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To obtain rare earth sulfides with satisfied chromaticity and stability for diverse applications in the field of
pigment, a harnessed synthetic molecular strategy for in-situ growth of CePOy4 as an interlayer between core Ce,S3
substrate and the outer SiO, layer is proposed. High-angle annular dark-field scanning transmission electron
microscope (HAADF-STEM), electron paramagnetic resonance (EPR), and Raman analysis reveal that the tran-
sition layer CePOy significantly reduces the lattice spacing differences and reduces the oxygen activity on the

interface, resulting in excellent chromaticity (L* = 51.9, a* = 45.0, b* = 30.0) and stability for y-Ce;S3@Ce-
PO4@SiO». These insights will advance the fundamental knowledge of core-shell crystal engineering and enable
new ways to promote the application of rare earth sulfides.

1. Introduction

Inorganic pigments have attracted intensive attention from both ac-
ademic research and potential industrial application because of their
competitive stability properties. However, the compounds of red inor-
ganic pigments were usually made of toxic transition metal, such as
cadmium selenide, cadmium sulphoselenides, and palladium chromate,
which would release toxic ions under acid-base environment and pho-
tothermal effect, further threatening human health and the natural
environment [1-5]. Alternatively, y-CesSs3, one of rare earth sulfides,
could potentially serve as a coloring pigment owing to its favorable
brightness and non-toxicity properties. However, the presence of va-
cancies on the cationic sublattice and the oxophilic nature of Ce®* in
v-CesSs result in its poor stability, being limited from wide application,
especially when the temperature exceeds 300 °C [6].

To improve the stability of pristine y-CesSs, the strategy of con-
struction of core-shell chemical architecture was employed to prevent or
weaken y-CeS3 oxidation at high temperature [7-9]. For instance, an
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outer ZnO layer was introduced to improve the stability of y-Ce2Ss at high
temperature. The stability has been improved by the aid of the ZnO layer
with the decreasing in chromaticity properties [2]. Similarly, the highly
condensed ¢-SiO, was coated onto y-CesS3 pigments to effectively protect
v-CeySs from oxidation at raised temperatures up to 883 °C, while a*
values decreased [10]. In short, the improved stability at the expense of
chromaticity was still failed to meet the application standard, and the
further research for achieving both enhanced stability and chromaticity
were urgently needed. Meanwhile, very limited information is available
on the precise nature of the core-shell interface and the way influencing
the spectra. The possible lattice defects or spacing mismatching at the
interface may creative between the active core and the coating layer,
which would cause potential spectral energy loss and further result in
negative impact on chromaticity [3]. Therefore, in-depth understanding
of the effect of the interface on the performance and the development of
an appropriate synthetic strategy was vitally in demand.

In this work, a modulating layer CePO4 was introduced between the
core y-CeyS3 and the coating SiO; layer to reduce the lattice spacing
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mismatch and the defects, aiming at improving both stability and chro-
maticity of y-CesSs. The performances of bilayer-shelled y-CesSs@Ce-
PO,4@SiO, were fully characterized, and the outstanding advantages
were demonstrated compared with that of single-layer coated structure
and pristine. High resolution TEM and electron paramagnetic resonance
(EPR) were employed to probe the local defects and interfacial structures
from an atomic-scale perspective. The structure-activity mechanism
related to double coating structure provides an efficient strategy for
interfacial modulation, which is crucial for applications of rare earth
sulfides.

2. Experimental
2.1. Preparation of y-CesSs

All precursors are AR pure supplied by Macklin (Shanghai, China).
Typically, the mixture of Cep(CO3)3-xH20, NapCOs, and AlFs with a
molar ratio of 20:0.3:0.7 was fully grounded in an agate mortar and
prepared by using solid-state reaction [11]. Excess sulfur powder (molar
ratio of Ce:S = 1:4) with the obtained mixture was added into a cylin-
drical crucible with carbon particles on the bottom layer. Then, the
power was placed in a furnace calcined at 950 °C for 2 h, followed by ball
milling for an hour to obtain the y-CeSs.

