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ARTICLE INFO ABSTRACT

Keywords: A novel facile method to prepare ceria nanocrystals with well-defined cubic morphology and enhanced optical
Ceria properties is herein disclosed. Both the decrease in the band gap and the appearance of absorption edges above
1,10-Phenanthroline 400 nm, which redound in a significant absorption of visible light, are accomplished by simply incorporating in
;Zﬁl:clﬁ’];es situ different amounts of a typical chelating bidentate ligand, 1,10-phenanthroline, during the synthesis of these

Optical properties

ceria nanocubes. Such a remarkable effect has been tentatively connected with the ability of this nitrogen-
containing heterocyclic compound to coordinate Ce>* cations from the ceria precursor salt, thus yielding in-

termediate N 2p states along the band gap of the oxide.

1. Introduction

Since the mid 1970s, ceria (CeO5) has become a ubiquitous material
in the field of heterogeneous catalysis, being employed either as a
catalyst or, much more frequently, as a non-inert support for catalysts
and as a structural or electronic promoter [1,2]. Indeed, ceria is an
essential material in the manufacture of modern three-way catalysts
(TWCs), which is the most widespread and important catalytic appli-
cation of this rare earth oxide in terms of establishment, economic
relevance, and tonnage [2].

The coordination chemistry of both cerium(II) and cerium(IV) cat-
ions has been profusely investigated over the last few decades, as evi-
denced by the large number of complexes formed with a variety of
ligands whose preparation and characterisation have been reported in
the literature ([3-9] and references therein). The development of this
research field has been pushed forward by the widespread applications
of cerium complexes in organic synthesis, catalysis, magnetism, lumi-
nescence, and biomedical sciences [8,10]. Nevertheless, to the best of
our knowledge, the incorporation of functional-organic compounds into
the ceria structure through their coordination to cerium cations remains
unexplored. Such coordination is expected to remarkably alter both the
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crystal and electronic structure of this rare earth oxide, which likely
redounds in promising modifications of its physicochemical features,
including optical, electrical, and magnetic properties. If precisely
controlled, these changes could pave the way for improving the per-
formance and expanding the applications of ceria, particularly in the
field of heterogeneous catalysis and photocatalysis. Indeed, a similar
approach has been recently implemented by Garcia-Martinez’s group to
successfully enhance both the optical properties and photocatalytic ac-
tivity of titania (TiO3). In a set of works, they incorporated in situ several
organic compounds, such as chromogenic molecules (4,6-dihydrox-
ypyrimidine [11] and p-phenylenediamine [11,12]), amino acids (L-
tyrosine [13]), and chelating heterocyclic ligands (1,10-phenanthroline
[14]), into the titania lattice during its synthesis by a conventional
sol-gel method from alkoxide precursors, under mild conditions and at
low temperatures. The resulting materials, referred to as “organo-
titanias”, exhibited a reduced band gap together with a high photo-
catalytic efficiency towards the degradation of model organic pollutants
(rhodamine 6G, rhodamine B, and methylene blue) in aqueous solution
under visible light irradiation.

Herein, we investigate for the first time the effect of incorporating in
situ a classic, nitrogen-containing, heterocyclic organic ligand, namely
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Fig. 1. Schematic illustration of the synthesis of the reference phen-free ceria nanocubes (up) and the ceria-phen nanostructured hybrid materials (down), using the

same experimental conditions.

1,10-phenanthroline (phen, henceforth), during the preparation of
crystallographically well-defined ceria nanoparticles with cubic
morphology by a conventional, surfactant-free, hydrothermal method
operating under mild conditions. In addition to a versatile chelating
character [15], which allows this molecule to form complexes with a
variety of transition metal and lanthanoid cations, including cerium(III)
[16-19], phen has been selected as ligand because of its excellent
electron transport and hole blocking properties [20], both being highly
desirable with a view to developing more efficient photocatalysts. The
resulting “organoceria” nanostructured hybrid materials benefit from
the combination of the unique catalytic properties of ceria nanocubes,
which mostly expose {100} facets with improved reducibility [21,22],
and the boost in the optical properties brought by the incorporation of
phen in their fluorite-type crystal structure.

