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ABSTRACT: Currently, numerous properties of semicon-
ducting oxides are correlated to their morphological character-
istics resulting from their exposed surfaces. In the present
work, the relationship between the following morphologies
rod, bean, hexagon, and rod/cube of CeO2 with the exposure
of (111), (110), (100), and (311) surfaces and the main
charge carriers generated by the photochemical processes was
investigated. This was done in regard to the degradation of
ciprofloxacin and rhodamine-B. The initial stages of the
degradation of the two types of molecules were evaluated,
allowing the determination of where the charge carriers
generated in the semiconductor preferentially acted on the
molecules. Therefore, the active species in each photocatalyst
were identified by scavenger tests and correlated to the
computational simulations using the density functional theory. Accordingly, the relationships between the morphology, surface
exposure in the particles, surface defects, photochemically generated species, and preferential attack on the micropollutant
molecule were shown. Specific surface area analyses demonstrate an effective relationship between photocatalytic activity and
the exposed surface of the particle. This will allow rationalization of the relation between the catalytic and electronic properties
of semiconductor surfaces.
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1. INTRODUCTION

Several studies have focused on the relationship between the
preferential growth of semiconductors in a given direction, i.e.,
on morphological control, and their properties.1−3 Relations
such as the following were found to exist: preference of
catalytic conversion of CO on the {100} and {101} surfaces of
Au/TiO2 materials;4 improvement in the magnetic properties
when (001) and (111) surfaces are exposed to MnTiO3 due to
the surface composition of the [TiOn] reduced species;5 and
increase in the photocatalytic properties of the exposed (011)
and (010) surfaces in ZnWO4 monoclinic materials due to the
presence of holes (h+).6 The relationship between the material
morphology and resulting properties was also verified for
cerium oxide, CeO2, by Mai et al.7 It was observed that the
surface structures dominated by {100}/{110} facets with rod-

like morphologies were more reactive to CO oxidation and
exhibited a higher capacity to store oxygen on the surface
compared to surface materials dominated by {111} facets with
a polyhedron morphology.
CeO2 is an n-type semiconductor of cubic crystalline

structure with a band gap of about 3.2 eV, and it exhibits
different properties depending on its morphology.8 This
semiconductor has a high oxygen storage capacity and oxygen
vacancy mobility as observed by the easy conversion between
its oxidation states, Ce4+ and Ce3+.9 Ma et al.10 synthesized
CeO2/gC3N4 compounds and evaluated the photocatalytic
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activity of pure and composite materials. They found that the
composite has higher photocatalytic performance due to the
better separation and migration of photogenerated charge
carriers. Feng et al.11 evaluated several CeO2 morphologies for
the catalytic combustion of toluene for CO2 and water
mineralization. They observed that hollow-sphere morpholo-
gies presented better activity because their surface was
composed mainly of (111) planes, resulting in more oxygen
vacancies. Recently, Ma et al.12 published a review revealing
the fundamental mechanisms of photocatalytic performance in
relation to modifications in CeO2 by metal doping, nonmetal
doping, deposition of noble metals on the surface, hetero-
junctions, and the most important factors that influence and
promote the separation and recombination of e−/h+ pairs to
photocatalytic activity. It is known that the catalytic or
photocatalytic performance as high reaction rate, photo-
chemical activation spectroscopic range, and stability of
semiconductor materials are dependent on the composi-
tion,13,14 exposed surface,5,11 and the oxidative or reducing
agents generated in them.15 Regarding catalytic activity, both
the adsorption site of the molecule with its predominant
functional groups and the agents generated in the semi-
conductor (by photocatalysis) are related to the catalytic/
photocatalytic efficiency.16−18

Commonly, dye molecules are used to evaluate the
photocatalytic efficiency of a semiconductor material.15,19,20

These are chromophoric molecules with absorption in the
visible region. Generally, they are initially degraded by the de-
ethylation of their outermost organic groups, followed by the
degradation of the aromatic rings21 by agents such as the h+

generated by the semiconductor.6,15 Other types of molecules,
e.g., drugs, can possess multiple functional groups and may
present an amphoteric behavior,22 which suggests that a
photocatalyst may have different possible degradation
mechanisms. The above-mentioned groups include ciproflox-
acin, CIP (C17H18FN3O3), an antibiotic of second-generation
fluoroquinolone, which consists of a quinolone structure and
piperazine moiety.23,24 This drug is widely administered as
both a human and veterinary medicine and currently holds the
fourth position in the European antibiotic market.25−27 It is the
most frequently detected antibiotic in wastewater treatment
plants and raw drinking water28 because most wastewater
treatment plants cannot eliminate it effectively. Therefore,
seeking an efficient strategy to eliminate CIP from wastewater
is still imperative.

According to several works related to photocatalytic activity,
in semiconductors with a spherical-type morphology29 with
surfaces exposed in different directions, it is difficult to verify
which surface has the dominant influence on the degradation
mechanism. CeO2 with different morphologies was previously
studied and found to exhibit different photocatalytic activities
according to its morphology.30 However, analyses considering
the type of exposed surface for each morphology and the
mechanism responsible for the photocatalysis were not verified.
Here, we report the synthesis of CeO2 nanoparticles by a

microwave-assisted hydrothermal (MAH) method. We inves-
tigated the relationship of different CeO2 morphologies with
the respective exposed crystalline planes, generated agents (·
O2, ·OH, h

+), and interaction with the pollutant undergoing
degradation. The structural, electronic, optical, and degrada-
tion properties were correlated to the morphology. Field-
emission scanning electron microscopy (FE-SEM), high-
resolution transmission electron microscopy (TEM), X-ray
diffraction (XRD), micro-Raman scattering spectroscopy,
ultraviolet−visible (UV−vis) spectroscopy, and mass spectros-
copy were employed to characterize the samples. Computa-
tional simulations were performed with periodic density
functional theory (DFT) to study the theoretical band gap,
surface energy, Mulliken charges, and alignment between the
bands of each surface. The experimental and theoretical results
are reported for the understanding of the relation between the
structural and electronic parameters of each CeO2 nanoparticle
surface with the main radicals generated by the photocatalytic
activity during the degradation of the molecules.

