula:

(1-R)?

F(R) =—5

where R is the reflectance. The apparent absorbance given by the spectrometer is related to

the reflectance by the following equation:

4 =log(Y/p)
ES.2.7. Photoluminescence spectroscopy

For photoluminescence measurements, suspension of nanoparticles was loaded in a 45 puLL
fluorescence quartz cell with optical path lengths 3 x 3 mm (Hellma). The spectra were
recorded using a FluoroMax-3 spectrofluorometer (HORIBA) between 400 nm and 800 nm
with steps of 1 nm. The excitation wavelength was 250 nm. The slits and integration time

were fixed at 5 nm and 0.1 s, respectively. No cut-off filter was used for the experiments.
ES.2.8. Thermogravimetric analysis (TGA)

Thermogravimetric analyses were performed on a TA Intruments SDT Q600 TGA-coupled
thermoscale. The two thermoscale beams were tarred with a platinum crucible in each.

Around 10 mg of sample were placed in one of the crucibles. The other empty crucible serves
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as reference. Measurements were conducted under nitrogen with temperature ramp of

5 °C.min"! between 20 °C and 700 °C.
ES.2.9. Physical adsorption

The specific surface area of the nanoparticle powders was determined by N2 physical
adsorption at -196 °C on a BELSORP-max device. The results were analyzed using the
Brunauer-Emmett-Teller (BET) theory in the 0.05 > P/Po> 0.20 range on the BELMaster

software. The samples were degassed at 150 °C for 16 h prior to the measurement.

ES.3. Photocatalysis tests

ES.3.1. Photodegradation of rhodamine B

In a closed flask, 25 mg of pristine Gdz(1-xCexO2S nanoparticles and 25 mL of a 10° M
solution of rhodamine B were mixed together. The mixture was sonicated for 1 min and was
left in the dark under vigorous stirring for 1 h. It was then irradiated with nine LEDs producing
cyan light (A = 501 nm) for up to 7 days. At regular time intervals, 1 mL of the mixture was
taken and centrifuged at 13,000 rpm for 2 min to remove the nanoparticles. The process was
repeated twice and the final supernatant was analyzed by UV-visible absorption spectroscopy.
The background of recorded spectra was subtracted to eliminate the contribution of remaining

nanoparticles in the supernatant.
ES.3.2. Radical production evaluation with dithiothreitol (DTT)

For this experiment, dithiothreitol (DTT) and 5.5'-dithiobis-(2-nitrobenzoic acid) (DTNB or
Ellman’s reagent) were purchased from Sigma-Aldrich. Prior to the experiment, suspensions
of Gda(1-nCexO2S nanoparticles in distilled water at concentrations from 50 to 1000 pg.mL"!
were prepared and sonicated for 15 min. In a 96-well plate, 160 uL of the nanoparticle
suspension and 40 pL of a 1 mM aqueous solution of DTT were added. The plate was either
left in the dark or under irradiation by LEDs (A =391 or 501 nm) for 4 h. Then, it was
centrifuged at 3000 rpm, 4 °C for 15 min to remove the nanoparticles. The supernatant
(90 uL) was taken from each well and was added to 90 uL of a 5 mM DTNB solution in
Dulbecco’s modified Eagle’s medium (DMEM). Absorbance at 405 nm of the mixture was
measured using a TECAN microplate spectrometer.

189
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ES.4. Toxicity assessment

ES.4.1. Cell culture

Murine macrophages RAW 264.7 (ATCC) were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) containing 4.5 g/mL of glucose, 10% fetal bovine serum (FBS), 100 U/mL
penicillin and 100 U/mL streptomycin at 37 °C, 5% COz atmosphere. The cells were cultured
in 75 cm ? flask for 2 — 3 days and harvested by scraping. They were then cultured in 96-well
plates for cell viability assays or onto silicon nitride membrane for X-ray hyperspectral

imaging. This was carried out between passages 5 and 12.
ES.4.2. Nanoparticle dispersion for cellular studies

Nanoparticle stock suspensions (5 mg/mL) were prepared by dispersing 25 mg of dry powder
of nanoparticles in 5 mL of sterile water with the help of sonication. The stock suspension
was then divided into aliquots of 1 mL and they were stored at 4 °C. Prior to conducting

cellular studies, the suspensions were sonicated for 30 min.
ES.4.3. Cell viability assays

For viability assays, 15,000 cells were seeded in a 96-well plate. The nanoparticle stock
suspensions were diluted in DMEM medium without phenol red to avoid interference of the
latter with subsequent colorimetric and fluorescent assays. A series of suspensions at different
concentrations (1, 10, 50, 100 pug/mL) was prepared. After 24 h of culture at 37 °C, the cells
were washed with fresh DMEM medium without phenol red and 100 pL of the previously
prepared nanoparticle suspensions were added. Cells exposed to nanoparticles were then
incubated for another 24 h. Mitochondrial activity, cellular DNA content and membrane
integrity were respectively assessed by WST-1 (Roche), Hoechst (Sigma-Aldrich) and LDH

(Roche) assays using a TECAN microplate spectrometer.

For WST-1 assay, the cell culture medium was removed at the end of nanoparticle exposure
and the plate was washed twice with fresh medium. Then, 100 pL of the WST-1 solution
(concentration not provided by the manufacturer) were added to each well. After 3 h of

incubation at 37 °C, the absorbance of the medium was measured at 450 nm.
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For Hoechst assay, the cell culture medium was removed at the end of nanoparticle exposure
and the plate was washed twice with Dulbecco’s phosphate-buffered saline (DPBS) with no
calcium nor magnesium. Then, the cells were incubated with 20 pL of sterile water for 45 min
at 37 °C. At that time, 200 uL of Hoechst 33,258 solution (2 pg/mL) in fluorescence buffer
(provided by the manufacturer) was added. The fluorescence intensity of the medium was

measured at 460 nm with excitation at 360 nm.

For LDH assay, supernatants of cells exposed for 24h to the various concentrations of
nanoparticles were transferred to a new plate and were mixed with 100 uL of reconstituted
substrate solution (containing tetrazolium dye, sodium lactate as reactants and diaphorase,
NAD" as catalysts for the reaction) for 15 min at room temperature in the dark. The reaction
was terminated by the addition of 25 pL of HCl 1 M as stop solution. The absorbance of the

medium was measured at 490 nm.
ES.4.4. Intracellular ROS activity assessment

Assessment of intracellular ROS activity was carried out using H2DCF-DA assay (Molecular
Probes by ThermoFisher). In a similar fashion to cell viability assays, 15,000 cells were
seeded in a 96-well plate for 24 h. They were washed twice with Hank’s Balanced Salt
Solution (HBSS) with no calcium nor magnesium. The cells were then incubated with 100 puL
of'a H2DCF-DA solution at 10 uM for 1 h at 37 °C. After the incubation, the supernatant was
removed and the plate was washed twice with fresh HBSS. The cells were treated with 100 uLL
of nanoparticle suspensions at different concentrations. The fluorescence intensity of the
medium was measured at 530 nm before nanoparticle treatment and at 15 min and 45 min

after the treatment. The excitation light was fixed at 485 nm.
ES.4.5. Protein expression analysis

In a 6-well plates, 10° cells were seeded and cultured for 24 h. After the incubation, the cells
were washed with fresh medium without phenol red and 2 mL of nanoparticle suspension in
DMEM medium without phenol red was added. After 24 h of treatment, the cells were
collected by scraping with RIPA mammalian protein extraction lysis buffer (Sigma-Aldrich)
with 10% of protease inhibitor cocktail (Sigma-Aldrich) and 10% of phosphatase inhibitor
cocktails (Sigma-Aldrich) to prevent protein degradation and dephosphorylation by

endogenous proteases and phosphatases present in the whole cell extract. The obtained
191
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mixtures were centrifuged to remove cell debris and nanoparticles. The supernatant was
stored at -80 °C for protein analysis. The total protein concentration in the supernatant was
determined by Bradford assay (Bio-Rad) with bovine serum albumin (BSA) (Sigma-Aldrich)

as the standard.

The analysis of protein expression was carried out by western blotting. For this experiment,
the HO-1 antibody (rabbit) was purchased from Enzo Life Sciences (concentration not
provided by the manufacturer) and was diluted 1000 times in a solution of BSA 1%, while
the B-actin antibody (mouse) was purchased from Sigma-Aldrich and was diluted 5000 times
in a solution of milk 5%. In a typical experiment, 40 uL of a solution containing 30 ug of
protein in Laemmli buffer was loaded on a sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gel (4% and 10% of acrylamide for stacking and resolving parts
of the gel, respectively). The gel was run at a constant voltage of 60 V for 1 h then at 120 V
for 1.5 h. The proteins were transferred to a nitrocellulose membrane by electroblotting at
20V, 4°C for 18 h. Blocking of unreacted sites of the membrane was performed by
incubation with a solution of milk 5% for 1 h. The membrane was incubated with primary
antibody (HO-1 or B-actin) at 4 °C for 16 h then with secondary antibody coupled to
peroxidase ECL or alkaline phosphatase at room temperature for 2 h. It was finally reacted in
the dark with peroxidase substrate (ECL, Bio-Rad) or alkaline phosphatase (Bio-Rad) for
revelation of HO-1 or B-actin, respectively. Detection of luminescence signals and acquisition
of images of the membrane were performed on a G-box (Syngene, UK). Quantification of

luminescence intensity was carried out with ImageJ software.
ES.4.6. Measurement of pro-inflammatory cytokine secretion

In a 6-well plates, 10° cells were seeded and cultured for 24 h. After the incubation, the cells
were washed with fresh medium without phenol red and 2 mL of nanoparticle suspension in
DMEM medium without phenol red was added. After 24 h of treatment, the supernatant was

taken and stored at -80 °C for assessing cytokine and chemokine levels.

