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Abstract:

Among the inorganic compounds, many oxides and sulfides are known to be semiconductors.
At the crossroads of these two families, oxysulfide M,O,S, compounds were much less
investigated because they are scarce in nature and complex to synthesize. Amongst them,
lanthanide oxysulfide Ln,O,S (Ln = lanthanide) are indirect bandgap semiconductors, with
wide gaps, except Ce,0,S.

(Gd,Ce),0,S anisotropic nanoparticles with hexagonal structure were obtained over the whole
composition range and exhibit colors varying from white to brown with increasing Ce
concentration. Bandgap engineering is thus possible, from 4.7 eV for Gd,0,S, to 2.1 eV for
GdosCe1.40,S, while the structure is preserved with a slight lattice expansion. Surprisingly,
due to the limited thickness of the lamellar nanoparticles, the bandgap of the nanoparticles is
direct as validated by density functional theory on slabs. The fine control of the bandgap over
a wide range, solely triggered by the cation ratio, is rarely described in the literature and
highly promising for further development of this class of compounds. We propose a multi-
regime mechanism to rationalize the bandgap engineering over the whole composition range.
This should inspire the design of other bimetallic nanoscaled compounds, in particular in the

field of visible light photocatalysis.



1. Context and objectives

The crystallographic structure of lanthanide and actinide oxysulfide RE,O,S (RE: rare earth)
was solved for the first time during the 1940’s. From these pioneering works, numerous
studies were published on the preparation of these phases and their optical properties. In

particular, doped Ln,O,S (Ln = La, Gd, Y) turned out to be excellent phosphors with good
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efficiencies for scintillators,** upconversion materials°® and bioimaging capabilities.”
These crystalline phases are stable in air.

With the development of nanotechnologies during the past 20 years, rare-earth based
materials, and especially Ln,O,S oxysulfide nanoparticles, emerged due to a growing interest
for nanophosphors with good chemical and thermal stability, lower toxicity and better
luminescence quantum efficiency than oxides. Among others, Ding and coworkers developed
a versatile colloidal synthesis in organic solvents for Ln,O,S nanoparticles (Ln =Y, La, Pr,
Nd, Sm-Tb).'? The properties of doped Ln,0,S oxysulfides were widely explored, but only a
few studies focused on the properties of these without doping.

" can easily oxidize into Ce'. This

Ce,0,S is a peculiar case in the Ln,O,S series because Ce
unique reactivity, related to the [Xe] 5d° 4f* electronic configuration of Ce", led to the
description of mixed-valence structure of cerium oxysulfides, namely Ce,0,5S,%"
Ce;04S3," and Ces06S4." In air and at room temperature, bulk Ce,0,S slowly oxidizes.*®

We showed in a previous work that Ce,O,S nanoparticles can be obtained, provided that
synthesis and storage are performed under inert atmosphere. 15 nm wide and 2 nm thick
nanoplates were formed by colloidal synthesis in organic solvent. Because of their high
specific surface, brief exposition to air or water swiftly oxidize both cerium and sulfur,
triggering the degradation of the nanoparticles.”® Bimetallic lanthanide oxysulfides

(Gd Ce),0,S nanoparticles were also synthesized and their stability in air was found to

decrease when the Ce:Gd ratio increase: up to 40 % cerium vs. gadolinium, the nanoparticles



were structurally stable, although significant surface oxidation was observed on both sulfur
and cerium.™

Beyond its lack of stability in air, Ce,0,S is also peculiar because of its electronic and optical
properties. Unlike the other lanthanide compounds, Ce,0,S is not whitish but deep brown.***’
This absorption of the visible light suggests that Ce,O,S is a semiconductor whose bandgap is
much lower than the others (<2.0eV for Ce;0,S, >3.0eV for the other lanthanide
oxysulfides).

In this work, the optical and electronic properties of the bimetallic Gdy(.y)Cez0,S
nanoparticles are discussed. First, UV-diffuse reflectance spectra demonstrate the presence of
two regimes in the Gdy(1.y)Cey0,S series: (i) a “doping” regime for low y values for which
two distinct absorption phenomena are observed and (ii) a “solid solution” regime for y >5 %
with a large absorption band which shifts with cerium concentration. In the latter case, the
nanoparticles bandgap is progressively evolving with their composition. Second, an accurate
description of the nanocrystal obtained with a typical colloidal synthesis is presented and
accounts for the lack of sulfur in the final compound. Then, DFT calculations on Gd,0,S and
Ce,0,S show that the reduced thickness of the nanoparticles explain their direct bandgap
(while the bulk compound has an indirect bandgap).”® This reconciles the colors of the
powders with the bandgaps extracted from absorption spectra in UV-visible range. To the best
of our knowledge, this work presents the first example of wide bandgap variation that is easily
controlled from the cations ratio in the solid solution of an inorganic phase. It occurs without

significant structure evolution.