2. EXPERIMENTAL SECTION
2.1. Synthesis. CeO2 nanoparticles were obtained by an MAH

method (Figure 1a). The procedure for the preparation consisted of
dissolving cerium nitrate hexahydrate (Ce(NO)3·6H2O, 99%, neon),
0.06 mol·L−1, in 90 mL of NaOH, X mol L−1 (where X = 6.0, 0.6, and
0.06 mol·L−1), and the mixture was stirred for 1 h at 25 °C. The
suspension was placed in a microwave oven at 180 °C/8 min. The
powders were washed with deionized water several times and dried at
70 °C/12 h. For each synthesis, the concentration of NaOH was
varied, with X = 6.0, 0.6, and 0.06 mol·L−1 resulting in morphologies
of the type rod/cube, bean, and hexagon, respectively. The synthesis
with NaOH 6.0 mol·L−1 and a microwave time of 1 min (at 180 °C/1
min) resulted in a rod-type morphology.

2.2. Characterization. The CeO2 nanocrystals were structurally
characterized via XRD patterns using a D/Max-2000PC diffractom-
eter, Rigaku (Japan), with Cu Kα radiation (λ = 1.5406 Å) in the 2θ
range from 20° to 90°. The Raman spectroscopy characterization was

Figure 1. (a) Illustrated scheme of the microwave-assisted hydrothermal method used for the nanoparticles synthesis and (b) chemical structure of
the unit cell of CeO2.
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performed by a LabRAMiHR550 Horiba JobinYvon spectrometer
with a laser of 514 nm as the excitation source and a spectral
resolution of 1 cm−1, with 40 scans in the range of 50−1000 cm−1.
The particle morphology was investigated via HR-TEM, TEM-FEI/
PHILIPS CM120 microscopy, and a field-emission scanning electron
microscope, model FE-SEM Inspect F50 (FEI Company, Hillsboro,
OR), operated at 5 kV. X-ray photoelectron spectroscopy (XPS)
measurements were performed using a Scienta Omicron ESCA+
spectrometer system equipped with a hemispherical analyzer (EA125)
and a monochromatic source of Al Kα (hν = 1486.7 eV). The spectra
were corrected to the charge effects using the C 1s peak of
adventitious carbon at 284.6 eV as a reference. All data analyses were
made using CASA XPS software (Casa Software Ltd., U.K.). The
photonic characteristics were analyzed by UV−vis diffuse reflectance

using a PerkinElmer UV/vis/NIR Lambda 1050 spectrophotometer.
BET specific area was carried out using ASAP 2010 Micromeritics
equipment. Photocatalytic experiments were performed using 15 mg
of the photocatalyst (0.3 g L−1) which was added to 50 mL of the CIP
drug solution (10−5 mol L−1) (or of pattern rhodamine-B (Rh-B) dye
10−5 mol L−1 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 λmax = 254 nm,
PHILIPS TL-D, 15 W) (∼9.55 mW/cm2 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

Figure 2. FE-SEM and HRTEM images of the different morphologies obtained for CeO2: (a, b) rod, (d, e) bean, (g, h) hexagon, and (j, k) rod/
cube type. The HRTEM images show d-spacings for each region in the particle: (a) the rod-type sample has exposed (111) and (220) planes; (b)
the bean-type sample has exposed (111) and (200) planes; (c) the hexagon-type sample has exposed (111), (220), and (311) planes; (d) the rod/
cube-type sample has exposed (111) and (200) planes. The surface models for each morphology of the CeO2 nanocrystals are shown for (c) (111),
(f) (100), (i) (110), and (l) (311) surfaces.
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ammonium oxalate (88 mg), p-benzoquinone (67 mg), and
isopropanol (0.048 mL). Aliquots were withdrawn at certain times,
centrifuged, and analyzed via absorption spectroscopy using a
spectrophotometer (Femto Cirrus 80PR). Electrospray ionization
mass spectrometry (ESI-MS) analysis was performed by positive ESI
using a Waters XevoG2-XS QT of quadrupole/time-of-flight mass
spectrometer by direct infusion with a flow rate between 1 and 10 μL/
min. The mass spectra were recorded from m/z 100 to m/z 2000 for
the purpose of identification.