The IL- 6, IL-1P and TNF-a pro-inflammatory cytokines was quantified using the supernatant
collected from the treated cells. The analyses were conducted using Quantikine ELISA kits
purchased from R&D Systems. The measurement of the secreted cytokine level involved
transferring 50 pL of the collected cell culture supernatant into 96-well plates coated with the

capture antibody against the targeted cytokine. Then a detection antibody was added and
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bound to the captured cytokine. Unbound detection antibody was washed away. The sandwich
capture antibody-cytokine-detection antibody was revealed by adding a tetramethylbenzidine
(TMB) substrate solution to develop a blue color. A hydrochloric acid solution provided by
the manufacturer was added to stop the reaction and the color turned yellow. The detailed
protocol was based on the manual provided in the kit purchased. The cytokine levels were
quantified by measuring absorbance of the medium at 450 nm using a TECAN microplate

spectrometer.
ES.4.7. X-ray Absorption (XAS) and Fluorescence (XRF) hyperspectral imaging

Murine macrophages RAW 264.7 were seeded at concentration of 4,10° cells/mL onto
200 nm thick silicon nitride (Si3N4) membrane windows (Silson Ltd., United Kingdom)
placed in 12-well plates. After 24 h of culture at 37 °C, they were washed with fresh medium
and were exposed to suspensions of nanoparticles at 10 pg/mL. RAW 264.7 cells similarly
grown onto the windows, but not exposed to nanoparticles (untreated cells), were used as

control.

After another 24 h of incubation, the membranes were washed with Dulbecco’s phosphate-
buffered saline (DPBS) with no calcium nor magnesium, then rapidly with water. The water
was removed by blotting on a Kimwipes paper without direct contact to the thin membrane.
The windows were then snap-frozen by plunging into isopentane cooled by liquid nitrogen

for 30 s. They were stored in 24-well plates cooled at -80 °C in a freezer or with dry ice.

X-ray hyperspectral imaging experiments were carried out at ID21 beamline of ESRF
synchrotron (Grenoble, France) in a vacuum chamber passively cooled at ca. -130 °C by
liquid nitrogen. The silicon nitride (Si3N4) membrane windows were mounted onto a pre-
cooled copper sample holder immersed in liquid nitrogen and were rapidly inserted into the
vacuum chamber. Measurements at Gd L3-edge were carried out first. pXRF maps were
acquired with an incoming energy of 7.4 keV with 0.5 um? steps and an integration time of
100-150 ms. pXAS spectra were recorded at different points in the maps to compare with
those of pristine nanoparticles. Energy of the beam was then set to 5.8 keV at Ce Ls-edge.
uXRF and pXAS maps were recorded in areas presenting high nanoparticles concentrations
near the cells. Reference sample on Si3sN4 membrane RF8-200-52454-17 purchased from
AXO DRESDEN GmbH (Dresden, Germany) was used for quantification of elements.
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Analysis of the XRF images and spectra was carried out using the multiplatform
program PyMCA..! To calculate weight fractions, the thickness of the cells and the density of

the medium were estimated at 15 pm and 1 g/mL respectively.
ES.4.8. Non-surgical intratracheal instillation of mice

Twelve-week-old male C57 BL/6 mice were purchased from Janvier Labs (Le
Genest-Saint-Isle, France). Under ketamine/xylazine (100/10 mg/kg) anesthesia, the animals
were held vertically and the tongue was gently pulled out of the mouth using forceps. Then,
50 pg of nanoparticles dispersed in 15 pL of distilled water was directly instilled to the
trachea through a catheter. Animal sacrifice was performed 24 h after instillation. After the
mice had been anesthetized, bronchoalveolar lavage (BAL) was performed by cannulating the
trachea and gently lavaging the lung three times with 1 mL of sterile phosphate-buffered
saline (PBS). Cells in BAL fluids were adhered onto microscopic slides and stained with
Diff-Quick (Dade Behring, La Défense, France) for differential cell count. BAL fluids were
stored at -80 °C for assessing cytokine and chemokine (IL- 6, IL-1p and TNF-a) levels using
ELISA kits (R&D Systems).
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ABSTRACT: Lanthanide oxysulfide nanoparticles have recently Gd,0,S Sulfur K-edge
attracted interest in view of their potential applications, such as

lighting devices and MRI contrast agents, which requires a good

stability in air and a controlled surface. In order to address these  ¢ygta)
issues, in this work, air-sensitive Ce,O,S nanoparticles of stability
hexagonal shape were successfully prepared and characterized  inair
under inert conditions. Bimetallic Gd,(;_,)Ce,,0,S nanoparticles

of similar shape and size were also synthesized for the whole
composition range (y from 0 to 1). X-ray diffraction structural data

are found to follow Vegard’s law up to y = 0.4, which is attributed

to the loss of stability in air of Ce-rich nanocrystals beyond this threshold. This picture is supported by X-ray absorption spectra
taken at the S K-edge and Ce Ly-edge that show the partial oxidation of sulfide species and of Ce'" to Ce'" in the presence of air
or water. A complementary near-ambient-pressure X-ray photoelectron spectroscopy study shows that at least two types of
oxidized sulfur species form on the nanoparticle surface. Even in Gd,0,S nanoparticles that are generally considered to be air-
stable, we found that sulfide ions are partially oxidized to sulfate in air. These results unveil the physicochemical mechanisms
responsible for the surface reactivity of lanthanide oxysulfides nanoparticles in air.

) Air
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Gdy1,,Ce,, 0,8

=
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B INTRODUCTION

In the past decade, the development of novel methods enabling
the synthesis of nanoparticles has resurrected interest in
bianionic materials such as oxysulfides M,O,S.. These
compounds are particularly attractive, as they contain abundant
heteroatoms." The combination of lanthanide with oxygen and

studied compounds are La,0,8,"*™"° Gd,0,8,'°*" and
Y,0,8,° 7% especially with rare-earth doping (Eu', Tb',
Yb™, etc.). Doped lanthanide oxysulfide Ln,0,S:Ln™ nano-
particles (with mostly Ln = La, Gd, Y in the Ln,0,S phase) are
particularly interesting as luminescent materials in biological
media because the oxysulfide phase is an efficient matrix

nonoxidized sulfur has been known for more than 60 years.”
Since the first report on lanthanide oxysulfides, only a few
compositions have been synthesized via solid-state or solid—gas
reactions at high temperatures. These synthesis techniques
employ various sulfur sources (elemental sulfur, H,S, or CS,) as
sulfidation agents. Some of them also involve a transition metal,
producing not only bimetallic compounds, such as Ln,Ti,S,04
and LnCrOS, (Ln = La—Lu),” but also LaInOS, and
LagIn;S,0,.°

Ln,0,S nanoparticles have been extensively studied and
characterized for their promising magnetic,”” photocatalytic,®
and luminescent properties.m’ll In the last case, the most

i i © 2017 American Chemical Society
7 ACS Publications

enabling the fluorescence of the doping ion. One important
research direction aims at the development of efficient
luminescent materials characterized by a long lifetime, which
would open the field of in vivo imaging.

The synthesis of oxysulfide nanoparticles is challenging, as
rare-earth metals have a better affinity with 0%~ than with §*~
according to the hard and soft acid and base (HSAB) theory.
Moreover, the fairly high temperatures required for the
formation of the crystalline phase can cause the sintering of
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the nanoparticles. As a matter of fact, well-crystallized Ln,O,S
nanoparticles have been hitherto obtained only for Ln = La, Pr,
Nd, Sm, Eu, Gd, Tb, Y. Ding and co-workers'* proposed an
efficient and versatile synthesis of lanthanide oxysulfide
nanoparticles by thermal decomposition of molecular species
in solution, yielding Na-doped Ln,0,S (Ln = La, Pr, Nd, Sm,
Eu, Gd, Tb). In organic solvents, they obtained small and
monodisperse oxysulfide nanoplates of diameters in the 10—25
nm range depending on the lanthanide. Moreover, Pasberg et
al. reported Ln,0,S nanoparticles containing Lu and Gd.”

In this context, cerium oxysulfide Ce,0,S nanoparticles
would display ideal optical properties owing to the much
smaller band gap energy (brown material) in comparison to
other Ln,0,S compounds, where the band gap is larger than
3.5 eV for all other Ln. Such a low band gap permits an
absorption in the visible-light range, which is desirable for
application in photocatalysis. Moreover, the two possible
oxidation states of cerium (Ce™ and Ce") would make
Ce,0,S a promising material for catalytic or electrocatalytic
reactions. The most suitable material for these applications
would be nanoparticles of Ce,O,S, in order to get a high
surface to volume ratio and to benefit from the numerous
available processes to design catalysts with nanoparticles.

To the best of our knowledge, the synthesis of colloidal
cerium oxysulfide nanoparticles including Ce,0,S has not yet
been reported, despite the fact that the bulk phase has been
known since the 1950s.”*> One difficulty is that the oxidation
state of cerium can be either Ce™ (the oxidation state in
Ce,0,S) or Ce™. As a result, the oxidation of bulk Ce,0,S led
to mixed-valence crystalline bulk phases, such as Ce,0, S,
Ce 0,85, and Ces04S,.*° Systems including nanoscaled
Ce,0,S supported on graphitized carbon®” or N- and S-
doped carbon’ were recently developed for applications in Li-
ion batteries and the ORR reaction, respectively.

Here, we report on the first synthesis of Ce,O,S nano-
particles and on their characterization by transmission electron
microscopy (TEM) and X-ray diffraction (XRD). We show that
their structure evolves rapidly not only in air but also in the
presence of water. In situ X-ray absorption spectroscopy
evidences the partial oxidation of Ce™ into Ce" and the
formation of oxidized sulfur species. The latter were also found
on the surface of Gd,0,S nanoparticles, although these
nanoparticles are generally considered stable in air. Bimetallic
Gd,(;,)Ce,,0,S nanoparticles of similar shape and size with y
ranging from 1 to 90% were also synthesized. The lattice
parameter a was measured and compared to the theoretical
value obtained from Vegard’s law. We identified three regimes,
related to the stability of the nanoparticles in air. Above 40% of
cerium, the nanoparticles were not air-stable. Nevertheless, the
nanoparticles of Gdy(;_,)Ce;,0,5 keep the Ln,O,S structure
and morphology up to 80%, making gadolinium an efficient
cocation to protect the cerium oxysulfide structure. Thus,
cerium-rich nanoparticles could be used even in ambient air,
unlike Ce,0,S nanoparticles, whose high sensitivity to air
would cause the material degradation. Finally, the reactivity of
GdCeO,S (y = 50%) and Gd,0,S in water vapor and O, was
investigated using near-ambient-pressure X-ray photoelectron
spectroscopy. This study confirmed the swift and partial
oxidation of Ce' to Ce". We showed that not only sulfate but
also S species form on the nanoparticle surface, which was
attributed to intermediate sulfite ions. To the best of our
knowledge, this study constitutes the first report on Ce,0,S
nanoparticles, the first example of a bimetallic lanthanide

oxysulfide phase with great solubility, and an unprecedented
investigation of the surface reactivity of metal oxysulfides.

