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ABSTRACT: Fluoride doping in the CeO2 lattice has been achieved by a
simple, reliable, reproducible, and safe solution-based method. F-containing
CeO2 has retained the fluorite structure, and its effect has been confirmed from
various analytical techniques such as powder X-ray diffraction, Fourier transform
IR, Raman, UV−visible diffuse reflectance, photoluminescence (PL), and X-ray
photoelectron spectroscopy (XPS), scanning electron microscopy−energy-
dispersive X-ray (EDX) and transmission electron microscopy−EDX analysis.
The concentration of fluoride in the CeO2 lattice has been determined from
chemical analysis and core-level XPS analysis. The concentration of Ce3+ in the
F-doped and undoped CeO2 samples have been determined both from XPS
analysis as well as from variable-temperature magnetic susceptibility measure-
ments. The characteristic Ce3+ emission in the PL spectrum indicated the
increase of Ce3+ ion concentration in the F-doped sample, conforming to the results from XPS and magnetic measurements. F-
doped CeO2 nanocrystals showed moderate monodispersity as determined from particle-size measurements using dynamic light
scattering experiments and high surface area of 106.1 m2/g. Optical band gap of CeO2 has narrowed upon doping with fluoride
ions from 3.05 to 2.95 eV. The formation of extrinsic oxygen vacancy complexes upon F-doping has been observed in the Raman
spectrum (at 1097 cm−1) in addition to fingerprint bands of CeO2. The UV-shielding property and photocatalytic inactivity
toward aqueous dye degradation process of F-doped CeO2 has suggested its potential use in cosmetic applications. Both F-doped
CeO2 and CeO2 have been used as catalysts for oxidative coupling of benzylamines to imines in the presence of molecular oxygen
under solvent-free conditions. F-doped CeO2 exhibited better catalytic efficiency than CeO2. The oxidation procedure using
these catalysts is simple, environmentally benign, and solvent-free, and the catalysts are reusable.

1. INTRODUCTION
Owing to the rich chemistry arising from the anion non-
stoichiometry, research on various aspects of cerium oxide
(CeO2), including their applications as oxidation catalysts in
automotives, gas sensors, and fuel and solar cells, has been on
the rise.1 While the inherent chemical properties of CeO2, such
as high oxygen storage capacity and oxygen mobility, depend
on the Ce3+/Ce4+ redox cycle, the function of CeO2 as catalyst
can be greatly influenced by its size, shape, and surface area. To
widen the use of CeO2, a variety of cations have been doped in
the CeO2 lattice. The rare earth- or transition metal-doped
CeO2 has found applications as catalysts in water gas shift
reactions and CO oxidation.2 Hegde et al.3 have demonstrated
the doping of Fe3+ in CeO2 can increase the oxygen storage
capacity of CeO2. They have also established some efficient
catalytic methods for NO reduction and hydrocarbon and CO
oxidation by CeO2 doped with noble metals (Pt, Pd, and Rh).4

Taking advantage of its low refractive index (2.2), transparency
to visible light, excellent UV shielding property, and natural
appearance on the skin, silica- and ZnO-supported cation
(Ca2+, Fe2+)-doped and cation−anion (Ca2+, F−)-codoped
CeO2 systems have been suggested for use in personal-care
products.5

While there are a number of studies on the effect of cation
doping on the structure and properties,6 limited reports are
available on the singly anion-doped CeO2.

7 The lack of a
reliable method to incorporate the desired concentration of
anion into the CeO2 lattice is the major difficulty, as evidenced
by the difference in the concentration of anion incorporated in
the CeO2 lattice. Solid−gas (ceria−NH3) reactions, the sol−gel
method followed by treatment with flowing ammonia gas, and a
solution-based method employing ethylenediamine as the
nitrogen source followed by controlled sintering have been
reported in the literature for the synthesis of nitrogen-doped
ceria.7 As CeO2 possesses a fluorite (CaF2) structure, it is
expected to accommodate fluoride ions in place of oxide ions in
terms of structure. Jorda et al.8 initially reported the inclusion of
7% fluoride ion in cubic CeO2 from CeO1.5−CeO2−CeF3 phase
diagram studies in argon atmosphere, in which the effect of
fluoride ion doping on the properties of CeO2 have not been
discussed. Demourgues and co-workers5a increased the
concentration of fluoride ions in CeO2 through the coupled
substitution approach of Ca2+ for Ce4+ and F− for O2−. The
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effects of single cationic substitution (Ca2+) as well as the
coupled substitution (Ca2+ and F−) on the structure and
properties of CeO2 has been dealt with in detail by them.5a