In summary, the present work discloses a unique wet-chemistry
synthetic strategy to prepare nanostructured ceria particles under mild
conditions, featuring well-defined controlled morphology and incorpo-
rating an organic compound as modifier via its coordination to lattice
cerium atoms. Furthermore, this novel approach also allows to exert a
tunable control over the band gap of the resulting organocerias due to
the presence of cerium-nitrogen bonds, which act as a source of inter-
mediate N 2p states.

2. Materials and methods

A set of ceria-phen nanostructured hybrid materials featuring well-
defined cubic morphology was prepared by modifying the facile hy-
drothermal method earlier described by H.-X. Mai [21]. As schemati-
cally summarised in Fig. 1, a complex between the ceria precursor (i.e.,
Ce(NO3)3-6H20) and the phen ligand was firstly synthesised by direct
reaction in deionised water at room temperature. After vigorous me-
chanical stirring for at least 2 h, the initial colourless clear solutions
turned into pale yellowish solutions/suspensions. Such visual change is
connected with the formation of a neutral cerium complex with the
chemical formula [Ce(NO3)3(phen)s]. According to the literature [17],
its structure has been reported to consist of a ten-fold coordinated ce3t
cation, which is surrounded by four nitrogen atoms from the couple of
phen molecules and six oxygen atoms belonging to the three nitrate ions.
Therefore, the coordination polyhedron around the rare earth atom is
described as a distorted bicapped square antiprism. In parallel with the
synthesis of the organoceria samples, the isolation of bright yellow
single crystals of this complex was successfully accomplished by slow
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Fig. 2. FT-IR spectrum of the 8Phen-CeO, NCs hybrid material, together with
those registered for the reference phen-free ceria nanocubes sample, pure phen,
and their physical blend in a 8:1 molar ratio (ca. 11.6 wt% phen) for com-
parison purposes.

evaporation of the aqueous solvent at room temperature for several
days. The resulting crystalline solid has been taken as a reference ma-
terial with a view to clarifying the incorporation of the phen ligand into
the lattice of the organoceria samples and its coordination to the cerium
atoms by means of spectroscopic techniques, as will be discussed later.
In a second step, the aqueous suspensions of the aforesaid cerium
complex were employed as precursors for the hydrothermal synthesis of
the ceria-phen nanostructured hybrid materials, under a NaOH con-
centration of 9 mol-L! at 180 °C for 24 h. Three different Ce/phen molar
ratios, namely 8, 12, and 24, were tested, so that the resulting organo-
cerias are henceforth referred to as XPhen-CeOy NCs, where the figure X
denotes the nominal Ce/phen molar ratio. Further details on the
experimental synthetic procedure are provided in the SI file.

3. Results and discussion

Phen incorporation into the lattice of the nanostructured hybrid
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Fig. 3. XPS spectra corresponding to Ce 3d core level of 8Phen-CeO5 NCs and
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materials was firstly investigated by Fourier transform infrared (FT-IR)
spectroscopy. Fig. 2 gathers the spectrum of the 8Phen-CeO, NCs sam-
ple, together with those registered for the reference materials CeO; NCs
and pure phen, their physical blend in a 8:1 molar ratio (i.e., ca. 11.6 wt
% phen), and the [Ce(NO3)s(phen);] complex. Particular attention
should be paid to those frequency regions in which the most distinctive
vibrations of the heterocyclic ligand appear, namely from 1650 to 1400
cm ! for the stretching vibration modes (v) of C-C and C-N aromatic
bonds, and between 900 and 700 cm™! for out-of-plane bending vibra-
tions (y) of C-H bonds [23,24]. Accordingly, the appearance of the four
most intense absorption peaks of phen, ascribable to v(C-C), v(C-N), and
y(C-H) vibrations of the hydrogen atoms on both the heterocyclic rings
and the centre ring, in the infrared spectrum of 8Phen-CeO, NCs
unambiguously confirms the presence of the ligand in this nanomaterial.
A close examination of such spectrum clearly reveals that the v(C-C) and
V(C-N) peaks undergo a shift towards slightly lower frequencies as
compared to their original positions for pristine phen, while just the
opposite trend is noticed for those spectral features attributable to the
v(C-H) vibrations. This finding is indicative of the coordination of phen
to cerium atoms of the ceria lattice, well in agreement with the dis-
placements observed for the aforesaid main signals in the infrared
spectrum acquired for the [Ce(NOs)s(phen),] complex, and also with
the results previously reported elsewhere for a variety of metal-phen
complexes [23,25,26]. Furthermore, the intensity of these distinctive
peaks increases with the nominal phen content in the organoceria
samples, whereas their frequencies remain unaltered (see Fig. S1). On
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Fig. 4. (a) PXRD diagrams recorded for the ceria-phen nanostructured hybrid materials and the reference phen-free ceria nanocubes sample, (b) representative STEM
images for 8Phen-CeO, NCs, (c) HAADF-STEM image for a single nanocube of the 8Phen-CeO, NCs sample, and (d) its corresponding X-EDS map displaying the
distribution of cerium (blue) and nitrogen (yellow). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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the other hand, it is also worth mentioning that, as expected, no changes
in both the position and relative intensity of the main infrared spectral
features of phen are detected after its physical blend with the control
CeO2 NCs sample.