B RESULTS AND DISCUSSION

Synthesis of Ce,0,S Nanocrystals. Ce(acac); hydrate
was reacted at 310 °C for 30 min with a stoichiometric amount
of sulfur (0.5 equiv vs Ce) in a mixture of oleylamine, oleic acid,
and 1-octadecene, in the presence of Na(oleate) hydrate (see
the Experimental Section). The reaction was performed under
inert atmosphere. In a first attempt, the particles were isolated
and washed under ambient air. The product was dark brown at
first but turned greenish after a few hours and light brown after
a few weeks (Figure S1 in the Supporting Information),
suggesting product decomposition in air. Consistent with this
observation, the X-ray diffraction pattern matched the pattern
of Ce,0,S a few hours after the synthesis and evolved into
another pattern similar to that of CeO, in a time span of 2
weeks (Figure S2 in the Supporting Information). A similar
observation was previously reported in bulk samples as well, but
in a time span of months,*” and the final product was identified
by Sourisseau et al.’”*** to be Ce,0,S with an insertion of
oxygen in the layer of cerium oxide owing to a partial oxidation
of Ce™ in Ce'". This suggests that washing and handling of the
nanoparticles in air was inappropriate, although the synthetic
route itself was efficient.

To overcome this issue, we isolated the nanoparticles from
the crude product and washed them with anhydrous solvents
under the inert atmosphere of a glovebox (H,0 <0.5 ppm, O,
<0.5 ppm). Transmission electron microscopy (TEM) carried
out on these nanoparticles confirmed the formation of
nanoplates whose dimensions vary between 10 and 20 nm in
length and between 1.5 and 2.5 nm in thickness (Figure 1A).
Because of the high amount of remaining ligands on the
nanoparticles (washing them in the glovebox is a hard process),

Figure 1. TEM image (A) and the corresponding diffraction pattern
(B) of representative Ce,0,S nanoparticles. (C) Enlargement of the
Ce,0,S nanoplates. (D) Representations of the lamellar and hexagonal
structure of Ce,0,S (JCPDS 02-2554) and (E) the cerium
environment in the structure.
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we were not able to perform high-resolution transmission
electron microscopy (HRTEM).

Despite their small size, an X-ray diffraction pattern (XRD)
confirmed the crystalline structure of Ce,0,S nanoparticles
(Figure S3 in the Supporting Information). The pattern
matches the reference pattern of hexagonal Ce,0,S. Diffraction
peaks have different widths, which is related to the anisotropy
of the nanoparticle shape. Scherrer’s formula applied to the
(110) diffraction peak gives an average crystal domain size in
the range of 8—14 nm, consistent with the observed width of
the nanoplates. Hence, each nanoplate is made of a single
nanocrystal. Selected-area electronic diffraction (SAED)
performed on a few nanoparticles confirmed their good
crystalline properties, as the d spacings of the diffraction rings
(Figure 1B) match well with those of the Ce,0,S reference
structure (JCPDS 26-1085).

Energy-dispersive X-ray spectroscopy (EDS) was performed
on the nanoparticles. Consistent with previous work by Ding et
al,'* the data indicate the presence of significant amounts of
sodium in the nanoparticle powders. Due to its sensitivity, only
a limited washing was performed on the Ce,0,S sample. As a
result, a high quantity of sodium oleate remained (Na/Ce =
2.7). According to these authors, the role of sodium is critical in
the crystallization of all Ln,0,S nanoplates prepared by this
route, although recently Lei et al. reported a sodium-free
synthesis.”’ The study of the role of this cation on the
crystallization process goes beyond the scope of the present
work and will be the object of a future paper.

The EDS data indicate a S:Ce ratio of 26 + 4%, which
illustrates a sulfur deficiency already observed in previous work
on other Ln,0,S nanoparticles."* We thus propose that the
Ce,0,S nanoplates are terminated by [Ce,0,]*" sheets and
stabilized by oleate chains.

Chemical Transformation of the Nanoparticles Ex-
posed to Air. As mentioned above, brown Ce,0,S becomes
green after exposure to air. Isolation and storage of the
nanoparticles under a controlled inert atmosphere is thus
critical. As discussed above, the degradation in air, seen by a
loss of the Ln,O,S crystalline structure, occurs faster for
nanoparticles than for bulk samples, which is attributed to the
higher surface to volume ratio of the former. Generally, there is
a lack of information regarding the surface reactivity of
lanthanide oxysulfide nanoparticles that may be responsible
for their degradation. In this work, we employed X-ray
absorption near edge spectroscopy (XANES) at the sulfur K-
edge to evaluate the sulfur oxidation state in the nanoparticles
(Figure 2). Our spectra can be directly compared with those
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Figure 2. XANES spectra at sulfur K-edge of Gd,0,S (Gd,0,S-Inert)
and Ce,0,S (Ce,0,S-Inert) nanoparticles treated and stored under a
controlled inert atmosphere and Gd,0,S (Gd,0,S-air) treated and
stored for 5 weeks in air.

previously obtained on various sulfide, sulfite, sulfonate, and
sulfate materials which constitute a set of standard spectra.””~**
From these spectra, one notes that the features of reduced
sulfur species are found at low energy while those of oxidized
species appear at higher energy. Remarkably, the oxidation state
of sulfur is often linearly related to the edge energy.””*>**

As a reference material, we first measured Gd,0,S
nanoparticles (Gd,0,S-air) synthesized following the same
route (described in the Experimental Section). These nano-
particles are stable upon storage in air and during washing steps
(see XRD pattern in Figure S4 in the Supporting Information),
because Gd only accepts oxidation state III under ambient
conditions. Second, we prepared Gd,0,S nanoparticles and
stored and transferred them to the beamline chamber under
controlled inert conditions (Gd,0,S-Inert). The corresponding
XANES spectra are presented in Figure 2.

Gd,0,S-Inert (Figure 2, green) does not show the broad peak
near 2480 eV characteristic of oxidized sulfur (S to S'T). On
the other hand, this feature is present in the Gd,0,S-air
spectrum (Figure 2, light green). Accordingly, in the 2470—
2475 €V region, the peaks corresponding to reduced sulfur are
less pronounced, suggesting that the fully reduced sulfur in as-
prepared Gd,0,S-Inert was partially converted into oxidized
sulfur upon exposure to air.

Since the XANES spectra were collected in fluorescence
mode, they reflect both the surface and the core of the samples;
sulfur oxides could in principle be either on the surface of the
nanoparticles or inside the inorganic core. XRD patterns of
both samples are, however, identical, which confirms the
crystalline structure of Gd,0,S (see XRD pattern in the bottom
panel of Figure S4 in the Supporting Information). TEM also
confirmed that the size and shape of the nanoparticles are
preserved (data not shown). Oxidation of sulfur due to
exposure in air is then likely a surface phenomenon. In addition,
Fourier transform infrared spectra exhibit specific peaks
corresponding to sulfate functions (Figure SS in the Supporting
Information). To the best of our knowledge, this is the first
observation of surface reactivity of Gd,0,S, which is usually
considered a stable phase in air. Ce,0,S-Inert did not show any
sign of surface oxidation, as expected from the care taken to
avoid air exposure. Its spectrum features an additional
contribution at low energy (2468 eV) whose origin is not
known at this stage. The small feature at 2468 eV was found to
be linked to the presence of cerium and is under investigation.

When the nanoparticles react with air (i.e., with water vapor
and/or dioxygen), swift oxidation from Ce™ to Ce' may occur
in addition to sulfur oxidation. XANES spectra were then taken
at the Ce Lyj-edge, using an environmental cell in flowing
water. The sample was taken out of the glovebox and quickly
placed in the cell. Prior to exposure to water, the spectrum
presented the characteristic peak of Ce™ at 5719.2 eV and two
small contributions characteristic of Ce'" at around 5723 and
5729.5 eV (Figure 3, dark blue spectrum). Due to the brief
exposure of the sample to air, the S K-edge spectra presented a
small peak in the energy region corresponding to oxidized
sulfur (inset of Figure 3, purple spectrum), but most of the
sulfur was still reduced, as expected from the ex situ spectrum
presented above. Following the introduction of water into the
cell for a few minutes, the Ce Lyj-edge spectrum exhibited a
strong peak of Ce' and a small peak of Ce'™ (Figure 3, light
blue spectrum). The S K-edge spectrum also exhibits the
characteristic features of more oxidized species: namely, an
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Figure 3. In situ cerium Ly-edge and sulfur K-edge XANES spectra of
Ce,0,S nanoparticles before and after exposure to water. The
positions of the peaks attributed to Ce™ and Ce' are consistent
with previously published XANES Ce Lj;-edge spectra,*>*¢

intense peak near 2480 eV and minor peaks in the 2470—2475
eV range (see Figure 3, light blue spectrum).

At this stage, we cannot come to a conclusion on the
different roles of H,O and of O, in the surface oxidation of
Gd,0,S and in the oxidation of Ce,0,S in the core of the
nanoparticles, because the water used in the cell contained
dissolved O,. Nevertheless, the in situ XANES experiment
shows that oxidation is a swift process for the Ce,0,S
nanoparticles and that both sulfur and cerium are affected.