Notably, by both of the substitution approaches, the emergence
of interesting UV-shielding properties of CeO2 has been
established and interpreted based on the change in the
electropositive character of Ce4+ during these processes.5a

Interestingly, cerium prefers to exist in +4 oxidation state
with oxide, but it forms CeF3 (+3) with highly electronegative
fluoride ions. Therefore, CeO2 is the ideal candidate to
incorporate fluoride ions, as the introduction of heterovalent
anion can possibly result in the corresponding reduction of
Ce4+ to Ce3+, thus favoring increased concentration of a Ce3+/
Ce4+ redox couple. Furthermore, the inclusion of a heterovalent
anion is expected to introduce changes in the electronic
structure, potentially resulting in unusual properties, including
the UV-shielding property. Given these facts, striving for the
synthesis of fluoride-doped CeO2 lattice meets with mammoth
challenges. First, the gas−solid reactions of CeO2 require the
handling of hazardous fluoride sources such as HF, and an
intricate setup is involved to handle F2. Second, the slow
kinetics (usually associated with the gas−solid reactions) may
involve long hours of reactions and may lead to heterogeneous
distribution of dopants in the samples. Finally, the enormous
driving force to precipitate the insoluble CeF3 under aqueous
conditions may hamper the effective fabrication of uniformly F-
doped crystalline CeO2. Our strategy to dope fluoride ion in
the CeO2 lattice was to use tetrabutylammonium fluoride (1.0
M in tetrahydrofuran (THF)) as the fluorinating agent and
ethylenediamine as the base with which the pH of the
cerium(III) nitrate solution was varied at room temperature.
The obtained phase was thoroughly analyzed by a variety of
diffraction, microscopy, and spectroscopy techniques.
Ceria and cation-doped ceria have been employed as

heterogeneous catalysts for many organic transformations
such as allylic oxidations, hydrogenation of nitroarenes,
oxidation of alcohols, and transalkylation reactions.9 Nitro-
gen-doped ceria has been investigated primarily as a photo-
catalyst for the degradation of harmful organics, including
acetaldehyde.7d The oxidation of amines to imines is of current
and intense interest, owing to the importance of imines as
versatile synthetic intermediates. In particular, imines can act as
electrophilic reagents in many transformations such as
alkylations, condensations, and cycloadditions, including aza-
Diels−Alder reactions.10 Imines also serve as starting materials
for the synthesis and racemisation of chiral amines, which are
important intermediates in the preparation of biologically active
compounds.11 While a number of procedures have been
developed for the oxidation of amines to imines, a persistent
challenge is the control of reaction pathways to avoid undesired
byproducts such as nitriles and aldehydes. For selective
oxidation of primary amines to imines, notable examples of
procedures based on transition-metal catalysts include copper,12

gold,13 iron,14 platinum,15 vanadium16 complexes, and photo-
induced aerobic oxidation by TiO2

17 and Nb2O5.
18 Despite

their applicability, many of these methods suffer from the
requirement of large quantities of additives such as oxidants and
electron-transfer mediators. Furthermore, the use of unfriendly
organic solvents in these reactions is a greater concern. From
the practical point of view, these procedures may cause severe
deactivation of the catalysts and/or the formation of significant
amounts of byproducts. Recently, Jones and co-workers19

explored CuO, CeO2, and CuO-supported CeO2 catalysts in

the aerobic oxidative homocoupling of benzylamine to form N-
benzylidenebenzylamine in dimethyl sulfoxide (DMSO). Here-
in we report the synthesis, characterization, and application of
F-doped CeO2 as catalyst for the oxidative coupling of
benzylamines to imines in the presence of molecular oxygen
under solvent-free conditions. Under similar conditions,
undoped CeO2 has also been evaluated for its catalytic function.