3. COMPUTATIONAL SIMULATION

DFT simulations were conducted using the CRYSTAL17
program31 with the WC1LYP (8% hybrid) functional.32 The
oxygen atoms were described by all-electron basis set, O_6-
31d1,33 whereas the cerium atoms were described by the
effective core pseudopotential (ECP) basis set, Ce_ECP.34

The integration process was performed using the option
XXLGRID (extra-extra-large grid), containing 99 radial and
1454 angular points. The accuracy of the truncation criterion
for the bioelectronic integrals (Coulomb and Hartree−Fock
(HF) exchange series) was controlled by a set of five
thresholds (10−8, 10−8, 10−8, 10−8, and 10−16). These
parameters represent respectively the overlap and penetration
of the Coulomb integrals, overlap of the HF exchange integrals,
and pseudo-overlap in the HF exchange series. In the self-
consistent field (SCF) procedure, the shrinking factor for both
the diagonalization of the Fock matrix and calculation of the
energy was set as 6, corresponding to 16 independent k-points
in the irreducible part of the Brillouin zone.
The equilibrium structure of CeO2 is face-centered cubic

(fcc) structure, with space group Fm3m, which in the bulk has
cerium ions octahedrally coordinated with oxygen ions,
forming clusters of the type [CeO8], Figure 1b. Each exposed
surface exhibits variation in the anion and cation coordination.
As a first procedure, bulk optimization of the CeO2 structure
was performed to determine the equilibrium geometry. As a
second step, the (100), (110), (111), and (311) surfaces were
unreconstructed (truncated bulk) slab models using the

calculated equilibrium geometry while considering the mirror
symmetry with respect to the central layers. These slabs were
finite in the z-direction but periodic in the x- and y-directions.
Full relaxation of these surfaces was performed. The surface
stability and crystal morphologies were discussed in terms of
the surface energy (Esurf) obtained by Esurf = Eslab − nEbulk/
(2A), where Eslab and Ebulk correspond to the optimized
surfaces and bulk, respectively, n is the number of CeO2 units
on each surface, and A is the surface area.

4. RESULTS AND DISCUSSION

4.1. Structure and Morphology. For all the obtained
samples, the structural properties at long-range order, as
presented in Figure S1, showed a cubic structure with space
group Fm3m (ICSD pattern no. 239412) for CeO2. The
obtained theoretical parameter, a = 5.39 Å, is in good
agreement with the experimental values. No additional
reflections were found in the XRD patterns, suggesting a
high purity. Parts a, d, g, and j of Figure 2 show the FE-SEM
images, and different morphologies are observed for all the
samples. The different morphologies obtained are related to
the mineralizer agent concentration employed for the particle
growth.7,35 Since surface free energy is directly associated with
surface energy and surface area,36 the change in concentration
of adsorbent ions alters the isotropic particle growth.
Increasing the concentration of the NaOH as the mineralizing
agent (i.e., the increase in OH− during synthesis) associated
with precipitation and nucleation sequences37,38 favors the
nanostructure anisotropy. The particle shape changes from a
more symmetrical morphology (hexagon) to less symmetrical
morphologies (bean and then rod). In Figure 2a, it is possible
to observe the predominance of nanoparticles with rod-type
morphologies. Figure 2d shows a bean-type morphology.
Figure 2g illustrates the morphological characteristics of a
hexagon type, whereas in Figure 2j, there is a mix of rod- and
cube-type morphologies for nanoparticles.

Figure 3. (a) Experimental room-temperature Raman spectra (514.5 nm) in the range from 50 to 1000 cm−1 and (b) high-resolution XPS for the
O 1s species for different morphologies of the CeO2 powder samples.
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HRTEM analyses were performed to elucidate the
crystalline planes of the CeO2 nanoparticle surface for the
different morphologies obtained, which are shown in parts b, e,
h, and k of Figure 2. Figure 2b shows rod-CeO2 with distances
of 3.22 and 1.92 Å corresponding to the d-spacings of (111)
and (220) planes, respectively. Figure 2e exhibits bean-CeO2
nanoparticles with calculated distances of 3.20 and 2.74 Å to
the crystalline planes. These are in good agreement with the d-
spacings of (111) and (200) planes, respectively. Figure 2h
shows hexagon-shaped particles, with distances 3.16 Å, 1.92 Å,
and 1.66 Å corresponding to the d-spacings of (111), (220),
and (311) planes, respectively. A mixture of nanoparticles with
rod and cube-type shapes is shown in Figure 2k. For both the
nanoparticles, only a 3.10 Å distance corresponding to the d-
spacing of (111) plane is observed. In agreement with the XRD
results, all the calculated distances and their respective
crystalline planes correspond to the cubic CeO2 phase.
Parts c, f, i, and l of Figure 2 depict the simulated CeO2

surfaces and the calculated stability order of the surfaces using
the equation of surface energy (Esurf). The figure shows
different types of [CeOx] clusters of these surfaces in the
presence of oxygen vacancies, Vo

x. According to the surface
energy, the order of surface stability is (111) < (110) = (220)
< (311) < (100) = (200). Specifically, the (111) surface is the

most stable surface with Esurf = 1.19 J·m2, whereas the (100)
and (200) surfaces are the less stable with Esurf = 2.26 J·m2.
The stability of the (111) plane can explain the reason it
appears in all the obtained morphologies and also the
photocatalytic activity trend, which will be discussed below.
The Raman scattering spectra for the different CeO2

morphologies elucidate structural distortions in the short-
range order, as shown in Figure 3a. The spectra of the rod,
bean, hexagon, and rod/cube morphologies are shown. In
these spectra the predominant bands are at 390, 459, and 590
cm−1. These bands correspond to a second-order transverse
acoustic (TA) scattering mode, tridegenerate mode (F2g)
attributed to the symmetrical stretching vibrations of the O2−

ions neighboring the Ce4+ ion, and mode induced by a defect
(D) related to the presence of oxygen vacancies,11 respectively.
By comparing the Raman spectra obtained for the samples with
rod or bean morphology with the spectrum obtained for the
samples with hexagon or rod/cube morphologies, we can see
that the F2g mode shifts to a lower energy from 459 to 450
cm−1, and there is an appearance of a band at 240 cm−1 related
to a TA mode. For the bean-type morphology, a mode appears
at a high energy corresponding to 830 cm−1 related to a
transverse optic, TO, mode.39,40 The spectra of the hexagon
and rods/cubes samples exhibit modes at 390 and 459 cm−1,