We presume that the oxidation of sulfur and of cerium may
be related to two distinct mechanisms: (i) cerium oxidation
leads to the formation of a mixed-valence phase such as
Ce,0,S; (ii) the oxidation of the sulfides leads to the
formation of S¥ and of SV species (e.g., sulfates). We argue that
the first mechanism is specific to nanoparticles containing
cerium, while the second mechanism should occur in any
Ln,0,S phase, including Gd,0,S.

Experimentally, we have observed that Ce,O,S-Inert turns
from dark brown to dark green after exposure to air. Dark green
is the color of Ce,0, sS, suggesting a fast oxidation of Ce'. The
color of the nanoparticles fades only after several days.
Oxysulfate phases*” were not detected by XRD during aging
under air (Figure S2 in the Supporting Information). At this
stage, in the case of Ce,0,S, it is unclear whether the oxidized
sulfur species are solely at the surface of the nanoparticles or are
present as amorphous phases. In any case, degradation
eventually led to CeO, and amorphous species. These
amorphous compounds may contain oxidized sulfur, as the
XANES experiments (Figures 2 and 3) show the formation of
S¥ and SY" species when the lanthanide oxysulfide nanoparticles
are exposed to air and/or water.

In order to take advantage of the phase stability of Gd,0,S
and of the potential reactivity of Ce,0,S, we attempted the
synthesis of Gd-Ce bimetallic oxysulfide nanoparticles,
described by the general formula Gd,(_,)Ce,,0,S with y
between 0 and 100%. Cerium loading is defined as y = n¢./[nc.
+ ngql, where n is the number of moles. To the best of our
knowledge, such bicationic nanoparticles of the Ln,0,S family
without phase separation have never been reported.

A Bridge between Ce,0,S and Gd,0,S:
Gd,(;_,)Ce,,0,S Nanoparticles. Different strategies may be
used to obtain bimetallic nanoparticles. Most of the synthetic
routes hitherto reported consist of the reaction between small
amounts (usually <1%) of a dopant and the lantha-
nide,'>7>1*325729875% This approach is justified by the very
similar ionic radii of the lanthanides ranging from 7,y = 1.03

A to rp, ) = 0.86 A, which favors the formation of a crystalline
phase with randomly distributed ions.

Synthesis and Composition of the Compounds. Following
the above considerations, in the present case we simply mixed
the precursors of Gd and Ce in an appropriate stoichiometry,
since the radii of Gd and Ce were close enough (rgqqm) = 0.94
A; rcoqmy = 1.01 A). This straightforward route enabled us to
obtain bimetallic powders in a wide range of composition from
y = 0% to y = 90%. In the nanoparticles, the Gd/Ce ratio
measured by energy dispersive X-ray spectroscopy (EDS) was
found to be consistent with the nominal composition (Figure
S6 and Table S1 in the Supporting Information).

From y = 0% to y = 80%, the color of these nanoparticle
samples does not change over time. For y = 90%, the powder
was initially deep brown but became light brown within 2
weeks in air at room temperature, suggesting a decomposition
of the structure.

Structural Analysis of Compounds Exposed to Air. XRD
patterns of nanoparticles isolated in air were systematically
obtained (Figure S4 in the Supporting Information). For 90%
cerium, the pattern was not consistent with the reference
pattern of Ln,0,S, in agreement with the observation
mentioned above. The XRD pattern shows diffraction peaks
of CeO, in addition to those of Ln,0,S, as observed for
Ce,0,S nanoparticles (Figure S8 in the Supporting Informa-
tion). Below 90%, the patterns were consistent with Ln,0,S
but a small shift of the peaks is observed.

The lattice parameter a = 2d;,) was determined by fitting
the position of the (110) and (111) diffraction peaks using
pseudo-Voigt curves (Figure 4A). Two regimes are observed.
From 0 to 40%, the lattice parameter follows Vegard's law
expected using the lattice parameters of Gd,0,S and Ce,0,S
(Figure 4B).>>°° This indicates that both cerium and
gadolinium ions partially occupy the same site in the unit

0% 40 %
1% ——50%
2% ——60%
10% ——70%
20 % ——70 % Inert

30 % —— 100 % Inert

49

Ce,0,S
(glovebox)

—F

20 40 60 80 100
Y (%)

Figure 4. (A) X-ray diffraction normalized (110) peaks fitted using
pseudo-Voigt functions for Gd,(;_,)Ce,,0,S nanoparticles isolated in
air and under an inert atmosphere for two Gd,4Ce, ,0,S and Ce,0,S
samples (see Figure S9 in the Supporting Information). Vertical
arrows indicate the (110) reflection position of Ce,0,S (blue, JCPDS
26-1085) and Gd,0,S (green, JCPDS 26-1422). (B) Lattice parameter
a as a function of the cerium fraction y. The straight colored line is a
linear fit to the data. The data concern bimetallic Gd,(,_,)Ce,,0,S
nanoparticles isolated in air (black dots with error bars) or under an
inert atmosphere (pink and blue dots with error bars). The lattice
parameters of the samples kept under an inert atmosphere correspond
to those expected by Vegard’s law.
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cell. From y > 40% to y = 80% the lattice parameter a levels off.
To explain this behavior, we envisage the following two
scenarios: (i) 40% is the solubility limit of cerium or (ii) there is
no solubility limit but the phase is not stable in air.

Structural Analysis of Compound with y = 70% under
Inert Atmosphere. In order to clarify the above point, in a
complementary experiment, the as-prepared y 70%
compound (Gd,¢Ce,;,0,S) was isolated and washed under
inert conditions. The value of the lattice parameter of this
sample is larger than that of the sample isolated in air and nicely
follows Vegard’s law (Figure 4B, pink dot), which supports
scenario ii.

It is interesting to analyze the compounds after air exposure.
As discussed above and according to Table S1 in the
Supporting Information, the EDS data show that the ratio of
lanthanide present in the powder is equal to the nominal ratio.
This fact, in addition to the leveling off of the a parameter for y
= 40%, suggests that secondary Ce-containing species are
formed on the surface of the Ln,0,S bimetallic structure as a
consequence of air exposure. In order to investigate this
question, an additional TEM study was carried out.

Transmission Electron Microscopy on the y = 0, 37.5, 50,
75% Compounds. Similar to the case of the Gd,0,S and
Ce,0,S nanoparticles, bimetallic Gd-Ce oxysulfide nano-
particles crystallize in the form of hexagonal nanoplates (Figure
S). Transmission electron microscopy images typically display

Figure 5. TEM micrographs of Gdy_,)Ce;,0,S nanoparticles
containing the following cerium fractions: (A) y = 0%; (B) y =
37.5%; (C) y = 50%; (D) y = 75%.

the {001} or {100} facets of the nanoplates. Their width and
thickness are 10—20 and 2 nm, respectively, somewhat larger
than the y = 0 Gd,0,S nanoparticles (7.80 + 1.28 nm in width
and 1.52 + 0.14 nm in thickness). The width of the
nanoparticles is in agreement with Scherrer’s crystalline domain
size calculated from the (110) reflection peak (Table S2 in the
Supporting Information). High-resolution transmission elec-
tron microscopy (HRTEM) confirmed that both Gd,0,S and
bimetallic nanoparticles are single crystals of Gd,;_,)Ce,,0,S.
An analysis of the Fourier transforms of the HRTEM images
(Figure S10 in the Supporting Information) agrees with the
crystal system and with the lattice parameters obtained by
means of XRD.

For y > 70%, we find some smaller and shapeless
nanoparticles that may consist of cerium-containing species
which nucleate in the solution during the synthesis or of
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degraded Gd-Ce oxysulfide nanoparticles exposed to air, as
indicated by the smaller a lattice parameter, of these particles.

Altogether, the substitution of Gd by Ce in Gd,0O,S slightly
affects the oxysulfide nanoparticle morphology, and nanoplates
of dimensions 30 nm or smaller are obtained. For y < 80%, the
reactivity of cerium in Gd,(;_,)Ce,,0,S is found to be lower
than that in pure Ce,0,S nanoparticles, but it is still sufficient
to destabilize the structure for y > 40%.

Reactivity toward O, and H,0O: Comparison between
Gd,0,S and GdCeO,S. So far, we have discussed the effect of
air as an oxidizing medium, without differentiating the roles of
water and of dioxygen. In order to address this question, a near-
ambient-pressure X-ray photoelectron spectroscopy (NAP-
XPS) facility of the UPMC installed at the TEMPO beamline
of SOLEIL was used as a surface analysis technique. We
considered the following two scenarios for the oxidation of
sulfur and of cerium: (i) the oxidation of both elements occurs
independently; (ii) one of the two ions (Ce™ and S™) delays
the oxidation of the other ion. In case i, sulfur in GdCeO,S and
in Gd,0,S should oxidize at the same rate. In case ii, the
sequential oxidation of cerium and of sulfur, or vice versa,
should be observed by XPS. In order to verify these two
scenarios, fresh Gd,0,S and GdCeO,S (y = 50%) nanoparticles
were synthesized, isolated in air, and drop-casted on gold-
covered silicon wafers. Exposure to air was limited, and the
samples were stored under an inert atmosphere and introduced
in the setup via a glovebag connected to the load lock of the
NAP-XPS.

The nanoparticles were analyzed at room temperature under
vacuum, under water pressure and under a mixture of water and
oxygen, and then back under vacuum. The two samples were
deposited on a single sample holder and subsequently exposed
to exactly the same atmospheres. Thoroughly degassed water
vapor was introduced before introducing the O, gas, as the
former gas is less oxidizing than the latter. O, was then
introduced along with water, because obtaining ultrahigh-
vacuum conditions after having introduced water would require
baking the vacuum chamber for a long time, which is not
compatible with the constraints set by synchrotron runs. For
the same reason, the last measurements under vacuum
conditions were actually carried out under a residual back-
ground pressure of water.