2.2. Preparation of y-Ce3S3@SiO2

0.02 g Polyvinyl pyrrolidone (PVP), 2 mL of ammonia water, and
y-CezS3 were successively mixed in the 40 mL anhydrous ethanol.
Meanwhile, 0.4 mL ethyl orthosilicate was added and stirred for 2 h at
room temperature. Then, they were filtered and washed with deionized
water and ethanol several times before drying at 120 °C.

2.3. Preparation of y-CesS3@CePOy

v-CesSs, Zn(HyPOy4),, sodium citrate with a certain molar ratio of 300:
16: 5 were added in the 50 mL deionized water and stirred for 2 h at room
temperature. The products were washed with distilled water and ethanol
several times with proper drying afterwards.

2.4. Preparation of y-Ce3Ss@CePO4@SiO2

The y-CesS3@CePO4 was dispersed in the 40 mL anhydrous ethanol.
0.02 g polyvinyl pyrrolidone (PVP) and 2 mL of ammonia water were
added successively. Meanwhile, 0.4 mL ethyl orthosilicate was added and
stirred for 2 h. Then, the as-prepared sample was obtained by filtration,
washed with deionized water and ethanol several times, followed by
drying at 120 °C.

2.5. Characterizations

X-ray diffraction (XRD) data for all samples were collected from a
diffractometer (D2 PHASER, Bruker, Germany) with Cu Ka radiation
source (30 kV, 10 mA, A = 0.15418 nm) which were scanned from 10° to
70° at a scanning rate of 10°/min. The qualitative analysis of the
microstructure and elements of the sample was analyzed by scanning
electron microscope (SEM) with an acceleration voltage of 10 kV
(SU8010, Hitachi, Japan). The samples were characterized by Fourier
infrared spectrometer (NicoletiS50, Thermo Fisher Scientific, American)
in the range of 400-2000 cm™! at a scanning rate of 0.153 cm/s. High
Angle Annular Dark Field Scanning Transmission Electron Microscopy
(HAADF-STEM) and mapping were performed on a double mono-
chromator and probe/image (Titan Themis 60-300 S/TEM, Thermo
Fisher Scientific, American) equipped with an Energy Dispersive Spec-
trometer (EDS). Electron paramagnetic resonance (EPR) spectra were
acquired from a spectrometer (JES-FA200, JEOL, Japan) at room tem-
perature with modulation frequency 100 kHz. Diffuse reflectance
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spectrum was recorded on ultraviolet-visible-near-infrared spectropho-
tometer (UV-3600, Shimadzu, Japan), the sample was measured with a
high-resolution 0.1 nm integrating sphere device and referenced to
BaSO; for calibration from 400 nm to 700 nm at a speed of 1 nm/s. DSC
experiments were conducted on a differential thermal analyzer (DTA
404 PC, Netzsch, Germany). The samples (10 mg) were heated from 30
°C to 700 °C at a heating rate of 10 °C min~! under the air atmosphere.
Chemical composition and elemental states were detected by X-ray
photoelectron spectrometer (ESCALAB 250, Thermo Scientific, USA)
equipped with Al Ka radiation monochromatic source. Ramam spectra of
samples were collected in the range of 200-800 cm™! using a Ramam
spectrometer (InVia-Reflex, Renishaw, UK) with an excitation wave-
length of 785 nm and resolution of 1 cm ™" at 100 mW laser power. Solid
state nuclear magnetic resonance (NMR) measurements were performed
on a Bruker 400 MHz spectrometer (AVANCE NEO, Bruker, Germany).
The study materials were filled into 3.2 mm rotors and spun at a magic
angle spinning (MAS) rate 14 kHz. Single pulse was used to polarize and
record the signals.

