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ABSTRACT

In this work, we focus on understanding the morphology and photocatalytic properties of CeO>
nanocrystals (NCs) synthesized via microwave-assisted solvothermal method using acetone and
ethanol as solvents. Wulff constructions reveal a complete map of available morphologies and a
theoretical-experimental match with octahedral nanoparticles obtained through synthesis using
ethanol as solvent. NCs synthesized in acetone show greater contribution of emission peaks in the
blue region (~450 nm), which may be associated with higher Ce*" concentration, originating
shallow-level defects within the CeO» lattice while for the samples synthesized in ethanol a strong
orange-red emission (~595 nm) suggests that oxygen vacancies may originate from deep-level
defects within the optical bandgap region. CeO> synthesized in acetone superior photocatalytic
response compared to that of CeO» synthesized in ethanol may be associated with an increase in
long-/short-range disorder within the CeO> structure, causing the Egap value to decrease and
facilitating light absorption. Furthermore, surface (100) stabilization in samples synthesized in
ethanol may be related to low photocatalytic activity. Photocatalytic degradation was facilitated
by the generation of «OH and O, radicals as corroborated by the trapping experiment. The
mechanism of enhanced photocatalytic activity has been proposed suggesting that samples
synthesized in acetone tend to have lower e—/" pair recombination, which is reflected in their

higher photocatalytic response.
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1. Introduction

Controlling physico-chemical properties of crystalline materials remains a challenge for
many technological and scientific applications. Crystal morphology is largely associated with the
stability of exposed surfaces, which can be described by their surface energies' ™. The reason
behind morphology-dependent properties is still unclear and, thus, a theoretical-experimental
approach can help make functional materials more efficient from synthesis to application. Cerium
dioxide (CeO»), or ceria, is one of the most reactive rare earth oxides. It shows excellent properties
needed for fabricating resonators, antennas, and filters, such as: low dielectric loss and improved
0O x f property associated with relatively high dielectric constant values (¢~29.41), and wide
theoretical bandgap energy (Eq,,=6.0 eV)> 8. Due to its unique combination of properties, CeO>

stands out as an important multifunctional material with applications as gas sensors’®, oxygen
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permeation membranes’ ', catalysts!!, solar cellsmiller!> !4, coatings'>"!7, and biomedicine!®!. Its
characteristic optical absorption edge associated with its broadband photoluminescent (PL)
emission in the visible region and ferromagnetic activity, observed in nanostructured CeO-, also
make it suitable for optoelectronics’-** and spintronics®! applications.

Several methods have been used to synthesize CeO:» nanocrystals (NCs), e.g., co-
precipitation®?, polymeric precursor?®, flow method®*, metalorganic chemical vapor deposition
(MOCVD)?, sol-gel*®, conventional hydrothermal (CH)?’-*8, microwave-assisted hydrothermal
(MAH)/solvothermal® 33, etc. CH and MAH methods stand out for enabling ceramic oxide
synthesis at low temperatures (below 200°C), which reduces time and energy consumption.
Additionally, the morphology of particles can be controlled by carefully setting up the synthesis
parameters, such as solvent type, mineralizer, solute concentration, temperature, time, pressure and
pH*. MAH is a convenient, fast, and cost-effective method that uses microwaves to improve
crystallization kinetics by one to two orders of magnitude in comparison with CH. MAH is based
on the same principle applied in the microwave-assisted solvothermal (MAS) method; nonetheless,
the latter uses solvents other than water (e.g., alcohols or glycols). Varying synthesis parameters it
is possible to modify the morphology of CeO> NCs to produce nanowires, nanoflowers, and
nanocubes®¢. Morphology depends on the way microwave energy is converted into thermal energy
during synthesis, which can be measured by the solvent dielectric loss (tand)**. For instance,
considering a conventional microwave oven (f=2.45 GHz) ethanol is considered a high-tano

solvent (tand=0.941), while water is mid-fano (tand=0.123) and acetone low-tano



(tand=0.054)*"3%. Hence, solution is heated quicker in the presence of a high-tand solvent (i.e.,
ethanol when compared to water or acetone).

In previous studies, our group has optimized the synthesis of pure and doped ceria using
MAH. Deus et al.* investigated the influence of different basic environment and reaction time to
synthesize CeO2 NCs and found out that the synthesis performed at 100°C for 8 minutes with KOH
and NaOH resulted in higher crystallinity and lower aggregation. Amoresi ef al.* and Oliveira et
al*' prepared different morphologies of CeO2 NCs by controlling the basic environment
concentration and reaction time, obtaining nanocubes, nanobeans, nanorods, nanohexagons, and
nanowires. Rare-earth (Pr, Eu, and La) doped ceria nanoparticles were also synthesized via MAH,
and the dopant influence on the optical, magnetic, and gas sensing properties of ceria was
studied*>*. However, to the best of our knowledge the effect of solvents other than water on the
properties of ceria nanostructures has not yet been investigated.