Binding energies (BEs) were calibrated using the Au 4f
doublet, as described in Table S3 in the Supporting
Information. S 2p and Gd 4d photoemission spectra were
collected in a single sweep in the 135—175 eV region of BE
(Figure 6). The Ce 3d;, and Ce 3dy, BEs were also
monitored in the 870—920 eV region for the GdCeO,S
nanoparticles (Figure 7A). As shown in Figure 7C, we
successfully determined the Ce'™ fraction by using a careful
fitting procedure of the intensity which takes into account the
overlap of the spin—orbit split peak (Figure 7B).

In all spectra, the sulfide species are identified by a S 2p;/,
doublet at 161.6 + 0.3 eV (Figure 6A).”® Oxidized sulfur is also
always present and confirms the XANES result that samples
whose workup was carried out in air are already partially
oxidized. Here, oxidized sulfur is composed of two major
oxidation species that we identify as S" and S Each S 2p;,
spectrum was fitted by a double peak; the BE of the lower-
energy component was 168.1 + 0.7 eV for S" (in pink) and
1713 + 0.5 eV for S (in purple). The relative area of each
contribution allowed us to plot the ratios of the species for
different atmospheres (Figure 6C). For both nanoparticle
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Figure 6. Room-temperature NAP-XPS spectra of air-exposed samples of (A) Gd,0,S and (B) GdCeO,S nanoparticles collected using an incident
photon energy of 735 eV under the following conditions: (a) ultrahigh vacuum (10~ mbar); (b) H,O pressure of 0.2 mbar; (c) mixture of H,0 (0.2
mbar) and O, (0.2 mbar) partial pressures; (d) vacaum obtained upon pumping down the chamber after (c). For GdCeO,S (B), an additional
spectrum was also collected after exposing the sample to water vapor for 2 h without beam to avoid radiation dama%e Color code: S 2p doublet in
red (S7Y), pink (S") and purple (S*); Gd 4d doublets in light green and deep green (shake-down satellite peaks). >
are mostly superimposed with the experimental curves. (C) (top) SV fraction (11s(vn)) and (bottom) S~ /S fraction ratio (s(-m/Nsq))- See Table
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Figure 7. (A) Ce 3d NAP-XPS spectra of GdCeO,S nanoparticles
measured with an incident photon energy of 1100 eV and after
background subtraction: (a) ultrahigh vacuum (107 mbar); (b) H,O
partial pressure of 0.2 mbar; (c) after 2 h of exposure to a H,O partial
pressure of 0.2 mbar; (d) H,O partial pressure of 0.2 mbar and O,
partial pressure of 0.2 mbar; (e) back to vacuum. The Ce™™ species are
represented by pink and violet peaks. Yellow, orange, and red peaks
are specific to Ce™ species. (B) Typical deconvolution of the Ce'™ and
Ce" peaks. (C) Evolution of the fraction of Ce™ (ce(un)) during the
NAP-XPS experiment. See Table S3 in the Supporting Information for
the details of the fitting procedure.

samples, the Gd spectrum showed no significant evolution, as
expected. The exposure of both Gd,0,S and GdCeO,S samples
to water vapor led to a partial S™'—S" conversion within 2 h
(Figure 6C); the S™™ species correspond to the oxysulfide,
while S is attributed to sulfite ions (SO3)*~ formed in a step
during the sulfide to sulfate transformation.”” The addition of
O, in the chamber led to an increase in SV concentration
within a few minutes, suggesting that O, is a stronger oxidizing
agent in comparison to water.

The evolution of the SV fraction is more complex. Initially,
the SV! species are attributed to sulfates formed during the short
exposure of the nanoparticles to air. For both samples, this
fraction does not significantly decrease during subsequent
treatments, suggesting that the SV formed in the room
atmosphere prior to the XPS measurement is irreversible. In
Gd,0,S, the quantity of S species increases during the last
steps of exposure to O, and of pumping. However, in
GdCeO,S, this quantity remains almost constant over the
course of the further treatments (Figure 6C). It is possible that
Ce"" was playing a sacrificial role, thus preventing sulfur from
further oxidation (Figure 7).

During exposure to water vapor and then to O,, sulfur
oxidation is accompanied by an oxidation of Ce™ into Ce",
especially during the early stage of exposure to air (Figure 7C).
However, this oxidation is limited and the Ce™/Ce!V ratio
remains significant, consistent with the fact that the bulk crystal
structure, which contains Ce'!,, is preserved, as observed ex situ
in the y = 50% samples.

Restoring the high-vacuum conditions almost restored the
initial S~ fraction and affected the Ce™ fraction. Flahaut et al.
previously observed a similar reversibility by heating bulk
Ce,0,8 to 1300 °C under vacuum.>” Tkeue et al. also reported
that oxysulfate sheets can be reduced to oxysulfide sheets under
an H, atmosphere.47 Here, the process occurs at room
temperature but the ultrahigh-vacuum conditions play a
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reducing role; furthermore, the effect is enhanced in nano-
particles owing to the high surface/volume ratio. Having said
this, the reversibility of the reduction under vacuum conditions
is different from the oxysulfide/oxysulfate transition, since the
XRD patterns of our samples did not show any structural
modification even after several months. This further supports
the argument that the oxido reduction process is favored at the
surface of the nanoparticles.

B CONCLUSION

In this article we showed that cerium oxysulfide Ce,0,S
nanoparticles can be successfully prepared using colloidal
synthesis and that these particles are chemically stable under an
inert atmosphere. Their brown color is identical with that of
previously reported bulk samples, and the present XANES
study shows that they are free of oxidized sulfur species.

We investigated the surface reactivity of related Gd,O,S
nanoparticles, whose metal cation cannot undergo redox
reaction in air. We showed that the formation of oxidized
sulfur in air is a swift process, in contrast to previous reports on
the stability of these nanoparticles in air.

The synthesis of bimetallic Gd,(;_,)Ce,,0,S nanoparticles
was achieved using the same colloidal route. For all y, we find a
linear variation of the lattice parameter a with y according to
Vegard’s law, thus indicating that confirming the substitution of
Gd by Ce in the same site. The exposure of the nanoparticles to
air revealed three distinct regimes in terms of structure
robustness: (i) for y = 0—0.4, no structural change was
observed; (ii) for y = 0.5—0.8, the excess of cerium with respect
to the threshold value of 0.4 is ejected from the nanoplates,
forming small nanoparticles aside; (iii) for y > 09, the
nanoparticle structure was not stable in air and evolved into
CeO,, as indicated by a in situ XANES study showing oxidation
of Ce to Ce".

A complementary NAP-XPS study provided deeper insights
into the reactivity of the nanoparticles with air (Figure 8). We
found that water vapor favored the formation of intermediate
S species, proposed to be sulfite anions and that this process is
favored by the addition of O,. In the case of Ce-containing
nanoparticles, the process is accompanied by the partial
oxidation of Ce'' to Ce".

Altogether, the reactivity of cerium in lanthanide oxysulfide
was found to be tempered by the presence of gadolinium in the
same lattice. Optical and magnetic properties of this series of
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bimetallic nanoscaled oxysulfides will be described in a
forthcoming article. Generally, the substitution strategy seems
to be a promising way to reach new families of nanoscaled
metal oxysulfides with tailored physical and chemical proper-
ties. The surface reactivity of these objects should be taken into
account for applications that require long-term air stability (e.g.,
lighting), colloidal stability (e.g., inks), or controlled interaction
with living organisms (e.g., MRI contrast agents).

B EXPERIMENTAL SECTION

Synthesis of Gd,;_,Ce,; 0,5 Nanoparticles. Bimetallic oxy-
sulfides were prepared via a solvothermal reaction including a mixture
of organic solvents and metallic complexes. Oleylamine (OM;
technical grade, 70%), oleic acid (OA; technical grade, 90%), sulfur
(Sg; >299.5%), and sodium oleate (Na(oleate); >99%) were purchased
from Sigma-Aldrich. 1-Octadecene (ODE; technical grade, 90%) was
purchased from Acros Organics. Gadolinium acetylacetonate hydrate
(Gd(acac);«H,0; 99.9%) and cerium acetylacetonate hydrate (Ce-
(acac)yaH,0; 99.9%) were purchased from Strem Chemicals. All
products were used as received without further purification.

In a typical synthesis of Ce,0,S, Ce(acac);«H,0 (0.50 mmol), Sg
(0.032 mmol), Na(oleate) (0.50 mmol), OM (17 mmol), OA (2.5
mmol), and ODE (32.5 mmol) were placed in a 100 mL three-neck
flask at room temperature. The brown solution was heated to 120 °C
under vacuum for 20 min to remove water and other impurities with
low boiling points. The mixture was then heated to 310 °C and stirred
at this temperature for 30 min under purified N,. Then it was left to
cool under N, to room temperature and was directly transferred to an
inert-atmosphere glovebox (H,0, <0.5 ppm, O,, <0.5 ppm). The
crude product can be dispersed into anhydrous THF. After several
centrifugations in anhydrous THF, a brown paste of Ce,0,S
nanoparticles was obtained.

In a typical synthesis of GACeO,S, Gd(acac);xH,0 (0.25 mmol),
Ce(acac);«H,0 (0.25 mmol), Sg (0.032 mmol), Na(oleate) (0.50
mmol), OM (17 mmol), OA (2.5 mmol), and ODE (32.5 mmol) were
placed in a 100 mL three-neck flask at room temperature. The brown
solution was heated to 120 °C under vacuum for 20 min to remove
water and other impurities with low boiling points. The mixture was
then heated to 310 °C and stirred at this temperature for 30 min under
purified N,. The transparent solution gradually became turbid starting
from 280 °C. Then the mixture was left to cool to room temperature
under N,. The nanoparticles were isolated using ethanol and washed at
least three times using a THF/ethanol (1/5) mixture to remove the
remaining reagents and organic matter. A 40—90 mg amount of dried
Gdy(1,)Cey,0,S particles was thus obtained depending on the initial
cerium loading.

It should be noted that a significant decrease in the reaction yield
(measured after several washings of the nanoparticles in air) was
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observed along with the amount of cerium introduced in the
nanoparticles: starting from 0.5 mmol of lanthanide precursor, a
yield of around 100% vs Gd (95 mg of powder) was obtained for y =
0% (Gd,0,S), while a yield of 48% (45 mg) was obtained for y = 70%
(GdpeCe40,8).