3. Result and discussion

The fabrication process of y-CesSs, y-CexS3@SiO2, y-CeaS3@CePOy,
v-Ce2S3@CeP0O4@SiO, are demonstrated in Scheme 1, and their crystal
structures were characterized by XRD as shown in Fig. 1a. The XRD peaks
of y-CepS3 match well with the standard card PDF#75-1948 in cubic
Th3P4 phase. After coating with the SiO, layer, the cubic phase was
maintained for y-Ce2S3@SiO5. The amorphous nature of SiO,, which was
also confirmed by 2°Si NMR spectrum as shown in Fig. S1. The existence
of CePO4 was confirmed by extra small peaks appearing at 31.12°,
37.35°, and 52.68° for both y-Ce;S3@CePO4 and y-CezS3@CePO4@Si0;.
Small peaks at about 25.5° and 31.7° are observed for the Al,O3 impurity
originated from the conversion of excess Al doping [12,13]. As shown in
Fig. 1b, the y-CesS3@CePO4@SiO; contains P, Si, Ce, S, O, and C ele-
ments, where the S 2p signal was detected at 155.4 eV, and the peak near
133.8 eV is associated with SiO. In addition, the small peak near 133.8
eV that is associated with PO3 . The C element of the referencing spectra
at the binding energy of 284.6 eV was detected. The O 1s peak at 532.7 is
contributed to the active surface oxygen (OH"). Interestingly, compared
with other y-Ce;Ss-based composite materials, the O 1s peaks of
v-Ce2S3@CePO4@SiO, shift to the higher binding energy as shown in
Fig. S2a, indicating the generation of reactive oxygen species could be
suppressed [14]. Similarly, compared with y-Ce;S3@CePOy4, the P 2p
peak is observed that shows positive shift in the binding energy of
v-Ce2S3@CeP0O4@SiO; (Fig. S2b), because the interaction of the SiO5 and
CePO, interface promotes the movement of electrons, reducing the sur-
face oxygen activity [15-17]. Furthermore, the Ce 3d signals of y-CesS3
and y-CeyS3@CePO4@SiO, were plotted in Fig. 1c. There are two char-
acteristic peaks at 885.1 eV and 904.2 eV for Ce 3ds,2 and Ce 3ds/»
respectively, indicating the Ce in the y-Ce3S3@CePO4@SiO; still presents
trivalent Ce>* [18].

The morphology of y-CexS; and y-CesS3 composite materials are
shown in Fig. S3 by scanning electron microscopy (SEM). The particle
diameter of the pristine y-Ce,Ss is approximately 0.5-1.5 pm with
irregular configuration and particle aggregation. After being coated with
CePOQ4 and/or SiOj shell, the particles with single shell show diameter of
1-3 pm, and the size of bilayer-shelled particles is 1.5-5 pm with good
dispersion.

The composite structures were further verified by energy dispersive
X-ray spectroscopy (EDS). As shown in Fig. 2a, SiO; layer is about 4 nm in
thickness, and the intermediate CePO4 layer is in the range of 10-20 nm,
which are coated on the core y-CeS3 that is observed as the dark and
dense region. Ce, P, S, and Si elements are detected and distributed
homogenously, which corresponding to SiO layer (Green) and interlayer
CePO4 (Red) respectively from the sum of EDS maps (right-top image in
Fig. 2a). The EDS elemental mappings of other y-Ce,S3 composite ma-
terials are also supplied in Figs. S4-S6 for reference.
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Scheme 1. Preparation process of y-Ce2S3@SiO,, y-CexS3@CePO4 and y-CepS3@CePO4@SiO,. TEOS stands for tetraethoxysilane.
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Fig. 1. (a) XRD patterns of y-Ce,S3, y-Ce2S3@8Si0,, y-Ce2S3@CeP0y4, y-CesS3@CePO4@Si0,. (b) Full survey XPS spectrum of y-Ce;S3@CePO4@SiOs. (¢) XPS spectra of

Ce 3d in y-Ce,S3 and y-CezS3@CePO4@SiO,.