2. Results and discussion

2.1 Optical properties — Ln/Ce substitution and bandgap evolution

Absorption of Gdy(1-y)Ce2y0,S nanoparticles

In a previous work, we reported the synthesis of Ce,O,S nanoparticles that are unstable when
exposed to air. However, we showed that it is possible to obtain a large range of
cerium-containing Gd,.)Cez,0,S nanoparticles that are stable in air."® We also showed that
the ligands around Gd,O,S nanoparticles are oleates in bridging and chelating coordination
modes.?! Here, cerium loading is defined as y = nce / (Nce + Ngq) Where n refers to the initial
metallic precursor quantity in mol. The Gd/Ce ratios of the precursors introduced at the
beginning of the reaction and measured by energy dispersive X-ray spectroscopy (EDX) on
the isolated product were consistent (Table S1 and Figure S0), meaning that the ratio in the
final powder is similar to the introduced one. The nanoparticles were slightly larger when they
were richer in cerium (Table S2) but they presented a similar thickness of three lattice units
(Figure S3).

More Ce"' in the structure in place of Gd"' strongly affects light absorption of the
Gdy1-)Cez0,S nanoparticles powders, from white (y =0 %) to brown (y =70 - 90 %). The
Kubelka-Munk function (F(R) = (1 - R)?/ 2R where R is the reflectance, see Figure S1) is
linearly related to the extinction coefficient of the material and thus to its absorption
properties.?? The F(R) spectra of the Gdy1-)Cez0,S nanoparticles are plotted in Figure 1A.
The shoulders at ca 300 nm are due to organic ligands. Note that the range of wavelengths
where light is absorbed increases with Ce fraction. In agreement with the change of colors
observed in the powders (Figure S1), Gd,O,S absorbs only in the UV region while Ce-rich
nanoparticles absorb a large fraction of the visible light (brown powders).

Although this evolution is gradual, two regimes can be distinguished (Figure 1). In the doping

regime (0 % <y <2 %), two inflexion points are observed with a smooth absorption increase



before 500 nm and a sharp increase around 270 nm, close to the absorption step of Gd,0,S. In
the solid solution regime (y >5 %), only the smooth increase of absorption is observed and

this feature shifts towards higher wavelengths.
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Figure 1: Optical properties of (Gd,Ce),0,S nanoparticles. (A) F(R) spectra obtained from
UV-visible diffuse reflectance of Gdy(.y)CezyO.S nanoparticles for y in the 0 - 90 % range.
Samples y=80% and y =90 % are indicated by dashed lines because these samples are
unstable in air. (B) Evolution of the (F(R)2v)® vs. hv curves as a function of composition.
Dark green and blue lines are a linear extrapolation of the data. Inset: dependence of the
optical bandgap extracted from the above curves on Ce-composition, y, for the whole series of
Gdy1-)Cez0,S nanoparticles. The dashed black lines are guides to the eye.

Bandgap of Gdy(1.y)Cez,O,S nanoparticles

Thanks to the work by Kubelka et al.?? and later analyzed by Tauc et al.,?

it is possible to
extract the value of the bandgap from the reflectance spectra using the F(R) function (Figure
1B). This model is parameterized by a power n which depends on the type of bandgap. Then
the extrapolation of the linear portion of the (F(R)hv)" vs. hv curves enables to estimate the
bandgap.

In a first report, Mikami et al. suggested that the bandgap of Ln,O,S compounds is
indirect.?2?* In this case, n = %. However, in recent reports on Ln,0,S compounds, it was
argued that the bandgap is direct, which corresponds to n = 2.2% Here, the absorption of the
powders are in agreement with the latter picture, as the assumption n = %2 yielded unphysical

values of 1.2 - 4.1 eV (color mismatch) (see Figure S8). Thus, hereafter we assume a picture

of direct bandgap for the Gdy(1-y)Ce,,0,S nanoparticles.

The analysis of the F(R) spectra of Gdy(1-y)Cezy0,S nanoparticles is presented on Figure 1B.
For y > 5% (solid solution regime), the linear zone on the (F(R)hv)? curve gives a bandgap
below 3 eV. For the two compounds in the range 0 % <y <5 % (doping regime), two values
were extracted from the curves: (i) one related to cerium insertion (low energy region

2.9-3.1eV) and (ii) the other close to the bandgap of Gd,O,S nanoparticles (high energy



region 4.3 - 4.7 eV). For these two compounds, the aforementioned does not provide a unique
value. However, the strong effect of cerium on the optical properties is evident from our data.
Figure 1B inset shows the bandgaps extracted from the absorption spectra. The dark black line
in the bottom indicates a linear trend for y>2 % (solid solution regime), although the
reliability of the measurements obtained for y =80 % and y = 90 % is questionable because of
the limited stability of Ce-rich nanoparticles in air."