X-ray Powder Diffraction. The different X-ray diffraction patterns
of dry powders were measured on a Bruker D8 diffractometer using
Cu Ka radiation at 1.5406 A. Typical diffractograms were collected
with steps of 0.05° and a scanning speed of S s/point. The
backgrounds of the patterns were subtracted using the EVA software.
When low-noise Si monocrystal sample holders were used, the angular
position 26 was corrected by adjusting the sample height (correction
around 0.5—1 mm, see Figure S7 in the Supporting Information).

Transmission Electron Microscopy and High-Resolution
TEM. A drop of a diluted solution of Gd,(;_,)Ce,,0,S dispersed in
pure THF was allowed to dry on an amorphous carbon coated copper
grid. TEM images were collected with a TWIN 120 (TECNAI
SPIRIT) instrument at 120 kV and with a JEOL 100CF apparatus.
HRTEM was performed on a FEG-TEM JEOL 2100F instrument at
200 kV. For Ce,0,S, a drop of a diluted dispersion of the crude
nanoparticles in THF was deposited on a copper grid inside the
glovebox. The grid was stored under argon and swiftly inserted into
the transmission electron microscope.

Energy Dispersive X-ray Spectroscopy. A small amount of
powder was deposited on carbon adhesive tape on a scanning electron
microscope sample holder. EDX analyses were performed on a SEM
HITACHI S-3400N instrument at 10 kV. Titanium was chosen as the
reference, and analyses were performed on at least three different
zones on the sample.

Near-Ambient-Pressure X-ray Photoelectron Spectroscopy.
X-ray photoelectron spectroscopy was performed on the TEMPO B
beamline at SOLEIL on the NAP-XPS setup of UPMC. Samples were
deposited from a 30 mg:-mL™~" solution of dispersed nanoparticles in
pure THF onto gold-coated (100 nm layer) silica wafers by dip-
coating. Spectra were measured under vacuum (10~° mbar), under 0.2
mbar H,0 pressure, or under 0.4 mbar H,O and O, pressure (0.2
mbar each). In order to mitigate beam damage, measurements were
performed on several spots on the sample surface.

X-ray Absorption Near-Edge Spectroscopy. Sulfur K-edge and
cerium L-edge XANES data were collected on the LUCIA beamline at
SOLEIL at an electron energy of 2.7 GeV and an average ring current
of 450 mA. The incoming photons were selected with a Si (111)
double-crystal monochromator. A 2—3 mg portion of the sample was
diluted in ca. 40 mg of graphite and was compressed to form a 6 mm
diameter pellet. Up to seven pellets were fixed with carbon adhesive
tape on a copper plate placed in a sample holder inside the
measurement chamber. During typical analyses, the pressure in the
chamber was maintained around 107> mbar. Measurements were
performed in fluorescence mode using a Bruker silicon drift detector,
with an outgoing photon angle of 10°. All data were normalized to the
edge jump and calibrated to the maximum of the first peak of sodium
thiosulfate (2470.8 eV).

Fourier Transform Infrared Spectroscopy. Infrared spectra
were collected on a Spectrum 400 (PERKINELMER) spectrometer.
The dry sample (1—-3 mg) was deposited on an attenuated total
reflectance (ATR) crystal. Transmittance was measured between 4000
and 550 cm™" with steps of 0.5 cm™".
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Abstract: Capping ligands play an important role in the
chemistry of nanoparticles synthesized with organic surfac-
tants. This is relevant to a number of device applications
where heating may cause major modifications of crystalline
nanoparticles including amorphization, surface rearrange-
ments or sintering. Ultrathin monodisperse Ln,0,S, oxysulfide
nanoparticles (Ln=Ilanthanide) obtained in a mixture of
oleylamine, oleic acid and 1-octadecene show promising
luminescence and light absorption properties. In view of
applications, one open question concerns the thermal
behavior and the role of the ligands on the thermal reactivity
of the nanoparticles. In this report, we show that the thermal
stability of Gd,0,S, nanocrystals is limited because of their

non-stoichiometric composition and strongly depends on the
annealing atmosphere. The sintering temperature of the
nanoparticles is lower in air than in inert atmosphere because
of a rapid degradation of the ligands. Annealing the nano-
particles in air enables removing the ligands without altering
the nanocrystals structure. The decomposition of the Gd,0,S,
nanocrystals in inert atmosphere exhibits a complex multi-
step behavior that was precisely modeled. This work gives a
comprehensive description of the stability conditions of
lanthanide oxysulfide nanoparticles. It establishes the con-
ditions for their practical use and opens the way to major
improvements of the surface activity of Ln,0,S nanoparticles
and related nanocrystals. )

1. Introduction

Owing to their tunable optical emission and absorption proper-
ties, lanthanide oxysulfides Ln,0,S (Ln=lanthanide and yttrium)
have found applications in various devices such as phosphors
for cathode ray tubes ™ scintillators,®” and lasers (emission
519 and absorption'?). Following the first studies carried out
in the 60’s on the synthesis, morphology and doping of bulk
samples, these compounds have been recently obtained also in
the form of nanoparticles by means of various synthesis routes.
This progress has renewed the hype for lanthanide oxysulfides,
because these nanoparticles are promising for bimodal imaging
(magnetic and optical), a key technology in nanomedicine.™™
Ln,0,S nanoparticles are synthesized either in an aqueous
or organic medium, which requires two different sulfidation
methods. In water, sulfidation is performed in a subsequent
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step by heating the precursors at high temperature (T > 600 °C)
using either sulfur vapor,"*'® CS, formed in situ (Sg in carbon)
0718 or H,5." In organic medium, sulfidation is achieved at
milder temperatures and in a single step. For instance, in a
mixture of oleylamine, oleic acid and 1-octadecene, Ln(acac),
reacts with elemental sulfur at 310°C in inert atmosphere.
Oleylamine helps dissolving the elemental sulfur and forming
reactive sulfide species.”” With the help of an alkaline source,
Ln,0,S nanoplates surrounded by organic ligands are
obtained.?¥

One open question concerns the thermal stability of nano-
scaled Ln,0,S, a factor that may limit the practical use of these
nanomaterials. For instance, the absorption of light (X-rays in
scintillators, visible light for laser absorption) is often accom-
panied by strong local heating. Owing to the high-temperature
sulfidation process, the nanoparticles obtained in aqueous
medium are typically larger than 50 nm and their crystal
structure is similar to that of the bulk phase.”?” This accounts
for a high thermal stability up to 1200°C observed for most
lanthanides (cerium excluded).”

On the other hand, the small Ln,O,S nanocrystals (below
30 nm) obtained in organic media differ markedly from bulk
crystals. Typical feature are the non-stoichiometry,®” the
presence of alkyl-chains at the surface®” and the capability of
self-assembling into wires.®™® For example, gadolinium oxy-
sulfide easily form small non-stoichiometric Gd,O,S, nanoplates
(8 nmx 1.5 nm) with x=0.4-0.6, which self-assemble in solution
into nanowires.”"??

In this report, we studied the thermal stability of gadolinium
oxysulfide nanoparticles covered with organic ligands in inert
and oxidizing atmospheres. In inert atmosphere, we discovered
a multi-step behavior with temperature that leads to the phase

539 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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segregation of bulk oxysulfide Gd,0,S and Gd,O;. This is
explained by the non-stoichiometry (x##1) of the Gd,O,S,
nanocrystals. Thanks to Fourier transform infrared spectroscopy
(FTIR) and thermogravimetric analysis coupled with mass
spectrometry (TGA-MS), we were able to determine the nature
of the ligands, their amount on the surfaces of the nanocrystals
and their coordination modes on the surface gadolinium atoms.

Under oxidizing atmosphere, a few steps of transformation
lead to the formation of both bulk gadolinium oxide and
gadolinium oxysulfate. Moreover, we could isolate ligand-free
nanoparticles by controlling the thermal decomposition of the
ligands in oxidizing atmosphere. This process removes the
highly hydrophobic character of the nanocrystals, and makes
them suitable for practical use, eg. in water or biological media.

2. Results and Discussion
Gd,0,S Nanoparticles Synthesis and Structure

Gd,0,S nanoparticles were synthesized following an optimized
protocol described in the experimental section and previously
reported by our group.?? Briefly, Gd(acac);-xH,0O (0.5 mmol) was
mixed with elemental sulfur (0.5 equiv. S vs. Gd), Na(oleate)
(1 equiv. vs. Gd) in a mixture of oleylamine, oleic acid and 1-
octadecene. The reaction was conducted at 310°C for 30
minutes and yielded the nanoparticles presented in Figure S1.

The Gd,0,S nanoparticles crystallize in the P-3 m1 hexago-
nal space group. The anisotropic growth leads to the formation
of hexagonal-shaped platelets of 7.8+1.3 nm width and 1.5+
0.2 nm thickness, i.e. two to three unit cells thick. The S:Gd
ratio is ca 0.25, hence much lower than that in the bulk phase,
as reported by Ding et al.”" and by our group®®. This result is
explained by the presence of organic ligands at the surface that
stabilize [Gd,0,]*" terminal layers on the {001} facets of the
lamellar compounds. The sample composition is thus better
described by the formula Gd,0,Sys. For the sake of clarity and
consistency with previous published works (by us and others),
we will keep below the notation Gd,0,S that best represent the
crystal structure.

Thermal Stability of Gd,0,S Nanoplates in Inert Atmosphere

The thermal stability of the Gd,0,S nanoplates was analyzed by
thermogravimetric analysis (TGA) coupled with mass spectrom-
etry in inert atmosphere (He). The results of the TGA in inert
atmosphere are presented in Figure 1.

Thermal decomposition of Gd,O,S nanoparticles is a com-
plex process that can be divided into at least six steps, as
shown in Figure 1B. The total mass loss between 25°C and
1200°C is 33.4%. One third of the sample was lost in the form
of volatile species during the heating. The mass spectrometer
installed in-line with the TG oven allowed us to precisely
identify the various gas species emitted during each step
(Figure 2).
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Figure 1. (A) Thermogravimetric analysis of Gd,0,S nanoplates performed in
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Figure 2. Thermal evolution of the major fragments detected in the gas
phase by mass spectrometry: H,0 (m/z 18), CO (m/z 28), H,S (m/z 34), C;Hs
(m/z 41) and CO, (m/z 44).