In Fig. 2b, it is observed Raman peaks at 403 cm™! and 455 cm ™ are
characteristic of y-CesS3 [19]. As coated with SiO,/CePOy, the broad
Raman band at 403 cm ™! gradually disappeared. A huge enhancement in
the main peak intensity with the increasing coating thickness, which is
consistent with a gradual increase in Si-O, &s (P-O) bond concentration
during the coating layer growth. The Raman peaks of all samples are
overlapped in the range of 400-500 cm™!, which are divided into
different peaks as shown in Fig. S7. The vibration peaks of Si-O chemical
keys have a low wide Raman Peak around at 440 cm ™' where the band
appearing at near 400-460 cm ! are assigned to 8s (P-O) symmetrical
bending mode [20,21]. The assignments of PO?{ band in CePO4 are

complicated due to different structural state and chemical composition.
For y-CesS3@CePO4@SiO», the different shell materials were confirmed
by fitting functions ascribed to 440, 455, and 465 cm’ for the vibration of
Si-O, Ce-S and s (P-0) bonds, respectively (Fig. S7c). Significantly, the
full width at half maximum (FWHM) of Raman peaks slightly decreases
from 26.92 cm™! (y-CesS3@Si0,) to 22.26 cm™! (y-CexS3@CePO4@-
SiO9) (Fig. 2b), reflecting the decreasing of defects by introducing the
intermediate CePOy4 layer [22]. For all samples, the EPR spectra show
resonance signals at g = 2.0003, corresponding to the presence of un-
paired or delocalized electrons from sulfur vacancies (V) or defects
(Fig. 2¢) [23,24]. Compared with y-CesS3@SiO», the y-CexS3@CePOy4
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Fig. 2. (a) EDS-mapping images of y-Ce;S3@CePO4@SiO,, (b) Raman spectra of y-Ce,S3 and y-Ce,S3; composite materials. (¢) EPR spectra of y-Ce,S3, 7-CexS3@SiOo,

v-CesS3@CePOy, and y-Ce,S3@CePO,4@SiO, obtained at room temperature.

sample shows relative broader and weaker signal, because the CePO4
layer has better interface contact with core material through in-situ
growth, suggesting lower lattice spacing differences for y-Ce;Ss@Ce-
PO4@SiO; [25,26].

In order to gain deep insights into microstructures, the atomic scale
and the crystal lattice were detected by aberration-corrected high-angle
annular dark-field scanning TEM (HAADF-STEM) (Fig. 3). The STEM
images of y-CesSs, y-CeaS3@SiOy, y-CesS3@CePO4 and y-CexSsz@Ce-
PO4@SiO, were respectively shown in Fig. 3a—d. The STEM image
(Fig. 3e) and Fast Fourier Transformation (FFT) of y-CeaS3 (Fig. 3j-1)
show clear lattice fringes for the inner part of y-CesS3 with the (211) and
(310) planes from the [1-31]-zone axis, and the edges of y-CeyS3 are
amorphous (Fig. 31). For y-CesS3@SiOy, the enlarged interface of
v-CexS3@SiOo (Fig. 3m) and the electron diffraction patterns (Fig. 3n—p),
from which the shell material (SiO5) and the core section (y-Ce3S3) were
well assigned to amorphous and crystalline planes (400) and (211)
respectively. For y-Ce;S3@CePOy, the electron diffraction deriving from
the STEM images also confirmed that the (211) and (321) planes were
from the core y-Ce;S3 phase, and the (310) and (110) planes were from
the out-layer CePO4 (Fig. 3r-t). In addition, the growth of CePOy4 shell
with well lattice matching is shown in Fig. 3q. However, the STEM image

of interface between y-CeyS3 layer and SiO5 layer shows lattice disorder
(Fig. 3m). Taking the advantage of well-formed interface of y-Ce,S3 and
CePQy, the intermediate layer (CePO4) between the y-Ce,S3 core and the
outer shell SiOy was inserted to serve as a “lattice adapter” for improving
interface compatibility or avoiding defects caused by interface interac-
tion [3,27,28]. As shown in Fig. 3v-x, the FFT pattern of CePO4 in
v-Ce2S3@CeP0O4@SiO, area is assigned to (100) and (101) planes that
parallels to the [0-1 O]-zone axis, and the amorphous of SiO, was
revealed by the electron diffraction pattern, confirming the result from
XRD pattern of y-Ce;S3s@CePO4@SiO- (Fig. 1a).