2. EXPERIMENTAL SECTION
2.1. Synthesis of F-Doped CeO2 and CeO2. In a 250 mL round-

bottomed flask, Ce(NO3)3·6H2O (4.36 g, 10 mmol) was dissolved in
50 mL of double-distilled water. To this solution, ethylenediamine was
added dropwise until the pH increased to 9.8. The resulting mixture
was stirred overnight, with pH maintained at 9.8. The yellow
suspension obtained was centrifuged and washed several times with
water. For the synthesis of 10 mol % F-doped CeO2, the aqueous
solution of Ce(NO3)3·6H2O (3.924 g, 9 mmol) was added to a
mixture containing tetrabutylammonium fluoride (1.0 M in THF, 1
mL, 1 mmol) solution and ethylenediamine (2 mL). The pH of the
resulting solution was maintained at 9.8 and stirred overnight. The
suspension that obtained was centrifuged and washed with water
several times. Both samples were dried in an oven at 65−70 °C.

2.2. Characterization. Powder X-ray diffraction (PXRD) patterns
of the samples were recorded using a Bruker diffractometer (D8
Discover) employing Cu Kα radiation (λ = 1.5418 Å) in the range of
2θ = 20−70°. The transmission electron microscopy (TEM) images
and energy-dispersive X-ray (EDX) measurements were performed on
the Philips Tecnai G2 30 transmission electron microscope operating
at an accelerating voltage of 300 kV. The scanning electron
microscopy (SEM) images and EDX measurements were carried out
using the FEI QUANTA 200 FEG scanning electron microscope. The
mean size and size distribution of the samples were determined by
dynamic light scattering experiments using DLS-ZP/Particle Sizer
Nicomp 380 ZLS. Surface-area measurements were carried out using
BELSORP mini II automatic specific surface area/pore size analyzer.
Raman spectra of the samples in compact form were recorded using a
Renishaw spectrophotometer equipped with microscope and Ar+ laser
(λ = 514.5 nm). Fourier transform (FT)-IR spectra of the samples
were collected using Perkin-Elmer FT-IR spectrometer model 2000,
employing KBr as dispersal medium. X-ray photoelectron spectrosco-
py (XPS) measurements were accomplished with a Thermo Kα XPS
instrument at a pressure of about 10−9 Torr. The core-level spectra of
C 1s, O 1s, N 1s, F 1s, and Ce 3d were recorded using Mg Kα
radiation (photon energy = 1253.6 eV) at a pass energy of 50 eV, an
electron take-off angle of 90°, and a resolution of 0.03 eV. The core-
level spectra were fitted after adjusting the baseline relative to the
signal background. The chemically distinct species were resolved using
a Gaussian distribution fitting procedure with the peak positions, and
areas were determined. The C 1s core-level spectra at 284.6 eV were
taken as reference for the charge correction in the core-level spectra,
and the peak positions were calibrated with respect to it. The
elemental analysis of fluoride ions was quantified using a fluoride ion-
selective electrode (Orion 96−09, Thermo Scientific) and an ion
analyzer (Orion EA 940, Thermo Scientific). The magnetic measure-
ments were carried out using a vibrating sample magnetometer (VSM)
(Microsense EV9) at room temperature as well as using a
superconducting quantum interference device (Ever Cool SQUID
magnetometer) for variable-temperature magnetic susceptibility
measurements (10−300 K). Diffuse reflectance spectra of the samples
were collected on a Perkin-Elmer Lambda-35 UV−visible (UV−vis)
spectrophotometer with an integrating sphere attached, using BaSO4
as the reference. The photoluminescence (PL) measurements were
performed using Horiba Jobin Yuvon Fluorolog-modular spectro-
fluorometer at room temperature, employing a continuous-wave (CW)
xenon lamp source. NMR spectra were recorded using JEOL ECX-
400P spectrometer, and mass spectra were recorded with a Waters
KCL 455 Micromass using the electrospray ionization-mass
spectrometry (ESI-MS) technique.
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2.3. Photocatalytic Experiments. Photocatalytic studies were
carried out using a 150 W mercury lamp along with a water filter to cut
down IR radiation and glass cut-off filters to permit UV−vis radiation.
Irradiation was carried out over an external Pyrex container with a
volume of 250 mL, and water circulation was carried out to avoid any
thermal effect. The catalyst (0.3 g) was added to 100 mL of an
aqueous solution of methylene blue (MB) with an initial concentration
of 15 × 10−6 mol/L in the Pyrex container with constant stirring to
maintain a homogeneous suspension. Five milliliter aliquots were
taken out periodically from the reaction mixture. The solutions were
centrifuged, and the concentration of the solutions was determined by
measuring the maximum absorbance (λmax = 665 nm).
2.4. Catalytic Oxidative Coupling of Benzylamines to