The above conclusion on the effective phen incorporation into the
ceria lattice through its coordination to cerium atoms was further
confirmed from X-ray photoelectron spectroscopy (XPS) analyses. The
survey spectra also reveal the presence of both carbon and nitrogen in all
three organoceria samples, in addition to the elements cerium and ox-
ygen. Regarding the high-resolution spectra and derived quantitative
data, several major issues are worth discussing. The first one refers to the
oxidation state of the lanthanoid element. In stark contrast to the phen-
free ceria reference nanomaterial, whose Ce>" fraction in the outermost
surface layers amounts to around 3 %, the detailed analysis of the Ce 3d
core level signals (see Fig. 3 and S2(a)) for the phen-doped samples
indicates that the oxidation state of surface cerium was exclusively + 4.
Accordingly, phen incorporation into the ceria lattice appears to bring
about a dramatic drop in the Ce3" concentration at surface level, up to a
depth of around 3.5 nm. A second point of interest relates to the
chemical environment of the Ce** cations in the organocerias. Ce 3d
core level spectrum is rather complex, consisting of a multiplet structure
made up of a set of three peaks for each 3ds,2 and 3d3/2 components,
provided that both Ce*" and Ce" are present in the material [27]. In
order to avoid possible errors in the fitting procedure of the spectra by
employing such a large set of peaks, two high resolution spectra, cor-
responding to samples with either 100 % Ce>* or 100 % Ce*" contents,
were used as references. Unlike the Ce 3d spectrum for the CeOy NCs
sample, those collected for the phen-containing nanomaterials could not
be properly fitted by means of the aforesaid complex peaks structure.
Instead, they display as most striking feature unusually broad peaks,
which can be only interpreted on the basis of the coexistence in these
hybrid materials of Ce** cations with two fairly different chemical en-
vironments. Thus, an important fraction of these ions, whose main peak
is centred in the range 897.5-898 eV, are in a typical fluorite oxide
environment, while some other Ce*" are coordinated by the phen
molecule, with their most intense peak appearing at somewhat lower
binding energies (BE). In this connection, it should be noted that the
unusual width was only detected for the Ce 3d core level signals, thus
allowing to rule out an effect related to a poor charge compensation. The
third issue worth commenting on concerns the N 1s region, which shows
a clearly visible peak at around 398.8 eV (see Fig. S2(b)). This signal is
slightly shifted to lower BE as compared to its position for pure phen
[28], thus proving the effective complexation of its nitrogen atoms with
cerium. Accordingly, it is concluded that the Ce-N coordination bonds
initially established in aqueous solution during the first synthetic step
remain to some extent in the resulting organoceria samples, in spite of
the fact that the oxidation state of cerium changed from +3 to +4 during
the preparation process. Finally, as expected the intensity of the N 1s
peak increases with the ligand content in the phen-doped nanomaterials.