The shift of bandgap between Gd,0,S and GdysCe140,S (y =70 %) is remarkably large
(2.6 eV), considering that the crystal structure is preserved. As shown in a previous work, the
only structural change between the two samples consists in a 1.5 % increase of lattice
parameter a as expected from Vegard’s law.™®

In the solid solution regime, the bandgap of the nanocrystals is tunable between 3.0 eV and
2.1 eV by adjusting the nanoparticles composition. To some extent, in the high energy region,
the bandgap is also tunable in the doping regime between 4.7 eV and 4.4 eV (inset of Figure
1B, green points). In the doping regime, a relatively large energy gap separates the two energy
regions (> 1 eV) corresponding to the two distinct absorption phenomena. We will see in the

final sections that replacing Gd"' by Ce'"

disrupts the electronic properties of Gd,0,S
nanoparticles in a large extent. We can suspect that the mixed valence of cerium®® can be at
least partially responsible for the strong absorption in the visible range but so far, we have no

experimental evidence to support this hypothesis.

Comparison with other class of compounds

Bandgap engineering enabling large changes of absorption spectra has been discussed for
many materials. In general, these changes typically require significant structural changes. In
composite semi-conductors, the gap energy variation is related to the interatomic distance.
That is why bandgap shifts can be observed as a consequence of anionic or cationic

substitution. The more the structure is modified (variation of the interatomic distances), the



higher the expected shift. For example, the anionic substitution was investigated in hybrid
lead-halide perovskites, extensively studied for their promising properties for solar cells
applications.””  The substitution of bromine by iodine in (CHA)PbBralax
(CHA = cyclohexylammonium) is accompanied by a bandgap decrease of ~ 0.7 eV between
(CHA),PbBr, and (CHA),Pbl, but with significant structural modifications.?® Solid solutions
of CdS,Sei are also known to exhibit large absorption shifts.”® Copper zinc tin sulfide
(CZST)* and Copper indium gallium selenide (CIGS)*" thin films also exhibit a bandgap that
is related to the cations stoichiometry and may vary in a broad range. Similar effect was
observed on gallium indium oxide nanoparticles.® In the case of oxysulfides, Sm,Ti,O; and
Sm,Ti,05S; show a bandgap variation of AEq~ 1.6 €V but no solid solution can be formed.*
The substitution of two cations also significantly changes the bandgap: 3.8 eV for ZnS, 2.5 eV
for CdS and 2.1 ¢V for a-HgS.* In addition to strong variations of lattice parameter in
isostructural solid solutions, the substitution of zinc by cadmium in Zn;Cd,S drives a cubic

blende ZnS to hexagonal CdS structural transition.*

In conclusion, the present system is rare because, within well-defined and small nanoplates,
the cationic substitution is responsible for an important absorption shift with neither structural
nor morphological modifications. In view of this promising result, we investigated whether

Ce-substitution constitutes an exception or other substitutions would give similar results.

Comparison with Pr and Eu cation balance

We have chosen Ce,0,S among all Ln,O,S compounds because it is the only low bandgap
semiconductor. The insertion of other lanthanides is expected to have less effect on the
absorption. Also, the question arises whether the insertion of Ce in other Ln,O,S compounds
may lead to absorption shifts similar to those observed in Gdy.,)Ce2,O,S nanoparticles.

Other bimetallic nanoparticles were synthesized to investigate this effect. We selected Pr and

Eu, the former because of its cation size (1.20 A) close to Ce (1.21 A), the latter because of its



two oxidation states (here, +Il and +III). Using Ce(acac)s-xH,O, Pr(acac)s-xH-0,
Eu(acetate)s-xH,O and Gd(acac)s-xH,O as lanthanide precursors, nanoparticles of Pr,0,S
(light green powder), Eu,0,S (white powder), Gd; gPro20,S (white powder), Gd; gEug20,S
(white powder), Pr;sCe,0,S (orange powder), and Eu;gCe,0,S (yellow powder) were

obtained. The F(R) spectra of these bimetallic nanoparticles are presented on Figure 2.

For Gdj sLng»0,S compounds (Ln = Ce, Pr, Eu), the most significant effect on the absorption
is obtained with cerium (Figure 2A). For Gd; gPry20,S, two absorption edges are observed at
280 nm close to Gd,0,S edge and 320 nm closer to the absorption edge of Pr,0,S (around
350 nm, Figure 2B and C). In the case of europium, the edge is shifted to lower wavelengths

(below 250 nm) and a broad peak on the curve grows around 340 nm (Figure 2B).
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Figure 2: Optical properties of (Ln?,Ln?),0,S nanoparticles. (A) Sample colors and bandgap
values estimated using the model proposed by Tauc et al. for A;gBy20,S nanoparticles
(ng / (Na + ng) = 10 %).?® F(R) spectra for (B) gadolinium-based bimetallic Gd;glng20,S
oxysulfides, with Ln = Ce, Pr and Eu; (C) Eu,0,S, Eu; gCe,0,S, Pr,0,S and Pry gCep,0,S.