Theoretical studies have been tremendously successful in predicting the properties of
atomic, molecular, and condensed matter systems and have been well standardized owing to a
profound agreement with experimental results. Based on this, our group combined computational
simulations and experimental analyzes in an attempt to correlate morphology and properties, which
could be the key to improve micro/nanomaterial applications, such as ZnO*, Ags;PO4*®, a-
AgWO4*47 PbM004*, ZnW04**°, These studies point out that targeting the synthesis of facet-
dependent nanostructures may be a promising tool to select morphologies with superior optical
and photocatalytic properties. Overall, our group aims to narrow the knowledge gap between
experiment and theory, demonstrating how understanding the morphology could pave the way to
develop and/or enhance optical and photocatalytic properties of nanostructured materials’!-2.

In this paper, we investigated the morphology and photocatalytic of CeO> NCs synthesized
via the MAS method using acetone and ethanol as solvents. The morphology was evaluated and
correlated with the PL and photocatalytic of the samples to better describe the mechanisms behind
PL emissions and factors such as photocatalyst particle size, electrostatic attraction between the
particle and dye molecule which determine the adsorption behavior of a material. Solvent-induced
structural defects and crystal morphology (experimental and theoretical) were evaluated to
understand the effect of polarity, solubility, and dielectric loss of acetone and ethanol in the
formation of CeO, NCs. Relation between surface energy and solvent-induced defects was

considered for proposing an electronic structure model and its associated PL emission mechanism.



Hence, we provide theoretical-experimental evidence to support the use of CeO»-based ceramics
in optoelectronic and photocatalytic devices. To the best of our knowledge, such an approach to
CeO> NCs synthesized via MAS with different solvents has not been yet carried out and may be

significant to understanding surface-dependent photocatalytic and PL properties.

2. Experimental section

2.1 CeO2 nanocrystal synthesis

CeO; nanocrystal synthesis (NCs) were prepared via MAS using two different solvents:
ethanol and acetone. The MAS method was used due to its successive dissolution/recrystallization
processes, which are triggered by microwave irradiation, thus, allowing a quicker, highly
reproducible/controlled defect structure to be formed. First, cerium nitrate hexahydrate
(CeNOs.6H20, ~0.14 M) was dissolved in ethanol or acetone (80 mL) under constant stirring.
Subsequently, the basic environment (KOH, ~2 M) was slowly added to the solution until pH=10
was reached. The resulting solution was heat treated at 100°C for 8 min with a heating rate of
10°C/min, according to previous results reported by our group®’ into a sealed Teflon autoclave and
placed in an adapted microwave (2.45 GHz, maximum power of 800 W), then cooled until room
X temperature naturally. The CeO2> NCs were centrifuged and washed with deionized water
three times until pH = 7 and then dried in an oven at 100°C for 48 hours.

2.2 Nanocrystal characterization

2.2.1. Structural and morphology characterization

The crystal structure of the samples was characterized using X-ray powder diffraction
(PXRD). Diffractograms were collected on a Rigaku-DMax (model 2500PC, Japan) using Cu-K,
radiation (4=1.5406 A) over a 15°-85° 20 range at 0.02°/min, using a collection time of 8 s/point
and 2.0 mm receiving slit. The Rietveld method> was used to refine the crystal structure of the
powders on Topas V5 in its academic version®*. Specific surface area (BET) measurements were
performed on a Micromeritics ASAP 2010 equipment with 0.1 g/sample under a nitrogen
atmosphere at 77 K. To eliminate humidity, samples were dried at 350°C for 24 hours before
analysis. Raman spectroscopy was carried out on a T64000 spectrometer (Horiba Jobin-Yvon,
Japan) using an argon-ion laser with 2=633 nm (7 mW) over the 25-1200 cm' range. Chemical
surface analysis was performed on all samples using X-ray photoelectron spectroscopy (XPS)
using a conventional XPS spectrometer (ScientaOmicron ESCA+) consisting of a high-

performance hemispheric analyzer (EAC2000) and an A/ K, (hv=1486.6 V) monochromatic



excitation source. Analysis was performed under ultra-high vacuum (UHV) operating pressure ~
10~ Pa. XPS high-resolution spectra were recorded at constant pass energy (20 eV; 0.05 eV step
size) using a charge neutralizer (CN10) to eliminate surface charging effects. XPS peak fitting was
performed on CASA XPS software. The morphology was examined using a Phillips FEI CM 120
transmission electron microscope operating at 200 kV The images were taken at room temperature
in a Phillips FEI CM 120 microscope after the samples were dispersed in ethanol, deposited onto

300 mesh copper grids, and dried.