Figure 4. Photocatalytic activity for the degradation of ciprofloxacin drug: (a) absorption spectra for the drug before the start of the photocatalysis,
showing the molecule and main transitions in the spectra, and the photocatalytic activity after 60 min of the degradation with different
morphologies of CeO2; (b) ESI(+)-MS spectra of the CIP intermediates that appeared in the photochemical process; (c) proposed scheme for the
fragmentation of the CIP intermediates.
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corresponding TA and F2g modes, respectively. The F2g mode
in the spectra of the hexagon morphology is predominantly
narrow.
Displacements of the Raman bands are associated with

phonon confinement, particle size heterogeneity, dopants,
crystal lattice stress, and defects.41,42 Considering that the
samples are undoped CeO2 and have a homogeneous particle
size (Figure 1), the observed shift in the Raman spectra is
associated with the defects resulting from the preferred
orientation that the particles are grown. In addition, relating
the D mode, 590 cm−1, with the F2g mode, the relative
concentration of oxygen vacancies can be found by the ratio
(AD/AF2g) × 100. Its magnitude follows the order CeO2 beans
(9.9) > CeO2 rods (9.1) > CeO2 rods/cubes (8.4) > CeO2
hexagons (2.4). It is observed that the sample grown in the
bean-type morphology, which is an expanded sphere along one
of the axes, presents (111) and (200) orientations, implying
that there is freedom for the growth of the morphology along
the axis, h00. This is a consequence of the displacement of the
F2g mode to a lower energy resulting in the degree of freedom
of the structure and to the larger ratio of the oxygen vacancies.
If the band related to the F2g mode has the shift to a higher
energy up to the sample spectrum of the hexagon type, then it
is pertinent to relate that the shift is related to the structure
with the largest number of exposed planes of (111), (220), and
(311), among the others. This results in a particle with the
highest symmetry, which is observed both in the F2g mode
shifting to a higher energy, representing stronger metal−
oxygen bond vibration, and in the smaller AD/AF2g ratio. The
smaller number of bands is another indication of the higher
symmetry for the hexagonal sample.
The chemical states, defects, and surface compositions of the

different morphologies obtained were analyzed by XPS. The
survey spectra of different CeO2 morphologies are shown in
Figure S2. Ce and O elements are present in the regions of 890
and 530 eV, respectively. Although all samples have a bulk
CeO2 phase, the surface defects are varied according to the
exposed surface, as can be observed in the slight difference in
the shape of the peaks for O 1s, Figure 3b. The O 1s spectra of
CeO2 can be deconvoluted into three peaks, located at ∼529,
∼531, and ∼533 eV. The peak at lower binding energy (BE)
was ascribed to the Ce−O bond, the middle one is related to

hydroxide and surface defects (−OH, Vo), and the highest was
assigned to oxygen-bonded carbon species (C−O, CO).43,44

Values for the position and area percentage of each peak are
given within the figure. Overall, the percentage of defect-
related peak (BE ∼ 531 eV) is similar for all samples. However,
in relation to the proportion of lattice-bound oxygen (BE ∼
529 eV), there is a difference between the samples. The
proportion is similar for rod and hexagon samples (41%),
higher for beans (43%), and the lowest proportion is found for
the rod/cube sample (28%). The proportion of oxygen bound
to the crystal lattice may be related to the variation between
the Ce4+ and Ce3+ proportions on the surface. Therefore, it is
expected that the rod/cube sample may have a higher Ce3+

ratio, as can also be estimated by the displacement to lower
energy of the high resolution peak for this sample (Figure S3).

4.2. Photocatalytic Activity and Identification of
Active Species. Photocatalytic tests using the different
CeO2 morphologies described before were performed for
degradation of the CIP drug and Rh-B dye solutions, as shown
in Figures 4 and 5, respectively. The figures show the spectra
measured before starting the photocatalytic test (t = 0) and
after 60 min of the experiment, and the adsorption and
degradation tests performed at different times and rate
constant are shown in Figure S4 and Table 1. Figure 4a
exhibits the CIP absorption spectrum (t = 0 Cipro) and shows
bands in the regions of 220 nm, 275 nm, and 315−330 nm
corresponding to the transitions of the aromatic ring, π → π*,
and non-ligand → π*, respectively. In the spectrum of CIP
degraded by the rod-type and bean-type CeO2 particles, there
is a hyperchromic shift in the region at 315−300 nm compared

Figure 5. Photocatalytic activity for the degradation of Rh-B dye: (a) absorption spectra for the dye before the start of the photocatalysis, showing
the molecule (insert) and photocatalytic activity after 60 min of degradation with different particles of CeO2; (b) photocatalysis using scavengers
for ·O2 (benzoquinone), ·OH (isopropanol), and h+ (ammonium oxalate).