The Euy gPro20,S spectrum is presented on Figure S2.
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Inserting cerium in Pr,O,S and Eu,O,S leads to similar effects on light absorption than
Gd,0,S (Ln;gCey20,S compounds, Figure 2B), even if the bandgap shift caused by Ce"' in
gadolinium oxysulfide remains by far the largest. The nanoparticles absorb higher
wavelengths as the bandgap decreases. Moreover, the absorption peaks specific to transitions
between 4f energy levels of the monometallic compounds are no longer present in the
bimetallic compounds whose absorption curves are smooth.

These results demonstrate that the effect of cerium on the bandgap is not specific to
gadolinium compounds. Instead, the incorporation of cerium allows tuning the bandgap of at
least two other Ln,O,S compounds (Ln = Pr or Eu).

Cerium appeared to be unique among the lanthanide investigated. To explain the bandgap
nature and its huge sensitivity of the optical properties to the Ce concentration, we underwent

an in-depth structural and modeling study.

2.2. Gdy(1.y)Ce2yO,S nanoplates: a sulfur-deficient structure

Nanoparticles morphology

The Gdy1-y)Ce0,S nanoparticles crystallize in the P-3ml1 crystal group. The structure is
hexagonal and alternates layers of [Ln,0,]** and [S]*.* In this structure, Gd and Ce form a
solid solution.” In the present case, as in other authors works,™*" the formed nanoparticles
possess a hexagonal anisotropic shape with exacerbated {001} facets.

Transmission Electron Microscopy (TEM) micrographs show nanoparticles either observed
lying on this {001} facet (Figure 3A, Figure S3), or exposing their {100} facet (Figure 3B,
Figure S3). In both cases, the nanoparticles are packed in fairly regular arrangements that are
a consequence of specific interactions between the surface ligands. Gdyq.)Cezy0,S
nanoparticles are 10 to 15 nm wide when y >5 % and 7 to 10 nm wide otherwise. This is in
agreement with the calculated Scherrer’s crystal domains obtained from the XRD patterns

(see Figure S4 and Table S2), meaning that the nanoparticles are single-crystals.
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S =542 atoms
O = 1800 atoms
Ln = 1800 atoms

Total = 4142 atoms

Figure 3: Morphology of the nanoparticles. TEM micrographs of frontal (A) and lateral (B)
views of Gd;25Cep750,S nanoparticles. (C) Simplified representation of the inorganic
structure of the Ln,O,S nanoparticles in which the outer layers are stabilized by oleate ligands
(omitted on the scheme). The number of atoms depicted is in agreement with the

nanoparticles average size from TEM micrographs (Figure S3).

Sulfur-defective nanoparticles

First, energy dispersive X-ray spectroscopy (EDS) performed on Gdya.y)Cezy02S
nanoparticles showed a significant lack of sulfur (Table S1), as reported by us and other
groups performing a similar synthesis."**" Only 40 to 50 % (S:Gd=0.2-0.25) of the
expected sulfur is found in the powders of Gdyq.,)CexO,S nanocrystals. However, we
discussed in a previous study the surface oxidation of sulfur into sulfite and sulfate groups for
this series of bimetallic Gd-Ce nanoparticles when they are exposed to air. We can thus

imagine an extreme case in which sulfur is only exposed through the {100} facets of the
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particles and completely absent from the {001} facets. In this particular case, the nanoparticle
terminates with [Gd,0,]** layers on {001} facets and surface gadolinium cations on these
layers can be coordinated by oleate ligands. The theoretical S:Gd ratio is not anymore 0.50, as
in the bulk compound, but only 0.37. Removing all surface sulfur (not only on {001} facets
but also on {100} facets) leads to a lower S:Gd ratio of 0.30 (Gd,0,S 6 nanoparticles, Table
S3). The corresponding nanoparticle is represented on Figure 3C.

To balance the charge caused by the lack of sulfur, the presence of organic ligands at the
surface of the nanoparticles is necessary. These ligands come from the colloidal synthesis,
which requires oleylamine and oleic acid. The presence of oleate moieties in the powder was
confirmed by Fourier-transform infrared spectroscopy (FTIR, Figure S5), which showed the
typical bands of carboxylate C=O double bonds at 1500 cm™ and 1383 cm™
Thermogravimetric analysis coupled with mass spectrometry (TGA-MS) indicated around
30 wt% of organic compounds in synthesized Gd,O,S and confirmed the absence of
oleylamine (data not shown). We thus propose that only oleate groups cap the [Ln,O,]*
layers on each side of the particles, id est on both the {001} and the {100} facets.