Remarkably, the chemical processes are well separated. For
the sake of clarity, only major volatile products detected are
shown in Figure 2.

(i)  From 40 to 210°C: H,0 (m/z 18, 17, 16)+CO, (m/z 44, 28,

16, 12)

(i)  From 210 to 360°C: CO, (m/z 44, 28, 16, 12)
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(iii) From 360 to 490°C: hydrocarbon species C,H, (from alkyl
chains of ligands) +CO,+CO (m/z 28, 16, 12) +H,0

(iv) From 560 to 710°C: 2 substeps: CO,+ CO first, then only
co

(v) From 780 to 900°C: CO

(vi) From 1020 to 1120°C: H,S mainly (m/z 34, 33), and traces

of H,0

The loss of water and CO, around 100°C is attributed to
physisorbed molecules. The detection of these species is
expected, considering that the condensation of acetylacetonate
ligands on oleylamine during the synthesis generates H,O in situ
and considering that the samples were isolated and washed in
ambient air (Figure 1B step (i)).5"

In step (ii), the decarboxylation of oleate molecules starts
and CO, is formed. The sole release of CO, must involve oleate
groups in which the terminal functionality —(COO-) is rather
labile and able to decarboxylate. A number of COO groups are
likely farther away from the Gd sites and thus decarboxylated at
this step (free oleic acid and weakly bonded oleate), while
others oleate molecules remain strongly bonded to the surface
of the nanoparticles. Because no C,H, are detected at this step,
we propose that the alkyl chains of the oleate molecules
decarboxylated in step (ii) remain bonded to the oleate groups
that are still coordinated to the surface gadolinium. The long
alkyl chains may be bonded either by weak interactions
between the hydrophobic chains or covalently by reaction via
the C=C double bonds.

In step (iii), a major decomposition of organic-based ligands
occurs, resulting in the detection of numerous fractions related
to long alkyl chains. Evidence for this is the release of a set of
fragments at m/z 41, 55, 43, 69, 81 shown in Figure 3, resulting
from the cleavage of the oleate ligands followed by hydrogen
radical recombination. The main ion at m/z 30 characteristic of
oleylamine is absent of the mass spectrum, which indicates that
there is no significant amount of oleylamine vs. oleates on the
surface of the nanoparticles.®?

It is well known that the decomposition of organic ligands
provides not only volatile molecules, but also a carbonized solid
residue called free carbon. It results from cracking of the
organic chains and recombination of radicals. This degradation
step causes the most important mass loss in step (iii), along
with the loss of CO,, CO and H,0. The decarboxylation goes on
and the released CO, can react with the free carbon to yield CO
according to the Boudouard reaction: CO,+C=2 CO. CO and
H,O can also form by decarbonylation of carboxylate moieties
during the ligand decomposition.

There are two crucial points here. First, during steps (ii) and
(iii), ligands undergo important modifications: the charge
balance can still be ensured by the remaining carboxylates
groups. In the meantime, the surface becomes more accessible
and thus sintering becomes easier (Figure 4).

Second, as the crystals grow and sinter, the lack of sulfur in
the powder makes the formation of larger crystals of stoichio-
metric Gd,0,S impossible. The formation of large crystals of
non-stoichiometric Gd,0,S_,5 is prohibited as charge balance
would not be respected in this case (there are no more ligands
to compensate the charge). We could also imagine that the free
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carbon at the surface of the crystals could limit the sintering
process. However, we observe at high temperatures (>900°C)
the coexistence of large crystals of Gd,0.S with allotropes of
Gd,0; on the XRD patterns of the annealed powders (Fig-
ure S2).

Step (iv) can be divided in two sub-steps regarding the
evolution of the fragments corresponding to CO, and CO
(Figure 2). Carbon dioxide comes from the end of the decarbox-
ylation process. Carbon monoxide is likely the product of the
reaction between the free carbon (formed by the decomposi-
tion of the ligands carbon chains in step (iii)) and CO, according
to the Boudouard reaction. The equilibrium favors the forma-
tion of CO at high temperatures, which could explain that CO
becomes the major product in (iv)-b (Figure 2B).

At the same time, oxygen from the ligands necessarily feeds
the surface of the nanoparticles to maintain charge balance.
The carboxylate groups coordinated on the surface form
C—0-Gd bonds. Upon heating, a number of the C—O bonds
break, leaving excess oxygen on the surface (Figure 4). [Gd,0,]?
* terminal layers become [Gd,0,s]" (red layers in Figure 4)
while the ligands decompose. The average formula for the
resulting nanoplate turns from [Gd,0,5,¢1°®" to neutral
Gd,0,355067. In parallel, the phase separation and growth lead
to large crystals of Gd,0,S and Gd,0s.
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the powder of Gd,0,S nanoplates. Infrared spectroscopy was
then employed to determine the chemical bonds present in the
nanopowders. A representative IR spectrum of Gd,0,S nano-
plates is displayed in Figure 5. The main absorption bands are
due to the oleate ligands: 2959 cm™' (CH; asymmetric elonga-
tion); 2923 cm™' (CH, asymmetric elongation); 2853 cm™' (CH,
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Figure 5. (A) FTIR spectrum of Gd,0,S nanoplates collected in ATR mode.
The peak at 850 cm ™" is under investigation. (B) Four coordination modes
between a carboxylate ligand and a metal as references by Deacon and
Phillips: monodentate (1), chelating (1l), bridging bidentate (Ill) and
monoatomic bridging (IV).2¥ Geometric derivatives mixing different bonding
types also exist and are not presented.
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symmetric elongation); 1497 cm™' (COO asymmetric stretching);
1385 cm™' (COO symmetric stretching).

The frequency difference between the asymmetric and
symmetric stretching bands of the COO group is indicative of
the bonding type of the carboxylate ligand. In particular,
Deacon and Phillips® indexed more than eighty acetate or
trifluoroacetate compounds whose crystalline structures and
infrared spectra were available, according to the acetate
coordination type: unidentate ligand, chelating ligand, bridging
bidentate ligand and monoatomic bridging ligand (Figure 5B).

For the nanoparticles studied here (Figure 5A), the differ-
ence between the two stretching modes of COO group is Av=
1M2em™ (v, =1497 cm™' and v,,,=1385cm™"). In compar-
ison, the values measured on sodium oleate are Av=100, 118
and 139 cm™' (separation of the symmetric band in three
contributions, see Figure S3). The low value of Av (<150 cm™),
close to the value of the corresponding sodium carboxylate, is
typical of chelating or bridging carboxylate ligands, and rules
out the monodentate ligand configuration (Figure 5B, coordina-
tion mode I). Moreover, in comparison with the numerous
structures presented by Deacon and Philips, this value is one of
the lowest, and suggests that chelation is favored in our case
(Figure 5B, coordination mode II).

On the basis of thermogravimetric analysis, the calculated
amount of ligands is around 30 wt% of the Gd,O0,S nano-
particles powder. It is thus possible to estimate the ratio
between the quantity of oxygen coming from the oleate ligands
and the exposed gadolinium of our nanoplates, considering the
nanoplate geometry (Figure S1).

We based this estimation on the average mass of powder
obtained per synthesis: 100 mg fractioned between 3 mg of
lightly adsorbed products (including water, step (i) in Figure 2),
30 mg of oleate ligands and 67 mg of Gd,0,S, nanocrystals.
Because only 40% of the gadolinium of the nanoplates is
exposed to the surface (both {100} and {001} facets), we
calculated that each gadolinium atom monopolized 1.43 oxy-
gen atoms from the oleate ligands (Figure S4). For such a value,
a mix between chelation (two oxygen atoms per metallic
cation) and bridging (one O per M) can be envisaged. This
result is in agreement with the structures of lanthanide
carboxylates (from samarium to lutetium®' and yttrium®®) for
which the IR signals evidenced a ratio of 2 chelating ligands for
1 bridging ligand (total: 1.6 O/Ln).

However, with this ligand quantity, the charge compensa-
tion is not reached. If we assume the Gd,0,S,s formula for the
nanoparticles (+ 1 total charge), they should be surrounded by
1 equiv. of oleate ligands (—1 charge per molecule) to achieve
the charge balance. Here, approximately 0.72 oleate ligand per
Gd,0,S surrounds the nanocrystals, which is not enough.
Nevertheless, one should remember that the oleate ligands are
mainly bonded to gadolinium atoms by chelation. It means that
there is not much remaining space for an additional ligand to
bond a metal. Actually, the number of oleate ions represents a
spatial occupation of 4.5 ligands/nm? which is already a high
value for such ligands (values in the literature are closer to
0.2nm? for each —COO~ group).®’*® Accordingly, Anderson
etal. reminded that the steric hindrance between the alkyl
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chains of the oleate will limit the coverage to the density of
crystalline alkyl chains (4.9 chains/nm?).2%4%

In this first part, we described the thermal behavior of the
nanoparticles annealed under inert atmosphere. This allowed us
to identify the nature and to estimate the number of organic
ligands surrounding the nanoparticles. However, technological
use of such nanoparticles will likely include heating devices
under ambient atmosphere. To model these conditions, we
performed a second analysis in flowing gas containing a
mixture of helium and O,.

Thermal Behavior Under Oxidizing Atmosphere and Ligand
Removal

The thermal behavior of Gd,0,S nanoplates was investigated
under oxidizing atmospheres with an air-like mixture (O,/He
with 20/80 v/v) and at intermediate reaction temperatures, in
order to identify the nature of the solid formed at the most
relevant steps.

Under O,/He (20/80 v/v), the final mass loss is lower than in
inert atmosphere (Figure 6). This is due to the formation of
gadolinium oxysulfate Gd,0,50,, detected by XRD (Figure 7).
These compounds are known to form from oxysulfides in
oxidizing medium (the reverse reaction is possible using H,)
and were shown to be promising for thermally activated
oxygen storage.”"