The chromaticity and thermal stability of the aforementioned mate-
rials were performed and analyzed. As shown in Fig. 4a, there is prom-
inent absorption in the range of 400-550 nm for all y-CesS3 composite
materials. The intensity of reflection spectra of y-CesS3 coated with SiO,
show lower reflectance than that of pristine y-Ce3S3 from 590 to 700 nm.
The reflectance decreases of the y-CeyS3@SiO- is caused by the energy
loss of light wave due to the interaction with surfaces of y-Ce,S3 and SiOs.
On the contrary, the diffuse reflectance of y-CexS3@CePO4 and
y-CesS3@CePO4@SiO, are enhanced about 10% to reach ~80% because
of the polishing effect of the zinc dihydrogen phosphate on the irregular
surface of y-CesS3 and the following formed CePO4 layer in-situ. The
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Fig. 3. (a—d) HADDF-STEM images of y-Ce»S3 composite materials, (e-h) Magnified STEM images taken from the edges of samples in (a-d), (i) Magnified STEM image
taken from the corresponding square area in (e), (j-1) Electron diffraction patterns taken from the corresponding y-Ce,S3 (orange box), the grain boundary (blue box),
shell (green box) square area in (e), (m) Magnified STEM image taken from the corresponding square area in (f), (n—p) Electron diffraction patterns taken from the
corresponding core (orange box), core-shell interface (blue box), shell (green box) square area in (f), (q) Magnified STEM image taken from the corresponding square
area in (s), (r-t) Electron diffraction pattern taken from the corresponding core (orange box), core-shell interface (blue box), shell (red box) square area in (g), (h)
Magnified STEM image taken from the corresponding square area with the thickness of SiO,, (1) Magnified STEM image taken from the corresponding square area in
(h). (v—x) Electron diffraction pattern taken from the corresponding core (red box), core-shell interface (blue box), shell (green box) square area in (h).

reflectivity of y-Ce2S3@CePOy is improved, which reaches the maximum
in the range of 590-700 nm, suggesting the highest lightness value.
However, it shows the lowest absorption in the range of 400-500 nm.
Furthermore, the diffuse reflectance of y-CeaS3@CePO4 shows approxi-
mately same spectral shape and intensity of in the region of 590-700 nm,
accompanied by the strong absorption band between 400 and 550 nm. In
addition, the absolute differences values (ARs00.700)) between the
maximum reflectance (at 700 nm) and minimum absorption (at 400 nm)
for the four materials are summarized in Table S1, from which the largest
value is found for y-CesS3@CePO4@SiO.

In order to visually measure the color properties of human eyes to the
light, the CIE chromaticity value a* and value b* were calculated by 1931
CIE-XYZ color system. The tristimulus values of the quasi-observer derive
from the CIE standard illuminator with the light source C and the field

angle of 2° (Xp = 98.07, Yy = 100.00, Zy = 118.22). According to CIE
1931 L*a*b*, where L* represents the lightness of the color, a* represents
the red-green axis of the space, and b* represents the blue-yellow axis of
the space [29]. The chroma values of the sample were calculated by the
following formulas:

L*:llﬁ{f(y%) —%} 1

sl (3) ()
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The calculated results of CIE L*a*b* values are summarized in
Table 1. The lightness parameters L* increases from 53.11 to 54.05 for
the pristine y-CesS3 to the y-CepS3@CePOy, being consistent with the
maximum reflection in the long wavelength range. While both
v-CexS3@SiO, and y-CexS3@CePO4@SiO, of parameters L* decrease
slightly, suggesting the SiO; layer has a negative influence on the light-
ness. Meanwhile, except for y-CeS3@SiO,, the major improvement is
found for both a* and b* parameters for other y-Ce»S3-based composite

Table 1

Colorimetric values of y-Ce,Ss-based composite materials.
Sample L* a* b* Photo
v-CesS3 53.11 41.00 26.00
v-CexS3@SiO2 51.70 40.40 25.78
y-Ce2S3@CePOy4 54.05 42.68 26.18
v-CexS3@CePO,4@SiO, 51.90 45.00 30.00
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materials. Especially for y-CesS3@CePO4@SiO,, the parameters of a* and
b* increase from (41.00, 26.00) to (45.00, 30.00), corresponding to the
CIE chromaticity coordinates ranged from (0.505, 0.340) to (0.527,
0.341) in Fig. 4b.