Although these models are only ideal cases, they all concord to support that the nanoplates are
sulfur-defective and are terminated by [Ln,O,]** layers capped with oleates. In order to
confirm this, we performed a structural analysis sensitive to defects: pair distribution function
analysis. This technique was also used to discuss the localization of sodium cations, which are

generally believed to substitute Gd"" cations in Ln,O,S structures.*”

Pair distribution function analysis

X-ray diffraction pattern of Gd,O,S nanoparticles was measured on a large angular range with
a low-background home-made sample-holder. The pair distribution function (PDF) was
calculated from total X-Ray scattering as described in the experimental section. It was

compared with simulated patterns.
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Figure 4: Structure of the nanoparticles. (A) Pair distribution function G(r) obtained from
X-ray scattering patterns of Gd,O,S nanoparticles (G(r)exp, blue) and calculated from Gd,0,S
bulk structure described in the JCPDS file 08-6593 imposing different sulfur occupancies
(G(Niheo, black). (B) Zoom on the r=2.0-3.5A region: the sulfur-defective structure is
evidenced by the ratio of the intensities of Gd-O and Gd-S peaks. (C) Refined schematic view

of the Ln,O,S nanoparticles.

Real space calculated and experimental PDF are compared here without any further structure
refinement, given the complexity of correctly evaluating PDF from finite anisotropic
nanoparticles. Moreover, the presence of oleate ligands and oxidized sulfur ions (SO3%,
S0,%), surrounding each particle is not taken into account here. Evolutions in peak positions
related to the atomic pairs are discussed here and their relative intensities vs. nanoparticles

composition are analyzed.
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As seen on Figure 4, the calculated and experimental PDF are mostly similar (the relative
intensity of the second peak at r=2.86 A will be discussed in the following paragraph),
confirming the validity of the published structure Gd,O,S as a model for the nanoparticles.
The positions of the experimental PDF peaks match with the positions of the calculated ones,
confirming that atomic distances within the particle are similar to these of the bulk structure.
This shows that the Na* and SO, ions detected by EDX, XPS and FTIR™ are not inserted
inside the core cells. Despite their close ionic radius (Gd"'(VI1) = 1,14 A, ce"'(VIl) = 1,21 A,
Na'(V11) = 1,26 A),* sodium ions are not in the final crystalline structure.

The 2.86 A peak, representing the Gd-S pair, appears experimentally with a smaller intensity
than the calculated one for Gd,0,S. To account for this difference, a series of models with
decreasing S occupancy was simulated (Figure 4B). The S/(Gd,0,) ratio mostly affects the
relative intensity of the Gd-S peak, with best match around half S atoms from ideal structure.
This value is in the same range than those expected from EDS measurements on several
aggregates of particles.

One could expect that such low statistical occupancy for S (0.5 occupancy for each S™)
would lead to clear cell parameter contraction. This is clearly not the case here: whenever
allowed to refine, cell parameters variations were balanced and negligible. As discussed
previously, the anisotropic shape and size of the particle already lead to a sulfur deficient
stoichiometry of Gd,0,Sps. The experimental 0.5 S:Gd ratio would then correspond to an
85 % occupancy of the available sulfur position in the particle. Again, the absence of cell
contraction means that the main core of the particle keeps a Gd,0O,S structure. The structural
equivalence of the anisotropic Gd,0,S-5 nanoparticles with Ln,O,S cells allows to seek from
density functional theory (DFT) calculations an explanation of the bandgap and the optical

properties of (Gd,Ce).0,S nanoparticles.
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Moreover, the PDF analysis tends to demonstrate a Ln,O,S crystalline structure without any
defect. It is in accordance with the previous results obtained with our accurate estimations of
the crystalline domain sizes of Gdy;.,)Cez0,S nanoparticles for which we chose to use the

Scherrer’s formula that supposes perfectly ordered crystals (Table S2).

2.3 Investigation of the bandgap nature using density functional calculations

DFT calculations were performed in order to understand the unexpected direct nature of the
bandgap. After a series of works, Mikami et al. concluded in 2006 from DFT that the
bandgaps of Ln,0,S (and Ce,0,S in particular) were indirect.”2?* However, we suggest that
the calculations accuracy would be significantly improved by including in valence the 4f
electrons of the lanthanide metals that are of great importance for their electronic properties.
Furthermore, to be as close as possible to the nanoplates represented on Figure 4C (S:Gd
ratio), we also performed DFT on a specific “slab” geometry. Here, capping agents that
stabilize the surfaces of the nanoplate were not considered because we supposed that only the
crystal (core of the nanoplate) was responsible for the optical properties. Yet, the nature of the

ligands may slightly influence the band structure.

The calculations were only focused on three layers of the studied Gd,O,S or Ce;0,S
oxysulfide, that can be stabilized by hydrogen atoms instead of sulfur atoms when needed
(sulfur-free {001} surfaces). This model structure mimics the absence of sulfur in the external
layers (replaced by oleate ligands in reality) and avoids dangling electronic states that make

the system metallic (see in Sl the details on the DFT+U calculations).
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Figure 5: Band structures of Ln,O,S (Ln = Gd, Ce) in the bulk (top) or for the slab geometry

(bottom).