Table 1. Summary Report on Surface Area and
Photocatalytic Test (Adsorption and Discoloration) Results
for Different CeO2 Morphologies

sample
BET surface
area (m2/g)

Langmuir
surface area
(m2/g)

adsorption
(%)

photocatalytic
activity (%)

rod 228.38 334.08 9.08 3.47
bean 152.25 223.02 2.23 11.27
hexagon 156.59 236.39 4.47 20.63
rod/cube 206.82 307.94 8.65 9.94
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to the spectrum before starting the photocatalytic test (t = 0).
The spectrum for degradation of the drug using the hexagon-
type CeO2 particles shows a hyperchromic shift for all the
bands of the spectrum. In the spectrum of CIP degraded by the
rod/cubes-type CeO2 particles, there are no significant
changes, only reduction of absorption intensity compared to
spectrum before degradation, allowing determination of the
Langmuir−Hinshelwood kinetics45 with a rate constant of 3.9
× 10−3 min−1 (Figure S4c), according to the values found in
the literature for CeO2 pure.10,46 These results demonstrate
that the degradation is not complete because commonly in
photocatalytic experiments, a gradual reduction in all the
absorption bands is observed.47 However, the most interesting
observation is that when using pure CeO2 particles and
changing only their morphology, different spectra were
generated for each type of particle after the photocatalysis.
Moreover, since the CIP molecule (inset in Figure 4a) has
multiple functional groups, such as secondary alkylamine, two
tertiary arylamines (aniline type amines), and a carboxylic acid,
it presents an amphoteric behavior: basic part in the secondary
alkylamine and acidic part in the carboxylic acid;22 therefore, it
is possible to determine which surface is related to each part of
the degradation of the molecule.
For this, analysis of the intermediates of the CIP degradation

helps to better understand the details of the reaction process.
Therefore, mass spectroscopic analyses (Figure 4b, Table S1)
were performed for the original solution of the drug and
degraded aliquots in the photocatalytic test. Peak m/z 332
corresponds to CIP (M+), and the other peaks are the
intermediates generated during the degradation. For the rod-
type morphology, the degradation of CIP occurs in a high
incidence generating intermediate ion m/z 279 (M+) (Figure
4c) by the cleavage of the N-Δ group, corresponding to the
breakdown of the n → π* bonds. This is consistent with the
observed hyperchromic shift in the UV−vis spectrum. The
sample degraded by the bean-type morphology indicates an
intense ion at m/z 288 (M+), indicating that there is a high
incidence of the breaking of the carboxylic acid group of the
CIP molecule, related to the breaking of the π → π* and non-
ligand → π* groups. The sample degraded by the hexagonal
morphology shows ions at m/z 288 (M+) and m/z 157 (M+),
the first related to the breakdown of the carboxylic acid group
and the second related to the intermediate aromatic groups.48

For the degradation using the rod/cube morphology, the mass
analysis shows a low intensity for the formation of ion m/z 288
(M+) corresponding to a CO2 loss, indicating a low
degradation efficiency. The conclusions of the analysis are
consistent with the results obtained from the shifts in the UV−
vis absorption spectra.
To verify the photocatalytic efficiency of CeO2 in the

degradation of a molecule with a simpler structure compared
to the CIP molecule, photocatalytic tests were performed using
Rh-B, as shown in Figure 5. This molecule is a common dye in
the triphenylmethane family and contains four N-ethyl groups
on both sides of the xanthene ring49 (insert of Figure 5a). The
percentage of discoloration after 60 min of the photocatalytic
test for each CeO2 morphology is indicated in Figure 5a and
Table 1. It is observed that the photocatalytic efficiency is
different for each morphology, rod-CeO2 < rod/cube-CeO2 <
bean-CeO2 < hexagon-CeO2, and presents a logical relation
with the rate constant, in which the higher one was found for
the hexagon-CeO2 sample, 6.3 × 10−3 min−1 (Figure S4b).
These experiments allow us to determine how each

morphology affects the photocatalytic efficiency of the CeO2
nanoparticles.
The mechanism of photocatalysis using a semiconductor is

attributed to the oxidative stress induced by oxygen reactive
species (ORS) such as superoxide radicals, O2

−•, hydroxyl
radicals, OH•, and h+. To complete the photocatalytic study,
experiments were performed to determine the active species
generated during the photocatalyst tests (Figure 5b). The
experiments were conducted using scavengers, which act by
capturing O2

−•, OH•, and h+, using p-benzoquinone, isopropyl
alcohol, and ammonium oxalate scavengers, respectively. Rh-B
with absorption in the visible region was employed as standard
in this test, since CIP has absorption in the scavengers region.
It is important to highlight before analyzing the following
experiments that when materials with low photocatalytic
activity are tested with scavengers, the recombination of the
charge carriers is prevented, and the photocatalytic activity is
increased.15,50 For a complete discussion of the results, we will
show the analysis in a graph with a column form, comparing
the effect of each scavenger for different morphologies and of
each morphology by the use of scavengers.
The first column in Figure 5b shows the photocatalytic

activity of the materials without the use of scavengers, and the
second, third, and fourth columns show the same using the
O2

−•, OH•, and h+, scavengers, respectively. The results
illustrate that these semiconductors have a low activity as a
function of the morphology. In the second column, using the
O2

−• radical scavenger, corresponding to the formation of
photogenerated electrons, it is verified that the surfaces most
affected by the lack of the superoxide radical is that of the
hexagon morphology. Contrastingly, the bean, rod, and rod/
cube morphologies become more active with the elimination of
the electrons, having an action that is more effective by holes.
This suggests that the surface with hexagon morphology has
the most tendency to generate electrons. In the third column,
using the scavenger for the OH• radicals, which are generated
by an intermediate reaction of the holes, it is verified that the
surfaces most affected by the lack of the hydroxyl radicals are
those of the bean and rod/cube morphologies, followed by
those of the rod and hexagon morphologies. It is important to
note at this point that the hexagon surface has the least
participation of hydroxyl radicals in the photocatalytic process.
Finally, in the fourth column, using the scavenger for h+, it is
verified that the surfaces most affected are of the rod, hexagon,
and bean morphologies, respectively. The rod/cubes morphol-
ogy has a stronger action by the elimination of holes. In this
case, the electron/hole interaction is stronger.
By analyzing based on the graph for each morphology and

comparing with the photocatalytic activity without the use of
scavengers, it is found that for rods, with the use of scavengers
for the OH• radical and h+ there is no significant change,
implying that these species are barely produced for this
morphology. With the use of the scavenger for O2