It is worth noting that the thermal decomposition in oxygen
observed in the TGA curve (Figure 6) occurs in three steps. The
first mass loss between 40°C and 200°C is quite similar to that
obtained in inert atmosphere, and corresponds to the loss of
physisorbed species H,O and CO,. The major mass loss of 25%
occurs in the second step between 250°C and 400°C. The last
step above 500°C implies a moderate loss of the sample mass
(4%).

In order to identify the intermediate compounds, we
performed two additional experiments for which we stopped
the heating ramp at selected temperatures: 350°C (within step
(i) in Figure 6A) and 517°C (after the end of step (ii)). The
temperature was kept constant for twenty minutes before
cooling down and collecting the powder. When heated around
350°C for 20 minutes, although the ligands have undergone
considerable changes, the resulting product still corresponds to
Gd,0,S nanocrystals (Figure 7B), as attested by the broadness of
the XRD peaks which is similar to these of the starting material.
TEM confirmed this by showing the presence of small
polycrystalline aggregates as well as nanoparticles still isolated
in the sample (see Figure S6). Infrared spectroscopy after this
20 min plateau confirms that the alkyl chains are not detected
anymore (Figure S3).

In comparison, the same thermal treatment at 517°C led to
nanoscaled powders majorly consisting of gadolinium oxide.
For higher temperatures, XRD indicates that the oxysulfide
phase completely disappears as a result of the oxidizing
treatment. It may form first an amorphous intermediate, while
part of the product crystallizes into cubic gadolinium oxide
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Figure 6. Thermal behavior of Gd,0,S nanoplates under oxidizing atmos-
phere. Evolution of the mass (A) and fragments from mass spectrometry: (B)
H,0 (m/z 18), CO (m/z 28), C;Hs (m/z 41), CO, (m/z 44) and (C) various C,H,
species.

(Gd,0;-cubic). Then the amorphous part crystallizes into
gadolinium oxysulfate (Figure 7A).

In this section, we demonstrated that the inorganic crystal
of Gd,O,S is stable up to around 350°C under oxidizing
atmosphere. The nanoscale of the particles is also preserved at
this temperature. It is thus possible to remove the surface
ligand at this temperature without degrading the inorganic
core of the nanoparticles.
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Figure 7. Powder XRD patterns of annealed Gd,0,S nanoplates under O,:He
(20/80 v/v), (A) at 900 °C (pink) and 777 °C (purple), (B) 517 °C (violet) and
346°C (blue). In (A) the heating was stopped once the target temperature
was reached. In (B), the target temperature was maintained for 20 min
before cooling down. XRD pattern references are JCPDS files 26-1422
(Gd,0,S, blue), 12-0797 (Gd,05-cubic, pink) and 77-9842 (Gd,0,SO,, black).

Conclusion

Several analytical techniques w employed to monitor the
thermal treatments of Gd,0,S nanoplates stabilized by organic
ligands. Our results demonstrate that the thermal stability
critically depends upon the surrounding atmosphere. In inert
atmosphere, the degradation of the nanoplates follows a multi-
step process associated with a variety of mechanisms (dehy-
dration, decarboxylation, ligand degradation, decarbonation/
decarboxylation and sintering) that lead to distinct mass losses.
In oxidizing atmosphere, the various reactions occur simulta-
neously at lower temperatures. The sulfur-defective structure of
the nanocrystals triggers off the formation of gadolinium oxide
crystals as well as oxysulfide or oxysulfate species depending
on the atmosphere.

This study offers a description of the surface species present
on the nanocrystals. Our analysis rules out the possibility of a
significant amount of amide ligands derived from oleylamine
chains and shows that only oleate groups cover the nano-
particle surface. The oleate groups are coordinated to gadoli-
nium surface atoms in both chelation and bridging modes.We
also demonstrated that the hydrophobic oleate chains are
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readily removed by a mild treatment at 350°C in oxygen, which
does not alter the nanoplate features. This smooth process may
be useful in view of the practical applications of these nano-
materials as thin films for lightening devices or for the post-
functionalization with hydrophilic ligands for biomedical appli-
cations.

Experimental section

Synthesis of Gd,0,S Nanoparticles

Gadolinium oxysulfide nanoparticles were prepared under inert
atmosphere in a mixture of organic solvents following a previous
report.”? Oleylamine (OM; technical grade, 70%), oleic acid (OA;
technical grade, 90%), sulfur (Sg >99.5%) and sodium oleate (Na
(oleate); >99%) were purchased from Sigma-Aldrich. 1-Octadecene
(ODE; technical grade, 90%) was purchased from Acros Organics.
Gadolinium acetylacetonate hydrate (Gd(acac);xH,O; 99.9%) was
purchased from Strem Chemicals. All products were used as
received without further purification.

In a typical synthesis of Gd,0,S, Gd(acac);-xH,0 (0.50 mmol), Sg
(0.032 mmol), Na(oleate) (0.50 mmol), OM (17 mmol), OA
(2.5 mmol) and ODE (32.5 mmol) were placed in a 100 mL three-
neck flask at room temperature. The yellow solution was heated to
120°C under vacuum for 20 min to remove water and other
impurities with low boiling points. The mixture was then heated to
310°C and stirred at this temperature for 30 min under purified N,.
The transparent solution gradually became turbid starting from
280°C. Then the mixture was left to cool to room temperature
under N,. The nanoparticles were isolated by centrifugation using
ethanol and washed at least three times using a THF/ethanol (1/5)
mixture to remove the remaining reagents and organic matter.

Thermogravimetric Analysis Coupled with Mass Spectrometry
(TGA-MS)

Thermogravimetry analysis (TGA) (Netzsch STA449F3 Jupiter appa-
ratus) coupled with a quadrupole mass spectrometry (MS) (Aéolos
QMS403D, 70 eV, electron ionisation) via a heated capillary system
was used to monitor the decomposition of samples during the
annealing process and to analyze the evolved gaseous species.
Before each experiment, the TGA system was first evacuated and
then flushed with the same ultrahigh purity gas which was used for
the thermal treatment. The experiments were carried out under
dynamic inert or reactive gas: He (99.999% purity) or 20% O, in He
(99.999% purity) at a flow rate of 50 cm*/min. The samples were
heated in Al,O; crucibles up to 900°C or 1200 °C with a heating rate
of 2°C/min.

X-ray Powder Diffraction (XRD)

The X-ray diffraction patterns of dry powders were measured on a
Bruker D8 diffractometer using Cu Ko radiation at 1.5406 A.
Diffractograms were collected with steps of 0.05° and a scanning
speed of 5s/point. The backgrounds of the patterns were
subtracted using the EVA software.

Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectra were collected on a Spectrum 400 (PERKINELMER)
spectrometer. The dry sample (1 to 3 mg) was deposited on the
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attenuated total reflectance (ATR) crystal. Transmittance was
measured between 4000 cm™' and 550 cm™' with steps of 0.5 cm™".
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Abstract:

Nanomaterials possess fascinating properties but are regarded as potentially harmful. This negative image limits
the potential for innovation in both research and industry. To maximize the potential of emerging nanomaterials
and ensure safety during their life cycle, “safer-by-design” may be employed in the early stage of nanomaterial
research. It consists in investigating their properties, functionality and toxicity at the same time. With feedback

between each step of the studies, the performance as well as the safety of the materials may be improved.

Bimetallic gadolinium-cerium oxysulfides of compositions Gda(1-Ce20-S are emerging nanomaterials that
show potentials in photocatalysis and biomedical imaging. Nanoplatelets of dimension 2 x 20 nm were prepared
by colloidal synthesis in organic solvent. In-depth characterization of the products was provided. Then,
safer-by-design approach was discussed in relation with oxysulfide nanoplatelets design for photocatalysis (light
absorption, photodegradation of dyes, radical production) and biomedical imaging (coating, photoluminescence,
magnetic properties). Their potential toxicity was assessed using a combination of in vitro (murine macrophage
RAW 264.7) and in vivo (C57BL/6 mice) models. For both applications, the cerium content and the surface
properties of the nanoplatelets appeared to be key parameters that impact their functionality and toxicity. Overall,

this work presents the first attempt to develop safer-by-design metal oxysulfide nanoparticles.

Résumé :

Les nanomatériaux possédent des propriétés fascinantes, mais sont considérés comme potentiellement dangereux.
Cette image négative limite les possibilités d’innovation dans la recherche ainsi que dans 1’industrie. Afin
d’utiliser au mieux le potentiel des nanomatériaux émergents et d’assurer la sureté tout au long de leur cycle de
vie, I’approche « safer-by-design » peut étre appliquée des les premicres étapes de la recherche. Il s’agit d’étudier
simultanément leurs propriétés, leur fonctionnalité et leur toxicité. Avec les informations acquises a chaque étape,

la performance et la sureté de ces matériaux pourraient étre améliorées.

Les oxysulfures bimétalliques de gadolinium et de cérium de compositions Gda.nCe2O02S sont des
nanomatériaux émergents, prometteurs pour la photocatalyse et I’imagerie biomédicale. Des nanoplaquettes de
dimension 2 x 20 nm ont été préparées par synthése colloidale en milieu organique. Une caractérisation
approfondie des produits a été fournie. Ensuite, I’approche « safer-by-design » a été discutée en relation avec la
conception des nanoplaquettes d’oxysulfure pour la photocatalyse (absorption de lumiére, photodégradation de
colorants, production de radicaux) et I’imagerie biomédicale (revétement, photoluminescence, propriétés
magnétiques). Leur toxicité a été étudiée par une combinaison de modeles in vifro (macrophage murin
RAW 264.7) ainsi que in vivo (souris C57BL/6). Pour les deux applications, le taux de cérium et les propriétés
de surface des nanoplaquettes semblaient étre les paramétres clés qui influent a la fois sur leur fonctionnalité et
leur toxicité. Globalement, ce travail présente la premicre tentative de développement de nanoparticules

d’oxysulfure métallique « safer-by-design ».
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