2.2.2. Optical characterization.

Ultraviolet-visible (UV-vis) spectra were obtained using a Varian spectrophotometer
(model Cary 5G, USA) in diffuse reflectance mode. To estimate the bandgap energy, the UV-Vis
data were converted into Tauc plots via the Kubelka-Munk function, considering indirect type
allowed transitions for the samples (n=2). The y-axis corresponds to the transformed Kubelka-
Munk function ([F(Rx)hv]"?) and the x-axis to the photon energy. The bandgap energy corresponds
to the interception point between the extrapolation of the linear fit of the curves and the x-axis.
Fourier transformed infrared spectroscopy (FTIR) spectra were obtained using a Bruker (model
Equinox-55) in transmittance mode using an Attenuated Total Reflection (ATR) mode sample
holder. PL emission data were measured at room temperature on a monospec27 Jarrel-Ash
monochromator with a Hamamatsu R446 photomultiplier operating with a coherent Innova Argon-
ion laser (Aexc=350.7 nm; 2.57 eV, 200 mW). Each spectrum was appropriately deconvoluted, and
the associated points on the chromaticity diagram (CIE 1931) were obtained based on the PL
spectrum for each sample using Origin® 2019 software.

Photocatalytic experiments were performed using 15 mg of the photocatalyst (0.3 g L)
which was added to 50 mL of standardized rhodamine-B (RhB) dye (10> mol L ™! solution). Before
irradiation, the suspension was magnetically stirred for 45 min in the dark at room temperature to
achieve the adsorption/desorption equilibrium. After that, the suspension was illuminated by six
lamps (lamp Amax=254 nm, PHILIPS TL-D, 15 W) (~9.55 mW/cm? at the center of the reaction
vessel) with air bubbling and constant stirring. In situ capture photocatalytic experiments using
scavengers were conducted to capture the active species in the semiconductor and predict the
degradation mechanism. The compounds used as scavengers were e (silver nitrate), h"
(ammonium oxalate), sOH (tert-butyl alcohol), and «O* (p-benzoquinone). Aliquots were

withdrawn at certain times, centrifuged, and analyzed via absorption spectroscopy using



aspectrophotometer (Femto Cirrus 80PR). The photocatalytic efficiency was calculated according

to the percentage of absorbance of the dye solution, using Eq. 1:

Degradation % = % (1)

0

where Co and C; indicate the concentration of dye at time t = 0 and t, respectively.

2.2.3. First-principle calculations

Different surfaces were modeled using unreconstructed (truncated bulk) slab models with
calculated equilibrium geometries®>’. (001), (110), and (111) CeO, surfaces were simulated
considering symmetrical slabs with respect to the mirror plane. The surface energy (Es.s) was

calculated using Eq. 2:

Esurf — (Eslab;ZEbulk) (2)

where represents Eg.p s the total slab surface energy per molecular unit, #» the number of molecular
units, Epu the bulk total energy of the bulk, and 4 is the surface area.

The Wulff construction, in particular when linked to first-principle calculations, is a
powerful tool for predicting the possible morphologies of crystalline materials*>% 2 Wulff
constructions can be used to calculate the equilibrium shape of a crystal considering total surface
free energy minimization at a fixed volume, based on the relation between E.s of a specific
crystallographic plane and its distance from the crystallite center in the normal direction®. Using
Visualization for Electronic and Structural Analysis (VESTA) to obtain the morphology of the
CeO> NCs®, we prepared a map of all available CeO> NCs morphologies by changing the relative
surface energy values for each facet, as well as the pathways linking the different morphologies,
including cubic, truncated cubic, octahedral, truncated octahedral, rhombic dodecahedral, and

rhombic cuboctahedral.

3. Results and discussions

3.1. Structural characterization.

Fig. 1(a-b) shows PXRD patterns obtained for the CeO> NCs synthesized using MAS with
acetone (Fig. 1a) and ethanol (Fig. 1b) as solvents. On both samples, all the diffraction peaks
belong to the CeO2 phase (ICSD #29046) with fluorite structure and Fm-3m space group without

any apparent secondary-phase peaks®. Rietveld parameters (y°, Rexp, Rwp, Rp) shown in Table 1



indicate a coherent PXRD data fitting®®. The lattice volume (Table 1) has not significantly changed
for the samples synthesized using acetone compared to ethanol. On samples synthesized using
ethanol, (111), (200), and (220) peak intensities increase, indicating that these crystallographic
planes are favored during crystallization due to the higher dielectric loss of ethanol (fané~1.0),
which is more efficient converting microwaves into thermal energy, heating the solution faster in
comparison to acetone (tand<0.1)*”%%. Additionally, crystallite size determined by Rietveld
analysis was found to be 14.2 and 20.7 nm for samples synthesized using acetone and ethanol,
respectively. Deviations in crystallite size can be caused by strain and crystal lattice imperfections,
which affect peak position as well as peak asymmetry, broadening, and shape effects, as shown by
PXRD data. FT-IR analyzes were also performed, corroborating the PXRD results (see Fig. S1 in
Supporting Information). Additionally, the sample synthesized in acetone exhibited a slight

increase in the full width at half maximum (FWHM) (=0.69) compared to the sample synthesized

in ethanol (=0.64), indicating higher long-range disorder in acetone®.