−• in turn,
the photoactivity increases approximately 10 times compared
to that without the use of the scavenger, suggesting that this
morphology produces a high density of electrons; however, it
has a high rate of recombination on the surface.15 This is in
agreement with the analysis based on the columns showing
that this morphology becomes more active by the elimination
of electrons. In the graph for the sample of the bean
morphology, the use of the scavenger for O2

−• radicals causes
a photocatalytic activity increase of 70% compared to that
without the use of the scavenger. With the use of the OH•

ACS Applied Nano Materials Article

DOI: 10.1021/acsanm.9b01452
ACS Appl. Nano Mater. 2019, 2, 6513−6526

6519

http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b01452/suppl_file/an9b01452_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b01452/suppl_file/an9b01452_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b01452/suppl_file/an9b01452_si_001.pdf
http://dx.doi.org/10.1021/acsanm.9b01452


radical scavenger and h+ scavenger, there is a reduction in the
photocatalytic activity of 91% and 62%, respectively. This
indicates that both e− and h+ are formed in this morphology,
but the e−, as also in the previous morphology, has a high rate
of recombination. The highest degradation rate obtained for
the standard is 21% and found for CeO2 with the hexagon-type
morphology. It is observed from the scavenger analyses that for
both the agents O2

−• radical and h+, the degradation rate drops
by 90%, indicating that the surface produces both electrons
and holes and without significant recombination. For CeO2
with the rod/cube-type morphology, the photodegradation of
the pattern is 10%, and the effect of the use of the scavengers
for the O2

−• radical and h+ is similar to that for the sample of
hexagon type; however, there is an increase in the photo-
degradation rate. This indicates that in this morphology both
electrons and holes are produced but with a high
recombination rate and a higher production of holes compared
to those in all the samples. Therefore, these data reveal the
tendency of the morphologies to form charge carriers. These
can be ordered as hexagon morphology to form e− = h+, rod
morphology to form e− > h+, bean morphology to form h+ >
e−, and rod/cube morphology to form e− ≅ h+.
Therefore, each type of CeO2 morphology acts differently in

the degradation of the drug and dye. In the CIP, with distinct
functional groups, the degradation occurs in different groups of
the molecule; and to the Rh-B, with similar functional groups,
difference in discoloration efficiency occurs. Photocatalytic
efficiency should be correlated to the exposed surface type,

since the analyses for specific surface area (Table 1) show that
the particles with smaller surface area have the highest
photocatalytic activity. From these results it is observed that
the adsorption mechanism is directly related to the surface area
of the particles, in which higher adsorption is found for the rod
and rod/cube particles and a higher photocatalysis for beans
and hexagons (Table 1, Figure S4a). It is suggested that
photocatalytic activity correlates more with the exposed surface
type than with the surface area.51,52 The reasons for this
difference in the degradation for each morphology are related
to the structural defects, as presented previously, and electronic
properties, as will be shown below.

4.3. Electronic Structure and Distribution of Surface
Charges. Figure 6 shows the Tauc plot obtained from the
absorption spectra of the CeO2 samples with the different
morphologies. The Tauc plot determines the band gap energy
(Egap) of the all samples from the intercept on the abscissa axis
of a linear fit of the (αhν)1/2 vs wavelength energy plot, where
α is the absorbance and hν is the photon energy, considering
an indirect band gap for CeO2.

53 The Egap values of the
samples are shown in the legend in the figure, and the values
obtained are smaller than those by the studies that consider the
direct band gap,54 according to the works that consider an
indirect band gap,46,53 or calculated by theoretical studies.55

Among the samples, CeO2 with the hexagon-type morphology
has the largest Egap. This value is reasoned by the smaller ratio
of the oxygen vacancies observed in the Raman analyses,
suggesting that there are fewer defects in the structure, and

Figure 6. Tauc plot of the CeO2 samples with rod-, hexagon-, bean-, and rod/cube-type morphologies. Band gap energies are 2.54 eV for the rod-
type morphology, 2.75 eV for the bean-type morphology, 2.76 eV for the rod/cube-type morphology, and 2.95 eV for the hexagon-type
morphology.
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thus, a larger Egap. Following this reasoning, it is expected that
the sample with the bean-type morphology (with a large
oxygen vacancy ratio in the Raman analysis) will have a small
band gap energy but is not observed. The smallest Egap value is
found for the rod sample, which also has a larger oxygen
vacancy ratio; however, different crystalline planes are exposed
in the rods and beans (Figure 1), which influence the Egap.
The theoretical analyses of the optimized surfaces shows that

the (111) surface is the most stable surface (Figure 2); in
contrast, the theoretically calculated Egap of the (111) surface is
the largest, 2.75 eV, followed by 2.67, 2.42, and 2.40 eV for the
(311), (110), and (100) surfaces, respectively. In this view, the
experimentally observed most exposed surface is the one that
predominates in the Egap of the nanoparticle. Thus, the
hexagon morphology has a larger influence of the (111) and
(311) surfaces, which have a larger Egap and are the greatest
contributors to this morphology. The sample with the rod/
cube-type morphology, which predominantly has the (111)
surface, should have the largest Egap; however, the existence of
two morphologies increases the predominance of defects and
reduces the band gap.56 The bean type has a small percentage
of the (200) surface, with the (111) surface being dominant;
therefore, its Egap approaches

57 the obtained value for the rod/
cube morphology. For the rod morphology, the Egap is the
smallest, 2.54 eV, owing to the large contribution of the
exposed (220) surface, whose Egap is close to the theoretically
obtained value, 2.42 eV.