Once the effectiveness in the phen incorporation into the ceria
structure was evidenced by means of spectroscopic techniques, the
actual content of this organic compound in each of the hybrid nano-
materials was assessed from thermogravimetric (TG) analyses in flowing
oxygen. The resulting TG-DTG curves shown in Fig. S3 display a
remarkable mass loss spanning from 300 °C up to 400 °C, with the
maximum rate at around 360 °C. As expected, such thermal effect is
attributed to the complete combustion of phen. Furthermore, the ther-
mal decomposition of this molecule is noticeably delayed (ca. 100 °C) in
comparison with the pure compound [14], thus supporting the conclu-
sions previously drawn on its incorporation into the ceria structure and
coordination to cerium atoms. The total phen contents in the organo-
ceria solids, as estimated from their TG plots, are markedly lower than
the corresponding nominal values, with incorporation yields of around
20 % regardless of the starting Ce/phen molar ratio (see Tables 1 and
S1). Therefore, it becomes evident that an important fraction of the
organic compound either remained in solution or was decomposed

Inorganic Chemistry Communications 164 (2024) 112399

Table 1

Phen content, textural and structural parameters, and band gap energy values
for the ceria-phen nanostructured hybrid materials and the reference phen-free
ceria nanocubes.

Sample Phen’/wt  Sper’/ D/ b/ da11/ Eg'/
% m2g! nm nm A eV

CeO, NCs - 20.5 46.5 47.0 3.124 3.23

24Phen-CeO, 0.90 27.8 38.7 40.3 3.125 3.17
NCs

12Phen-CeO, 1.84 29.5 25.5 27.3 3.126 3.11
NGCs

8Phen-CeO, 2.23 20.9 30.5 28.9 3.125 3.06
NCs

@ Actual phen content from TG analyses.

b BET specific surface area from N, adsorption/desorption isotherms at
—196 °C.

¢ Average crystallite size as estimated from PXRD.

4 Mean particle size as determined from STEM.

¢ Ceria lattice spacing from PXRD.

f Band gap energy as calculated from the intercept of the tangent to the (F(R")
)2 vs. the (hw) plot.

under the synthesis conditions employed during the hydrothermal
treatment. However, despite the relatively low phen contents of the
hybrid nanomaterials, their effect on the band gap of pure ceria was
dramatic, as will be discussed later.

After verifying the effective incorporation of the phen molecule into
the ceria, the crystalline structure of the as-synthesised organocerias was
investigated by powder X-ray diffraction (PXRD). The recorded dif-
fractograms for these hybrid materials and the reference phen-free ceria
nanocubes sample are depicted in Fig. 4(a). As can be seen, they are all
dominated by a set of well-defined reflections ascribable to CeO2 with
cubic fluorite-type structure (space group Fm-3m, JCPDS 34-0394).
Furthermore, no diffraction peaks associated with other cerium-
containing crystalline phases are detected in the diagrams after phen
incorporation, thus allowing to exclude a biphasic structure. The only
distinctive feature of these patterns is a slight broadening of their peaks
(see Fig. S4), which points to a reduction in the average crystallite size
for the organoceria hybrid nanomaterials. In fact, this latter parameter,
as assessed by applying the Scherrer equation to the main diffraction
peak of ceria at 28.5°, decreases from around 45 nm for the organic-free
control ceria sample up to 25-38 nm for its phen-containing counter-
parts (see Table 1). This finding advocates for a certain hindrance to the
crystallisation of the ceria phase during the hydrothermal treatment,
because of the phen incorporation into the oxide structure through its
coordination to cerium atoms. Finally, the lattice spacing estimated for
the organocerias from their PXRD patterns is quite consistent with the
distance between (111) crystal planes of the ceria phase (i.e., 3.12 A).
Nonetheless, from Table 1 a very modest increase in this interplanar
distance is also noted as a result of the strain associated with the
introduction of the relatively large heterocyclic molecule (as a reference,
a mean size of ca. 0.70 nm has been estimated for phenanthrene [29], a
polycyclic aromatic compound with a molecular structure closely
related to that of phen). Such a strain effect due to the incorporation of
phen could be also responsible, to some extent, for the abovementioned
broadening of the reflection peaks.