<INSERT FIGURE 1>
Figure 1 - Rietveld analysis for the CeO> samples synthesized by MAS using (a) acetone and (b)

ethanol. (c) Raman spectra for the CeO> samples synthesized via MAS using acetone and ethanol.

Table 1 - Structural and Rietveld parameters, specific surface area Brunauer—Emmett—Teller
(BET) and adsorption pore diameter values, and gas sensing response and recovery time for the

CeO. samples synthesized by MAS using acetone and ethanol.

<INSERT TABLE 1>

To investigate how the solvent influences physical properties of the CeO2> NCs, specific
surface area measurements were performed using the Brunauer—Emmett—Teller (BET) method,
whose results are shown in Table 1. Samples synthesized in acetone revealed smaller crystallites/
higher specific surface area. This may lead to high reactant concentration, generating larger
agglomeration of particles. Crystal growth is a function of: (1) induction time, during which the
reaction slowly generates growth solid unit; (2) nucleation, when concentration in the solution
builds up until a critical supersaturation is reached; and (3) particle growth, which proceeds until

the reaction stops due to the solution having reached equilibrium?®.



Fig. 1 (d) displays Raman spectra of the samples. Mode F>g (~464 cm™) is characteristic
of the cubic fluorite structure in CeO,”°, and may be associated with symmetrical Ce—O bond
stretching/breathing vibrations in a coordination polyhedral in which eight O%* ions form a cube
around a central Ce*" ion”!. [CeOs] clusters are extremely sensitive to any vibrations in the O*
sublattice and their positions®>. Hence, a relatively weak vibrational mode at ~600 cm,
commonly referred to as d-mode (or defect induced mode) are related to short-range structural
defects. In this case, the formation of oxygen vacancies can be considered, and ascribed to the
intrinsic reduction of Ce*" ions into Ce’", is driven on the samples synthesized in acetone?®*!. At
~1042 cm ! occurs a second-order Raman mode, which has been associated with the presence of
the Ce*" ions within the structure, but also to peroxide and O* ions***%"273_Chen et al.” reported
Ce**—Ce*" transition effects and, hence, lower oxygen vacancy density, associated with the
formation of Ce-OH and Ce-O bonds on CeO> nano-needles synthesized via two-stage non-
isothermal precipitation, which explains why mode at ~600 and 1042 cm™ fade on the sample
synthesized in ethanol. The work of Zhang et al.%® further supports this hypothesis. Additionally,
oxygen vacancies can generate hole-trapping centers as a result of the formation of [CeOg]} or
[Ce0g]%/[Ce0,.V}] complex clusters within the CeO; structure *!. Mode width/position are
extremely sensitive to disorder at the sites occupied by oxygen ions in the crystalline oxide lattice.
Additionally, sample synthesized using ethanol display a more intense F>g mode compared to
the sample synthesized in acetone, indicating the higher crystallite size. This result is in
agreement with the Rietveld analysis shown in Table 1. Therefore, the increase in intensity
observed on Raman spectrum for the sample synthesized in ethanol can be associated with

preferential growth orientation”’®

, as perceived by the higher intensity (111) relative intensity.
Furthermore, the full width at half maximum (FWHM) estimated for each of the samples,
suggests higher short-range disorder on the sample synthesized in acetone (=22.26), compared to
the sample synthesized in ethanol (=20.02), which can be a result of an increase in the density of
oxygen vacancies within the crystal lattice. This result is in agreement with associated with the
kinetics of synthesis conditions and also the intrinsic lattice structural order as was confirmed by

the PXRD/Rietveld refinement.

Figure 2 (a-b) displays the O /s XPS spectra. For both samples the oxygen, the peak was
deconvolved into three components, the one around 529 eV (Oiatice) has been attributed to Ce-O

bonds within the CeO: lattice; at =531 eV (Ovacancy) the peak can be ascribed to oxygen vacancies,



as well as to carbon containing molecules attached to the surface of the material, hydroxyl groups
and adsorbed oxygen species’’. Finally, at =533 eV (Oc) has been attributed to the O-C bonds.
The intensity of the component associated with lattice oxygen decreases for the sample
synthesized in acetone sample, whereas the component associated with oxygen vacancies greater

increases its intensity. Torrente-Murciano et al.”’

reported on the possibility to estimate oxygen
vacancies in the samples, which can be derived from the Ovacancy/Olattice ratio. Using this
relationship, the values found were 0.57 and 1.27 for the ethanol and acetone samples,
respectively, suggesting a greater oxygen vacancy density on the surface of the sample
synthesized in acetone compared to the ones synthesized in ethanol, corroborating the Raman
data. Ce 3d XPS spectra obtained for the samples synthesized in acetone and ethanol are provide
in the supplementary information (Figure S2). Although it was not possible to quantify Ce**/Ce*"
content in the samples, qualitative analysis of Ce 3d XPS spectra suggests a lower Ce*" content

in the samples synthesized in acetone, which may be associated with a higher oxygen vacancy

density in agreement with the analysis regarding O /s levels..