The band structures of the bulk phases of Gd,O,S and Ce,0,S are presented on Figure 5.
Interestingly, we found that the bandgap is indirect even if the 4f electrons of the lanthanides
are treated as valence electrons. Nevertheless, there are significant differences with the work
of Mikami et al. on Ce,0,S and the bandgap transition is different.?’

More importantly, the slab geometry has a great influence on the band structure for both
Gd,0,S and Ce,0,S (Figure 5, bottom) as it reduces the symmetry of the system. Moreover,
the bandgap of the slab is direct in both cases. We can thus conclude that the nanoplate
morphology (anisotropy, low dimensions) explains the variation of electronic properties. It

also reconciles our optical measurements and the DFT calculations on a system composed by
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Ln,O,S nanoparticles. Further analysis using photon-in photon-out spectroscopy such as

Resonant inelastic X-ray scattering (RIXS) may further strengthen this argument.

2.4. Bandgap nature of (Gd,Ce),0,S nanoparticles in relation with the substitution ratio
The cationic substitution between Gd and Ce drastically modifies the electronic properties of
the oxysulfide nanoparticles. We performed additional spectroscopic analyses to determine
the electronic changes caused by Gd/Ce substitution.

Figure 6A displays the photoluminescence (PL) excitation and emission spectra of
Gdy1)Cez0,S nanoparticles. Cerium d-f transition results in a characteristic multiplet
spectrum.”® Remarkably, the Ce"' emission persists even for y =20 %, indicating a well
dispersed luminescent cation inside the structure, preventing quenching phenomena and thus
confirming the structural hypothesis of a true solid solution based on XRD. Moreover, there is
no significant change, neither in the absorption nor in the emission spectral positions between
the samples. In particular, the excitation threshold wavelength (1, = 205 nm) and the 5d—4f

deexcitation wavelengths are similar regardless of y value. Hence, excitation of Ce™ cations

in Gdy(1.y)Ce2y0,S nanoparticles requires a constant energy, which is higher than the bandgap.

Moreover, the band shapes indicate that the Ce™ 5d emitting levels are the same for y =1 —

20 %. However, it is hard to distinguish the transitions 5d—°Fs; (Ce"' ground state) from

5d—%F7;, (spin-orbit excited term), so we arbitrarily chose the first case to illustrate our
system in Figure 6C.***2

In addition, ultraviolet photoelectron spectroscopy (UPS) was performed on the samples with
y =0 and 30 %, in order to see how the Ce substitution influence the position of the valence
band. To conduct UPS on powders, the dropping method reported lately is used.** The latter
requires a solvent which may induce an interfacial dipole between the powder and the ITO

substrate and so, a global shift of the spectra. As detailed on Figure S6, we aligned the

samples at their Fermi levels. It allows measuring relative position of the valence maximum.
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Between y =0 % and y = 30 %, a significant upward shift of 0.5 eV of the valence band is
observed (Figure 6B). This is consistent with the reduced bandgap of the material. The
bandgap is however decreased by a larger value (2.2 eV) compared with these of Gd,0,S. We
thus propose that the bandgap engineering caused by Gd/Ce substitution is majorly due to the
variation of the conduction band.

A careful background subtraction allows commenting the experimental density of states
determined with UPS. Figure 6B inset evidenced that the valence band states are modified by
Gd/Ce substitution. For y = 30 %, the intensities of the states between 8 and 10 eV increased
while the intensities of the states between 3 and 5 eV decreased. Those states are assigned to
the Kohn-Sham bands between - 1.5 and - 3.0 eV (relatively to the valence band maximum)
plotted on Figure 5 and reproduced in the inset. On Figure 6B, Ce states responsible for the
valence band shift are observed between 1.5 and 3.5 eV (black arrow). Accordingly, the band
structure of GdCeO,S phase (y = 50 %) confirms the increased density of these states (Figure

s7).
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Figure 6: Bandgap engineering of the nanoparticles. (A) Photoluminescence excitation and

emission spectra of (Gd,Ce),0,S nanoparticles respectively collected at 2 =486 nm and

obtained with an excitation wavelength of A=205nm. The excitation spectra were

normalized at

/1thr

205 nm and the emission spectra at A = 486 nm (most intense emission).

(B) Helium I ultraviolet photoemission spectra of Gdy(1.,)Cez0,S samples (with y =0 and

30 %). Background was subtracted (lsignal = lexp - lbackground) @nd resulting spectra were

normalized. Position of the valence band were determined from the [-2.0; 4.0] eV region

displayed in the main spectra. Inset: UP spectra plotted in the [ —2.0 —12.0] eV region.
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Gd,0,S band structure of the Figure 5 is plotted (bar chart) for comparison. (C) Evolution of

the electronic properties of Gdy(1.y)Ce,O-S nanoparticles vs. y.