As far as the morphological features of the ceria-based nanomaterials
are concerned, the representative scanning-transmission electron mi-
croscopy (STEM) images gathered in Fig. 4(b) clearly evidence that they
are indeed made up of well-defined cubic-shaped nanocrystals, which
are chiefly enclosed by {1 00} surfaces. Moreover, their edge lengths are
in the range from 5 to 80 nm, the average values being somewhat
smaller for the phen-containing samples as previously suggested by the
mean crystallite sizes derived from PXRD. In this connection, such a
reduction in the crystallite size brings about a significant increase in the
specific surface area (Sggr) from 20.5 m2~g’1 for the control organic-free
sample to nearly 30 m2g~! for the phen-doped nanomaterials. By
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Fig. 5. (a) DRUV spectra registered for the ceria-phen nanostructured hybrid materials and the reference phen-free ceria nanocubes sample and (b) Tauc plot of the
transformed Kubelka-Munk function vs. the energy of light absorbed for 8Phen-CeO5 NCs.

bearing in mind these results, it may be concluded that the incorporation
of phen during the synthesis of the ceria nanocubes does not entail any
change in the morphology, but only affects the crystallite size by hin-
dering the crystallisation of the ceria phase.

In order to confirm the actual spatial distribution of nitrogen, which
is closely connected with that of the phen molecule, X-EDS analyses
were performed on both the undoped and phen-doped ceria nano-
materials. The chemical map acquired for a single nanocube represen-
tative of the 8Phen-CeOy NCs sample is shown in Fig. 4(d), with signals
corresponding to cerium and nitrogen depicted in blue and yellow,
respectively. The map clearly illustrates the homogeneous distribution
of this latter element throughout the mass of the nanoparticle, spanning
its entire volume. Accordingly, it may be concluded that the phen ligand
is evenly incorporated into the ceria nanocubes during the hydrothermal
synthesis process.

Finally, the potential suitability of the as-prepared ceria-phen
nanostructured hybrid materials for photocatalytic applications strongly
relies on their activation under visible light irradiation. Among other
strategies, this challenge could be overcome by reducing their band gap,
i.e., by changing the relative positions of both the conduction and
valence bands through the selective introduction of intermediate ener-
getic states. As inferred from Table 1 and Fig. 5(b), the incorporation of
phen during the synthesis of the ceria nanocubes leads to a remarkable
decrease in the band gap value from 3.23 eV for the organic-free control
material down to 3.06 eV for the 8Phen-CeO, NCs sample. Such an effect
is likely ascribed to the presence of intermediate N 2p energy levels
coming from the Ce-N coordination bonds, which are preserved
throughout the whole preparation process of the hybrid nanomaterials.
These intermediate levels would be responsible for the activation of the
organocerias under visible light irradiation. Moreover, the additional
absorption edges appearing above 400 nm in the diffuse reflectance
ultraviolet (DRUV) spectra for the ceria-phen hybrid nanomaterials (see
Fig. 5(a)) are also consistent with the appearance of the aforesaid
intraband gap states [30]. Therefore, long wavelength visible light
irradiation is able to generate electron-hole pairs in these organoceria
samples.

4. Conclusions
In conclusion, we have developed a novel strategy to prepare ceria

nanocrystals featuring a well-defined cubic morphology and improved
optical properties. Our synthetic approach relies on incorporating small

amounts of phen during the preparation of the ceria nanocubes by a
conventional hydrothermal method under mild conditions. By coordi-
nating with the cerium atoms of the ceria lattice, this nitrogen-
containing heterocyclic ligand is able to introduce intermediate N 2p
energy levels along the band gap of the oxide, thus allowing the acti-
vation of the resulting organocerias under visible light irradiation. Thus,
the proposed methodology represents a facile, wet-chemistry, alterna-
tive to conventional strategies for band gap reduction of ceria, such as
nitrogen doping and creation of oxygen vacancies by thermal treatment.
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