<INSERT FIGURE 2>
Figure 2 — O /s XPS peak fitting for the samples synthesized in acetone and ethanol.

Fig. 3 shows transmission electron microscopy (TEM/ HRTEM) micrograph images for
the samples. TEM in Fig 3(a) reveals the formation of nanorods and nanoparticles for the sample
synthesized in acetone, while samples synthesized in ethanol only exhibit octahedral-like
nanoparticles (Fig 3d). The nanorods present in the samples synthesized in acetone showed an
average thickness of 12 nm with over 100 nm in length. These nanoparticles presented (100), (110)
and (111) planes (Fig. 3b-c), which are the most commonly exposed planes in ceria samples’®”’.
Similarly, to the samples synthesized in acetone, the ethanol samples exhibit the (110) and (111)
planes were (Fig. 3e-f). Anisotropic growth of the CeO2 NCs may be a result of the formation of
complexes between cerium hydroxide and ethanol molecules, resulting in octahedral-like shaped
nanoparticles (Fig. 3e-f)°®. Nucleation and crystal growth of nanostructures under
hydrothermal/solvothermal conditions are governed by multiple parameters, such as temperature,
time, environment, solvent type, precursor type, precursor concentration, pH, vessel size, solution
volume, pressure, etc.®’. Regarding the solvothermal synthesis, three parameters associated with

the solvent are known to influence the crystal growth, which are: precursor solubility in a chosen



solvent, solvent polarity, and their characteristic vapor pressure®!. For instance, Mishra et al.’!
synthesized CuO nanostructures via MAS using a water-ethylene glycol mixture as solvent. The
authors obtained 3D CuO nanoarchitectures composed of either rods or flakes as building blocks,
which they associated to the precursor type (copper acetate and copper nitrate) and to the water-
ethylene glycol mixture vapor pressure. Analogously, Xu et al.®! used water, ethanol, acetone,
toluene, decane, and THF to synthesize ZnO nanostructures with multiple shapes, such as sphere,
rod, cauliflower-like, hourglass-like, and conical hexagon. The results obtained in this work
corroborate the work of Zhang et al.®s. Therefore, we can infer that solvents with different
polarities and saturated vapor pressures affect the morphology of samples synthesized under
solvothermal treatment because they will have different chelating effects with the metal cations
leading to different crystal growth habits. That will lead to initial nucleation, agglomeration, and

preferred orientation of the crystals.

<INSERT FIGURE 3>
Figure 3 — TEM and HRTEM micrograph images for the CeO> samples synthesized via MAS in

(a-c) acetone and (d-f) ethanol.

3.2.  First-principle calculations

Fig. 4 shows Wulff constructions for the investigated surfaces (100), (110), and (111) of
CeO» generated at different thermodynamic conditions. Wulff constructions are associated with
exposed facet stability and can be employed to explain morphologies. Morphology changes with
the ratio associated Es.s values of each surface, where the rate of the individual surface is
dependent on the different values of E.,». Based on thermodynamics, final morphology is defined
by stability of each of the different surfaces interacting with ions on the surface (e.g., O, etc.)*’.
Esurindicates that surfaces (111) minimize surface energy — is the most stable. Careful inspection
of the Wulff constructions exhibits octahedron-shaped particles composed of different
percentages of surfaces (100), (111), and (110). Crystal shape (I) is dominated by surface (111)
followed by surface (110). When the oxygen chemical potential is reduced, surface (111)
percentage is gradually replaced by surfaces (110) and (100), respectively®>®3. Additionally, the
actual surface energy on metal oxides depends on other factors such as bond contractions and
surface electronic structure®’. To obtain the crystal shape (II), there is an area reduction of the

surface (111) and the relative increase of the crystal coverage by the surface (100), resulting from

10



the decrease of Es.r(100). The theoretical simulations represented in the Wulff constructions are
corroborated by TEM micrograph images, indicating that the exposed planes predicted in theory
are indeed experimentally reproduced. In addition, the octahedral shape of the nanoparticles
obtained by synthesis in ethanol is associated, especially with the crystal shape (III). Thus, using

ethanol as a solvent may favor the decrease of E,r(110) and (111).

<INSERT FIGURE 4>
Figure 4 - Crystallographic structure based on Wulff constructions for CeO> with crystal planes
(111), (110) and (100).