The correlation between band gap and absorption coefficient is [F(R)
hu]2 = C1 (hv-Eg), where F(R) is the Kubella-Munk function, in which F(R)
= (I-R»/2R, and R is defined as the reflectivity of sample's spectral
reflectance; Cj is the proportional constant; the hv photon energy is taken
as the abscissa and the [F(R)hu]2 as the ordinate; and the intersection of
the tangent and the x-axis is then the band gap width Eg Refs. [30-32]. As
shown in Fig. 4c-d, the band gaps of all samples were calculated as in the
range of 2.136-2.142 eV, which are consistent with the results from the
CIE color coordinates. In detail, band gaps of 2.137, 2.138, and 2.136 eV
are determined for vy-CeyS3, y-CeS3@SiO;, and y-CeyS3s@CePOy,
respectively. However, a large deviation, 2.142 eV, is detected in
v-Ce2S3@CePO4@SiO,. According to the band gap engineering of semi-
conductor nanocrystals, band gap shifts are related to the defects at the
sample surface and interfacial lattice space differences, which can be
regulated through surface reconstruction and passivation effects for
core-shell structure [28,33]. We speculate that the wider band gap for
v-CesS3@CePO4@SiO-, is attributed to the modification of the surface
defects by the intermediate adapted CePOy4 layer as an effective barrier to
inhibit the recombination of electrons and holes, leading to the wider
range of chromaticity. On the contrary, y-CesS3@CePOy4 presents the
smallest band gap, reflecting that electron-hole pair is easier to recom-
bine. As shown in Fig. 4a (the magnified red dashed region),
v-CexS3@CePOy4 has the lowest absorption in the visible short-wave re-
gion, although it has the strongest reflectivity in the long-wave region,
resulting in chromaticity a* and b* values second only to that of
y-Ce253@CePO4@Si02_

The thermal stability is evaluated by differential scanning calorimetry
(DSC). As shown in Fig. 4e and f, the y-CeyS3 is easily oxidized at
300-400 °C, and the exothermic peak can be further enhanced to 424.8
°C and 441.8 °C for y-Ce,S3 coated with SiO, and CePOy, respectively. It
is worth noting that the inserted CePOj4 layer significantly improves the
thermal stability (Fig. 4f), and oxidation temperature of y-Ce;S3@Ce-
PO4@SiO; reaches up to 476 °C. The acid stability was tested with acetic
acid (pH = 4) for all samples (0.3 g) as shown in Fig. S8. With the increase
of acid corrosion time, the color change of y-CeS3 and y-CexS3s@SiO2
from red to brown in 30 min was observed; y-CesS3@CePO,4 shows
slightly change; However, no further color change was observed for
v-CexS3@CePO4@SiO; even after 2 h. In a word, CePOy4 as an interlayer
modulated core material y-CezS3, which is beneficial to improve both
thermal and acid stability.

4. Conclusions

In summary, the pristine y-Ce2S3 was obtained by the solid state re-
action and an adapt CePOy interlayer was successfully introduced onto
cerium sulfide. The superior spectral and stability properties were ach-
ieved by forming the double-layered core-shell composite as y-CezSs@-
CePO4@SiO,. The new-structure interactions and relevant mechanisms
were revealed by high resolution HAADF, short-range magnetic reso-
nance and Raman. The intermediate CePO4 layer reduced not only the
differences of lattice spacing, but also the defects between CeySs and
SiOg, further resulting in enhanced lightness (L*), red chromaticity (a*)
and stability. The structure-activity relationship and superior perfor-
mances of y-Ce3S3@CePO4@SiO, provide a prospect for the development
of the rare earth sulfide composite material.
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