As stated, different exposed surfaces lead to different
behaviors, and the coordination number (CN) has a direct
relationship with the surface and photocatalysis. In bulk CeO2,
the CN is (8,4) corresponding to the Ce and O ions,
respectively. CeO2 surfaces have different CNs according to
their termination (Figure 2). On the (110) and (100) surfaces,
the metal ions form [CeO6] clusters, and the CN is 6,3 and
6,4, respectively. The (111) and (311) surfaces have clusters of
the type [CeO7], and the CN is 7,3 and 7,4, respectively. On
the basis of this, the influence of the surface termination,
charge distribution of the most exposed atoms of each surface,
and photocatalytic activity was analyzed in terms of the
theoretical Mulliken charge of each surface atom. The
electronic charge of each layer surface was obtained, and the
charge distribution of all the surfaces was analyzed (Table S2).
Additionally, the electrostatic potential maps were plotted to
evaluate and complement the analysis of the charge
distribution, as shown in Figure 7.
As expected, the four surfaces have a well spread charge

distribution in the inner layers, with a different charge
distribution observed in the first layer. Regions with high
electron density are shown as red spots, and regions with a low
electron density are displayed as spots from green to blue
colors. Although the four surfaces have oxygen in the exposed
layer, according to Figure 7, the (311) and (111) surfaces are
those in which the first layer is slightly more positive than the
other surfaces. Thus, the (311) surface is more positive than
the (111) surface. The (100) surface is slightly more negative

Figure 7. Map of the electrostatic potential obtained by the Mulliken charges of the (100), (110), (111), and (311) surfaces of CeO2 and
ciprofloxacin molecule. The regions of blue and red color represent positive and negative charges of the surfaces.
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than the (111) surface, and finally, the (110) surface presents
the most negative exposed layer; i.e., the order of the most
negative to the positive surface is 110 > 100 > 111 > 311. The
highest and lowest electron densities of the (110) and (311)
surfaces, respectively, imply that the first surface is an electron
donor and the second is a donor of holes. This fact suggests
that the surface of the semiconductor can be p (high electronic
density) or n (donor of holes) type, although it is an n-type
semiconductor. In the present case, the (311) surface behaves
as n type, whereas the (110) surface acts as p type. Regarding
reactivity, the tendency of a surface to be more positive or
more negative reveals whether it will act as a receptor, i.e., an
oxidizing agent, or an electron donor, i.e., a reducing agent,
respectively, and affect the surface reactivity.58

For the CIP molecule, which has multiple functional groups,
the electrostatic potential maps (Figure 7) show that the
electron density is around the oxygen atoms of COOH,
carboxyl terminations, and nitrogen atoms, whereas the

positive density is around the aromatic rings and cyclopropyl
group. It is observed in studies related to adsorptive capacity59

that regions with a positive (negative) potential of the particle
can attract the negative (positive) regions of a molecule. Thus,
the positive side of the CIP molecules can have more affinity to
the (100) and (110) surfaces, whereas the negative side has
more affinity to the (311) and (111) surfaces.
To complete the analyses, the valence band maximum

(VBM) and conduction band minimum (CBM) were aligned
for each surface by theoretical calculations (see Figure 8) by
comparing with the experimental results and considering the
photocatalytic processes in which the charge carriers are
generated by the excitation of light energy. For instance, the
electronic structure at the interface between the (111) and
(110) surfaces, depending on how the surface defects are, may
result in a process for electron and hole transfer and an
efficient charge separation.60 The (110) surface with an excited
electron in the CBM at −1.04 eV can result in the decay of the

Figure 8. Schematic of the results of the theoretical band alignment and in (a) photogenerated charge transfer process. The left and right parts in
each panel represent the level alignment in the possible CeO2 surfaces: (a) (111)/(110), (b) (111)/(100), (c) (111)/(311), (d) (110)/(311), (e)
(100)/(311), (f) (100)/(110). The traces of black color represent the VBM and traces in red the CBM; between these traces, the band gap value
for each surface is shown. The arrows represent the possible mobility of the load carriers between the surfaces.

Table 2. Summary of Surface and Photocatalytic Properties of CeO2 Morphologies

rod bean hexagon rod/cube

BET specific surface area (m2·g−1) 228.38 152.25 156.59 206.82
exposed planes (111), (110) (111), (100) (111), (110), (311) (111)
types of [CeOx] clusters [CeO7]·Vo