3.3. Optical characterization

Fig. 5 shows EPR curves for each of the samples. Broad resonance at B;=3380 G may be
associated with Ce**(ce07) -Oa(surface) interactions, which creates an oxygen-active surface. Samples
synthesized in acetone show higher By intensity, indicating that synthesis in acetone may produce
a higher oxygen vacancy density CeO> structure, proving the presence of paramagnetic Ce’*
species ([Xe] 41 5d°)®. This result is in accordance with the bandgap value obtained for each
sample, suggesting the formation of a larger number of defects on samples synthesized in acetone
(Egap=2.52 eV), whereas a more organized crystal may be associated with the sample prepared in
ethanol (E,p=2.81 V). Additionally, EPR analysis confirms the Raman and XPS results. Samples
synthesized in ethanol, g-value shifts slightly towards smaller values (larger By), which can be
associated with variations in surface electron-coupling properties. The signal of B=3400 G may

also be associated with the presence of Ce** ions on the CeQ> surface.

<INSERT FIGURE 5>
Figure 5 - EPR spectra for CeO2 samples synthesized via MAS in ethanol and acetone.

Fig. 6(a-b) show PL emission spectra obtained at room temperature for CeO; NCs
synthesized in acetone and ethanol, respectively. NCs synthesized in acetone (Fig. 6a) show greater
contribution of emission peaks in the blue region (~450 nm), which may be associated with
oxygen-related defects related to F center formation as a result of higher Ce*" content and is
characterized by 4f«<»5d’ optical transitions, originating shallow-level defects within the CeO;

lattice compared to the ones synthesized in ethanol (Fig. 6b) as confirmed by Raman and XPS

11



spectroscopies, as well as EPR. As Ce** concentration increases, so does the V;, density within the

crystal lattice as shown in Eq. 4:

CeOg + 1le™ — Ce0,.V, 4)

<INSERT FIGURE 6>
Figure 6 — PL spectrum deconvolution for the CeO> samples synthesized via MAS in (a) acetone
and (b) ethanol. The (c) proposed electronic structure model/emission mechanism, and (d)

chromaticity diagram (CIE 1931) for the CeO> samples.

Thus, a stronger orange-red emission peak (~595 nm) in the NCs synthesized in ethanol
suggest that oxygen vacancies may originate from deep-level defects within the optical bandgap
region. Additionally, superficial oxygen-containing functional groups both on NCs synthesized in
acetone and ethanol can lead to electronic transitions between O 2p states and higher energy levels,
generating self-trapped excitons®*.

The CeO: cubic structure is characterized by oxygen ions, which are not closely packed;
hence, ceria forms many oxygen vacancies. Several authors have associated CeO; emissions to
4f—VB (valence band) transitions, producing a violet-blue emission (~422 nm)*** strongly
influenced by photoreduction (nephelauxetic effect) that leads to the presence of Ce*" and Ce**
ions simultaneously within the CeO: structure at the expense of oxygen vacancy (V,)) formation.
Trapping of electron pair in V; cavities (V; + e~ — V) establishes F centers within the optical
bandgap region, below 4f states. Both samples show typical CeO2 broadband emission spectrum
dominated by Ce**-related emissions characterized by 4f'«<>5d’ optical transitions, which may be
displaced according to the crystalline field, whereas Ce** does not show optical activity due to its
[Xe] electronic configuration. CeO2 morphology and chemical environment strongly influence the
Ce’" ground ([Xe]4f') and excited ([Xe]5d') state configurations®® 58,

Theoretical-experimental data was used to propose a practical model to explain the MAS
synthesis-solvent (acetone/ethanol) role on the electronic structure, and PL response of CeO2 NCs
(Fig 6c). Fig. 6(b) shows the chromaticity diagram (CIE — Commission internationale de
I’eclairage 1931), which evidences the different emissions for samples synthesized in acetone and
ethanol. The CIE representation also gives information on the correlated color temperature (CCT)
of the samples and can be associated with final practical application of fluorescent lights and LEDs.

For common LED materials the CCT (in Kelvin) the emitted light can vary over a wide range

12



(2700-6500K). Ethanol produces PL emission in the ‘“ultra-warm” white region (3000K)
characteristic of incandescent light bulb emissions, whereas acetone synthesized samples “are on”
the “cool white” zone (4660 K) of the CIE diagram, relate to daylight or an RGB monitor reference
white point. Warm light region appears less bright to humans and are generally associated with
resting areas (acetone, ~3000 K), whereas samples emitting in cooler regions are indicated for
working environments (ethanol, 4660 K)*°.