Altogether, we describe the Gd.)CezO,S nanoparticles as a multi-regime system (Figure
6C). Gd,0,S nanoparticles exhibit a wide gap semiconductor behavior. With low fractions of
cerium (in the “doping regime”, y < 10 %), the behavior is dual: cerium plays the role of (i) a
classical doping ion (constant PL properties) with a small deviation from the high bandgap of
Gd,0,S and (ii) a nucleus of Ce,0,S with its own absorption properties (low bandgap). The
latter is the origin of the absorption properties for higher cerium concentrations (“bimetallic
regime”, y > 10 %) for which the electronic properties of the nanoparticles correspond to a

solid solution (Gd,Ce),0,S.

3. Conclusion

(Gd,Ce),0,S nanoparticles exhibit colors from white to brown over the whole composition
range. Bandgap engineering is thus possible through cation exchange and values varying from
4.7eV in Gd,0,S to 2.1eV in GdpsCe140,S can be obtained without major structural
modifications. Surprisingly, the bandgap of the nanoparticles is direct, as validated by density
functional theory. This is a result of the limited thickness of the nanocrystals. The influence of
the nanoplates width is yet to be explored. Bandgap engineering on (Gd,Ce),0,S
nanoparticles may suggest applications in solar cells. The fine control of bandgap over a wide
range, solely triggered by the cation ratio, is rare in the field of bandgap engineering,
especially when considering nanoparticles. The simple idea of using suitable chemical
substitutions producing minor structural changes should inspire the design of other bimetallic
nanoscaled compounds, which may be promising especially in the field of visible light

photocatalysis.
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Experimental section

Synthesis of Gd1.y)Ce,O0,S nanoparticles

Bimetallic oxysulfides 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; >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)s-xH-O;
99.9 %) and cerium acetylacetonate hydrate (Ce(acac)s-xH,0; 99.9 %) were purchased from
Strem Chemicals. All products were used as received without further purification.

In a typical synthesis of GdCeO,S, Gd(acac);-xH,O (0.25 mmol), Ce(acac)s-xH,O
(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 purified N,. The
nanoparticles were isolated using ethanol and washed at least three times using a THF/ethanol
(1/5 in volume) mixture to remove the remaining reagents and organic matter. 40 to 90 mg of
dried Gdy(1-y)Ce2,O,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) is observed with increasing cerium concentration 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 % (GdosCe1.40,S).

Pr18Cep20,S and Eu; gCe20,S were synthesized with the same protocol and are stable in air.
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X-ray Powder Diffraction (XRD)

The different X-ray diffraction patterns of dry powders were measured on a Bruker D8
ADVANCE diffractometer using the Cu doublet Koy/Ka, radiation at 1.5406 A. Typical
diffractograms were collected with steps of 0.05 ° and a scanning speed of 5 s/point with a 1D
Lynxeye detector (Bruker). The backgrounds of the patterns were subtracted using the EVA
software. When low noise Si monocristals sample holders were used, the angular position 26

was corrected by adjusting the sample height (correction around 0.5 to 1 mm).

Transmission Electron Microscopy (TEM) and High Resolution TEM (HRTEM)
A drop of a diluted solution of Gdy(1.y)Ce2yO,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 Gatan Orius 1000 4k x 4k camera.

Energy Dispersive X-ray Spectroscopy (EDS)

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.

Fourier Transform Infrared Spectroscopy (FTIR)
Infrared spectra were collected on a Spectrum 400 (PERKINELMER) spectrometer. The dry
sample (1-3mg) was deposited on an attenuated total reflectance (ATR) crystal.

Transmittance was measured between 4000 cm™ and 550 cm™ with steps of 0.5 cm™.

UV diffuse reflectance

Dry powders were loaded in the circular sample holder to make a uniform layer of solid.
Powders were used, instead of solutions, first because the stability of the colloidal solutions is
limited, second, in order to be able to perform other characterizations as well (XRD, UPS).

The UV-visible diffuse reflectance spectra were measured using an integration sphere of a
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Cary-WinUV 5000 spectrophotometer (AGILENT) between 250 nm and 800 nm at 1 nm.s™

and corrected with a sample of BaSO, as reference. The F(R) spectra were deducted using the

(1-R)?

formula F(R) = TR

where R is the reflectance. Depending on the bandgap (direct or

indirect), linear zones could be extrapolated to 0 on the abscissa axis for the Tauc curve

(F(R)hv)" = f(hv) where n = 2 for a direct bandgap and n = % for an indirect bandgap.

Pair distribution function analysis (PDF)
The reduced atomic PDF, G(r), gives, from a structural model, the probability of finding a
pair of atoms at a distance of r as follows:

G(r) = 4n[p(r) — pol
where p(r) is the total atomic pair-density and py is the average atomic number density. As
defined, peaks in the G(r) function point to specific distances separating a pair of atoms.
G(r) can also be extracted from an experimental XRD pattern. Indeed, G(r) is the sine Fourier
transform of the total reduced total scattering function F(Q) = Q[S(Q) - 1], S(Q) being the

total scattering structure function:

G(r) = (%) . (:OQ. [5(Q) — 1].sin(Qr)dQ

where Q is the magnitude of the scattering vector (Q =4= sin(@) / 1), 20 being the angle
between the incoming and outgoing X-ray, 4 is the X-ray wavelength, and S(Q) is the total
scattering structure function which is the corrected and normalized experimental intensity.