x [CeO7]·Vo
x [CeO7]·Vo

x [CeO7]·Vo
x

[CeO6]·2Vo
x [CeO6]·2Vo

x [CeO6]·2Vo
x

electron densities Vo
• → 1e′ Vo

• → 1e′ Vo
• → 1e′ Vo

• → 1e′
2Vo

x → 2Vo
•• + 4e′ Vo

x + Vo
• → 2Vo

•• + 3e′ 2Vo
x → 2Vo

•• + 4e′
Vo
•• → Vo

x + 2h
Egap (eV) 2.54 2.75 2.95 2.76
photochemically generated species e− > h+ (with strong interaction) h+ > e− e− = h+ e− ≅ h+ (with strong interaction)
% discoloration Rh-B 3.5 11.3 20.6 9.9
preferential cleavage on CIP N-Δ group carboxylic acid group aromatic groups carboxylic acid group (low efficiency)
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electron to the energy level of −2.18 eV of the CBM of the
(111) surface. The formed holes in turn can be transferred
from the VBM of the (111) surface, −4.93 eV, to the VBM of
the (110) surface, −3.47 eV.61−63 Other processes may occur
depending on the energy between the bands, such as the
recombination of the electrons located in the CBM of a surface
with the holes located in the VBM of the adjacent surface64 or
that can be separated on the surfaces to react with the donor
(D) or acceptor (A) species adsorbed on or close to the
surfaces, such as H2O and O2. In this case, the h+ can react
with the adsorbed OH− to produce OH• radicals. In
comparison, an O2

−• radical is formed when the adsorbed
oxygen (O2) comes into contact with an e− (Figure 8a).6566

According to experiments and theoretical models, the
photodegradation process varies with each morphology.
Photocatalytic activity is dominated by e− for rod and by h+

for bean morphology, by h+/e− for hexagon, and by OH* for
rod/cube since they have strong h+/e− interaction. This is a
consequence of the predominant face defect types in the
different morphologies ([CeO7·Vo

x], [CeO6·2Vo
x]) and the

electron density on each surface which has influence to the
recombination of charge carriers, Table 2.
On the basis of the summary of results shown in the Table 2

for the material with the rod morphology, the presence of the
high electron density surface allows preferential attack of the
positive side of the CIP molecule. However, it results in the
lower band gap value which does not prevent the high
recombination of the charge carriers, causing a low photo-
catalytic efficiency for Rh-B. Bean morphology with hole-
commanded photocatalytic mechanism improves Rh-B photo-
catalysis compared to rods, which is plausible since species
such as OH* radicals and photogenerated holes act directly to
attack the central carbon of Rh-B causing discoloration of the
dye.49 To break the CIP molecule, the bean morphology,
which presents relative electron density on the surface, cleaves
the drug molecule at the carboxylic acid group. This is an
organic high electron density group, so the attack preference
may be related to (i) the cleavage between the negative
(carboxylic acid) and positive (aryl amine) region of CIP22 and
(ii) the main species generated (h+) in the semiconductor
interacting with the negative side of the molecule. Hexagon
morphology has defects that result in highest and lowest
electron density surfaces. It is the sample with the highest band
gap energy and the lowest e−/h+ recombination rate. These are
factors that provide a higher rate of Rh-B degradation and the
cleavage in different CIP groups. Rod/cube morphology
presents a high proportion of charge carrier recombination;
however, the intermediate mechanism of hydroxyl radical
generation results in the relative efficiency for Rh-B
discoloration and attack on the CIP carboxylic acid group.
Therefore, it can be inferred that the more oxidant or

reducing surfaces cause retardation of the e−/h+ recombina-
tion, whereas the intermediate surfaces between positive/
negative types have a high rate of e−/h+ recombination.
According to the literature, the reason the diverse facets
behave as oxidation and reduction sites is that surface energy
levels of the CBs and VBs of the facets are dissimilar, i.e., the
Egap is different. Therefore, the photoexcited e− and h+ can be
driven to different facets, leading to their separation. Some
works typically associate a superior photocatalytic activity to a
low percentage of undercoordinated atoms on the crystal
surface. However, this work shows that the photocatalytic
behavior is not only owing to the percentage of under-

coordinated or coordinated atoms on the surface but also
because of the cooperative mechanism combining favorable
surface atomic structures (coordination atoms) and surface
electronic structures (band gap).

5. CONCLUSIONS

In this paper, we presented a study on the relationship between
the rod, bean, hexagon, and rod/cube morphologies of CeO2
with the exposure of the (111), (110), (100), and (311)
surfaces and the main charge carriers generated by the
photochemical process. By using scavengers, it was found
that the reactive species were changed with different
morphologies. Theoretical studies based on the DFT showed
that the charge distribution, band gap, types of defects, and
band alignment were specific for each surface. Particles with
simultaneous surface exposure with higher and lower electron
density were found to decrease the recombination of charge
carriers. The highest degradation rate was achieved by
hexagon-shaped CeO2 samples. These particles present the
surfaces with the highest (110) and lowest (311) electron
density, in addition to the surface (111). Scavenger analyses
showed that when capture agents of O2

−• radical and h+ are
used, the photocatalytic activity decreases; i.e., electrons and
holes are simultaneously produced on the surface without
recombination.
Therefore, the differences between the electron density,

band gap energy, and the band alignment of the exposed
surfaces in particles are responsible for the greatest separation
of charge carriers in an undoped and unmodified semi-
conductor. The relationship between morphology with
exposed surface and surface defects results in photochemically
generated species, which is correlated with the preferential
attack on the CIP molecule. More negative surfaces act as a
reducing agent and result in the degradation of more positive
regions of the molecule to be degraded. This indicates that a
morphological control to the exposed surfaces of CeO2 with
different atomic structures allows the development of a more
efficient and innovative strategy to tune the photocatalyst
selectivity. In addition, the results show that tuning the crystal
facets allows for optimal photocatalytic reactivity and achieving
a selectivity degradation pathway. Tests by photocatalytic
cycles should be performed in order to verify the reusability of
the semiconductor. We believe these results will help the
development and optimization of pure semiconductors and,
from these, the proposition of doping or composite research to
further improve properties.
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