Fig. 7(a-c) show photodegradation experiments using RhB dye solution as a model
molecule to evaluate photocatalytic activity. Photocatalysis may be described as a three-step
process: (I) target molecules are adsorbed on the surface of the catalyst; (II) radiation is absorbed
by the catalyst producing photogenerated pairs (e™-h"); and (IIT) redox reactions between molecules

of the medium and the photogenerated pairs occur®.
<INSERT FIGURE 7>

Figure 7 — (a) CeO; samples photocatalytic behavior; Photocatalysis results with kinetics
adjustments using the (b) pseudo-second order model, and (c) pseudo-first order model,
respectively. (d) Scavengers test for the CeO> samples, and (e) possible ROS generation

mechanism.

Taking into consideration the adsorption of the samples, one can observe that CeO2 NCs
synthesized in acetone adsorbs ~18% of the RhB in the solution, while the CeO2 NCs synthesized
in ethanol adsorbs ~9% (Figure 7a). The adsorptive process is superficial and CeO> NCs showed
synthesized in acetone higher have larger surface area. The photocatalytic behavior of the samples
synthesized in acetone proved much superior to that of samples synthesized in ethanol, degrading
80% of RhB in 240 min. The samples synthesized in ethanol showed superior performance to that
observed for photolysis, degrading 24% RhB in 240 min. This highlights an impressive feature,
which is that the solvent used in the synthesis can significantly alter the structural, electronic and
photocatalytic properties of CeOz. As evidenced by the Wulff construction and TEM micrograph
images, surface (100) prevails in the morphology of nanoparticles synthesized in ethanol, causing
a significant decrease in its photocatalytic efficiency. RhB photocatalytic decomposition may be
attributed to different kinetic models, such as the pseudo-first order one, which is based on a

simplified Langmuir-Hinshelwood model (Eq. 5)°!, or the pseudo-second order one (Eq. 6)°*:
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In(Ca/Co) = —kt )

1/C,—1/Cy =kt (6)
where the kinetic rate constant (k) is determined from a linear fit to the data, ¢ is the time, Cy the
initial concentration and C, the concentration variation.

The photocatalytic process of the CeO> NCs shows a much higher goodness of fit (R’
values) using the pseudo-second order kinetic reaction equation as shown in Fig. 7(b). Based on
these results, we confirmed that it was inappropriate to describe RhB photodegradation reaction as
a pseudo-first order kinetic reaction (Fig. 7¢), which indicates that the reaction rate is proportional
to the reagent concentration’?. k values obtained for the pseudo-second order fit were 5.78x10
and 6.3x10* L.mol!.min"! for CeO, NCs synthesized in acetone and in ethanol, respectively. The
improvement in photocatalytic activity of the sample synthesized in acetone may be due to several
factors, such as the increase in long- and short-range disorder evidenced by a decrease in ordering
within the CeO; crystal structure as evidenced by PXRD and Raman measurements. This disorder
ends up generating defects in the forbidden region of the bandgap, increasing the number of
shallow-level defects in CeO- (see PL results), causing the Eqqy value to decrease. This reduction
facilitates the absorption of light by CeO», thus, increasing photocatalysis efficiency by increasing
the concentration of photogenerated pairs and decreasing their recombination processes.

The use of CeO;-based materials for the degradation of organic dyes has been reported by
several researchers. A comparison showing the photocatalytic response of different CeO;-based
materials and its parameters is shown in Table 2. Our work shows promising results compared to
what has been reported by Su et al.”* (16.99%), Tuyen et al.** (~5%), Yu et al.”® (26.8%), Mandal
et al.’® (63%), and Wangkawong et al.”’ (12%) regarding the degradation of RhB by pure CeOs.
On the other hand, the comparison presented in Table 2 shows that the photocatalytic response

can be significantly enhanced by the formation of heterostructures.
<INSERT TABLE 2>

Fig. 7(d) shows the results of scavenger tests performed for the CeO> NCs used to unveil
the RhB photodegradation process. To investigate its mechanism selective scavengers of different
reactive species e (silver nitrate), h" (ammonium oxalate), sOH (tert-butyl alcohol) and «Ox™ (p-

98-101

benzoquinone) where added to the RhB solutions . While no significant changes were

observed on the samples synthesized in ethanol since their photocatalytic efficiency is very close
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to actual photolysis, on the sample synthesized in acetone, a reduction for all scavengers can be
observed, especially the «O," radical. Hence, we know that in the degradation process, all reactive
species participate in breaking down the RhB molecule, and there is a greater contribution of ¢Oy
radicals. In Fig. 7(e), CeO> clusters with oxygen vacancies (Vo) are represented by the general
formula [Ce07.Vo]. Vo present in the clusters can become Vo' and Vo™ depending on how
photogenerated e-h" pairs shift on the CeO, surface by cluster-cluster charge transfer (a and b in
Fig. 7e; steps a-b). According to Tello et al.'’?, Vo'/Vo™ formation in the clusters favors the
processes that lead to H>O oxidation/O; reduction (Figure 7e; steps d-e), resulting in the formation
of «OH and +O; radicals. After the redox processes, the clusters regenerate, continuing the
oxidation processes (Fig. 7; steps c-e). The «OOH radical is generated by the reaction of a proton

- «H - with a superoxide radical - *O," - (Figure 7e; step f)!%°.