The experimental data were recorded from a standard laboratory D8 ADVANCE
diffractometer (Bruker) equipped with a Mo anode (doublet K,;/K,, radiation at 0.7093 A), in
the reflection mode, using a homemade sample holder designed to minimize its own signal.
The large amount (100 mg) of analyzed powder allows processing the signal with no further
treatment such as sample holder background subtraction. Three patterns were recorded with a

1D Lynxeye detector (Bruker) with increasing step time (step size = 0.05°, 20 range; step
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time: 8-50 °; 255, 50-90 °; 50 s, 90-150 °; 100 s), converted in count per second and merged
to obtain the full XRD pattern. The XRD data were then processed using the program
PDFgetX3, from Q = 1.8 to 15 A™ to obtain G(r)exp.**

On the other hand, the PDF data were modeled from the Gd,0,S structure (PDF 04-008-6593)
and compared with the experimental one using PDFGUI.*® Calculations in real space were
performed for r from 1 to 20 A, way below the width of the hexagonal crystalline nanoplates,
to reduce the effect of anisotropy. A mean size particle factor of 25 A was introduced for best
attenuation in the high r region.*®*’

Real space calculated PDF are here compared without any further structure refinement

(neither cell parameters nor atomic positions — thermal agitation were only adjusted to 0.01),

given the complexity of correctly evaluating PDF from finite anisotropic nanoparticles.

DFT calculations

In the ab-initio simulation of rare-earth oxysulfides we have one main difficulty to tackle:
how to treat the very localized, but not completely chemically inert, f orbitals of the rare earth.
The 4f orbital contains 1 electron in the conventional isolated-atom structure of cerium, 7
electrons in gadolinium. The 4f orbitals are localized inside a sphere of around 1 A, centered
on the atomic nucleus, but it is only partially filled and its binding energy is comparable with
that of the chemically more active 5d and 6s orbitals. Even if these orbitals participate little in
chemical bonds, their inclusion in the description of the valence structure is important to have
an accurate band structure, especially in the lower energy valence bands.

The very strong self-interaction error, makes a simple DFT calculation impossible, to
compensate the error, we have used the DFT+U technique.*®**° All calculations were done
with the Quantum-ESPRESSO code®®*" using the PBE generalized gradient approximation.>
We used ultrasoft pseudopotentials with valence-bound 4f orbitals from the pslibrary.>® These

pseudopotentials trade an excellent transferability with an extremely high plane-wave cutoff
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of 200 Ry. Details on the method and results, including the relaxed geometry parameters, are

in supplementary information.

Photoluminescence

Excitation and emission spectra were measured by Cary Eclipse Fluorescence
Spectrophotometer. Powder samples were stuck on glass slide and excited at 205 nm for
emission spectra. For excitation spectra the emission wavelength was fixed at 486 nm. The
excitation and emission spectra were respectively normalized by their intensity at 205 nm and
486 nm.

Ultraviolet Photoelectron Spectroscopy

The methodology developed in Maheu et al. was applied to the oxysulfides powders.** They
were ultrasonically dispersed in heptane (4 g/L) and several drops were deposited on a
conducting ITO substrate (Rs = 30 — 60 €/sq, purchased from Merck). Solvent was removed
in the ultra-high vacuum chamber of the apparatus during 48 h. UPS analyses were conducted
in an integrated ultrahigh vacuum system, connected to an A Axis Ultra DLD spectrometer
(Kratos Analytical). UPS spectra were obtained with the first resonance line of a He lamp
(hv =21.2 eV). To separate the secondary edges of sample and analyzer, a negative potential
about 9.1 eV was applied to the sample. This bias was optimized adjusting the work function
of a clean Ag foil. The cut-off energy is determined using the first derivative of the UP
spectrum and spectra are aligned at the same cut-off, as argued in the supplementary
information. At low binding energy, the contribution of the secondary electrons is strong,
background subtraction is therefore needed. The background developed by Li et al. is used
and lsignar 1S plotted (lsignal = lexp - Ibackground).54 Spectra were normalized to compare significant
variations of the density of states. We determined the valence band maximum (Eyg) with a

two times derivation of the spectra. The inflexion point is the Eyg.
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The intrinsic resolution of the apparatus is 0.2 eV, the error on the Eyp is therefore:
AEvp = |Aups + €| with ¢ the error made with the graphical method (¢~ 0.2 eV). Note that
similar results were obtained using the intersection point between the zero-intensity constant
background and a linear extrapolation of the valence band decay. However, as discussed in

43
L,

Mabheu et a the second derivative method evidence the first electrons that are photo-

generated from the top of the valence band.
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