4. Conclusions

In this work, MAS synthesis-solvent influence on crystal structure, morphology, PL, and
photocatalytic properties of CeO> NCs was investigated using a theoretical-experimental
approach. PXRD, Raman, and FT-IR results show that CeO, NCs synthesized in ethanol or acetone
crystallized in the fluorite cubic structure, free of secondary-phases and contaminants. The solvent
used in the synthesis (ethanol/acetone) results in changes to the density of defects within the CeO
structure and the morphology of the nanocrystals, altering their photocatalytic responses. Using
Wulff constructions, a complete map of available morphologies was built, and a theoretical-
experimental match was obtained for the samples synthesized in ethanol, which exhibited
octahedral nanoparticles. CeO> NCs synthesized in acetone showed superior photocatalytic
response than that of CeO, NCs synthesized in ethanol, which may be a result of an increase in
long-/short-range disorder within the CeOs structure, causing the Eqqp value to decrease facilitating
light absorption by CeO., as well as higher surface area due to the presence of sphere-like
nanoparticles in the samples synthesized in ethanol as opposed to a combination of
nanorods/nanoparticles in the samples synthesized in acetone. These results may also be associated
with NCs synthesized in acetone show greater contribution of emission peaks in the blue region
(~450 nm), which may be associated with higher Ce*" concentration, originating shallow-level
defects within the CeO- lattice while for the samples synthesized in ethanol a strong orange-red

emission (~595 nm) suggests that oxygen vacancies may originate from deep-level defects within
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the optical bandgap region. Our results showed an impressive feature, that solvent used in the
synthesis can significantly alter the structural, electronic, and photocatalytic properties of CeO»
NCs, and a mechanism of enhanced photocatalytic activity has been proposed suggesting that the
higher photocatalytic response in the samples synthesized in acetone may be related to lower e—h"
pair recombination, facilitated by the generation of «OH and O, radicals, whereas on the samples

synthesized in ethanol surface (100) stabilization may lead to low photocatalytic activity.
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Figure 1 - Rietveld analysis for the CeO. samples synthesized by MAS using (a) acetone and (b)

ethanol. (c¢) Raman spectra for the CeO, samples synthesized via MAS using acetone and ethanol.
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Table 1 - Structural and Rietveld parameters, specific surface area Brunauer—Emmett-Teller (BET) and adsorption pore diameter values, and gas
sensing response and recovery time for the CeO, samples synthesized by MAS using acetone and ethanol.

CeO2 Rietveld parameters
Sample SpeT (M?/g)

Acetone 160.1 £ 0.8 142+ 11 100.0 9.70  9.27 13.00 10.39 1.40 130.98

Ethanol 159.8+ 0.8 20.7+0.8 100.0 2.10 6.09 523 4.10 0.86 121.29
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Table 2 - Comparison of degradation efficiencies.

[C]org [C]cat Time
Photocatalyst Method Source/power (W)  Degradant k (min™?) n (%) Ref.
(mgL™)  (mgmL™) (min)
Ag20/AgBr-Ce0O, CP/SC Visible/500 RhB/TC 10/10 0.5 60 0.00182 95.6/93.23 Su, 2021
Ce0,-MOFs (PA-DBD) uVv/500 MO 50 0.8 36 0.16021 98.0 Tao, 2019
CeO2/TiO2 HM Visible/250 MB 15 1 120 0.032 100.0 Tuyen, 2018
CoS/Ce0, Growing in-situ Visible/300 TC/Phenol 25 40 60 0.06/0.037  96.5/90.5 Yu, 2020
CeO/CN HM Visible/500 SFX 0.5 0.1 60 0.072 99.2 Liu, 2020
. . Mandal,
Ce0»-TiO, MA Visible/200 RhB 4 0.02 240  0.0008924 63.0 2022
) o Wangkawon
CeO,/BiOl CP Visible/50 RhB 4.8 50 180 0.0138 95.4
g, 2020
Ce0,/CdS CP Visible/350 RhB 10 1 180 0.036 96.16 Pei, 2022
Bi2M00Os/CeO; SM Visible/300 RhB/TC 10 0.4 90 0.0352 73.8/94.1 Gao, 2022
Sono photocatalytic Mardani,
Ag/CeOz/graphene SG/HM o MB 20 0.005 120 100.0
irradiation 2020
CeO; MH UV/15 RhB 4.8 0.3 240 0.00578 80 This work
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This study shows how the sythesis
environment can affect long-/short-range
disorder. Superior photocatalytic response
was achieved on CeO, synthesized in
acetone. A Dblue-shift in photoluminescent
emissions reinforces the formation of
shallow-level defects within the crystal
lattice.
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