IminesGeneral Procedure. Benzylamine (1 mmol) and F-
doped CeO2/ CeO2 (0.01 mmol) were taken in a Schlenk tube and
fitted with O2 balloon. The resulting heterogeneous mixture was
heated at 110 °C, and the progress of the reaction was monitored by
thin-layer chromatography (TLC). After the complete conversion of
amine, the reaction mixture was cooled to room temperature and
diluted with CH2Cl2 (5 mL). The catalyst was separated by filtration,
and the filtrate was passed through the basic alumina-packed column
using an ethylacetate and hexane (1:9) solvent mixture to obtain the
N-(benzylidene)benzylamine product. The imine derivatives that were
obtained by this procedure were characterized by NMR and mass
spectral data.

3. RESULTS AND DISCUSSION

3.1. Structure, Morphology, and Composition Anal-
ysis by XPS. The PXRD patterns of the solids obtained from
the preparations with and without the addition of tetrabuty-
lammonium fluoride are presented in the Supporting
Information, Figure S1. From the patterns, the fluorite structure
of both products is quite evident, with the peak positions and
intensities matching well with the JCPDS File No: 81−0792.
The low-crystallite size of the product is also revealed by the
broadness of the observed Bragg reflections. The structure
refinement of the PXRD patterns of the samples were carried
out by the Rietveld method using TOPAS 3 software in Fm3 ̅m
space group20 (Figure 1). Satisfactory Rietveld refinements of
the PXRD patterns confirmed the fluorite structure (CeO2) for
both samples. The cubic lattice constant a, derived from the
PXRD refinements of the samples obtained with and without

the use of fluorinating agent, are 5.447 (3) Å and 5.428 (1) Å,
respectively. The expansion of the unit cell clearly indicated the
increased amount of Ce3+ in the CeO2 samples obtained with
the use of the fluorinating agent, as the radius of Ce3+ (8-
coordinate; 1.14 Å) is higher than that of Ce4+ (8-coordinate;
0.97 Å).21 From the Rietveld refinements (where crystallite size
and strain comprised of Lorentzian and Gaussian component
convolutions varying in 2θ as a function of 1/cos(θ) and
tan(θ), respectively20), the average crystallite sizes of the
samples obtained with and without the use of the fluorinating
agent were 7.9 and 10.6 nm, respectively. The yellow color
typical of CeO2 is noticed for the sample obtained without the
use of the fluorinating agent, and light-brown colored powders
resulted from the preparations carried out with the use of the
fluorinating agent (inset of Figure 1).
A TEM image of the sample prepared with the addition of

the fluorinating agent is shown in Figure 2a. Agglomeration of

crystallites to a lesser extent was observed in the images. Lattice
fringes of the individual crystallites, seen in the high-resolution
(HR) TEM images, endorsed their high crystallinity (Figure
2b). The distances between the lattice fringes were 0.27 nm,
corresponding to the d spacing of the (200) lattice plane of the
cubic CeO2 structure. The selected area electron diffraction
(SAED) pattern of the crystallites (Figure 2c) could very well
be indexed to the (111), (200), (220), (222), (311), (331), and
(400) planes of the cubic fluorite structure. EDX spot analysis
on various locations in TEM analysis confirmed uniform
doping across the CeO2 nanocrystals (see Supporting
Information, Figure S2). The presence of fluoride in CeO2
was also confirmed by SEM-EDX analysis (Supporting
Information, Figure S3). A narrow distribution of nanocrystals
having diameter in the 10−20 nm range, with an average value
of 14.7 nm, has been calculated from the histogram of particle-
size analysis (Figure 2d). This result is in good agreement with
the size estimated from the TEM image and Rietveld
refinement of the PXRD pattern. Diameters of majority of
CeO2 nanocrystals, from the particle-size measurement histo-
gram, were in the 12−24 nm range, with an average value of
about 18.3 nm (Supporting Information, Figure S4). The

Figure 1. Final Rietveld fit of the observed PXRD patterns of sample
prepared (blue) without and (black) with the use of fluorinating agent
and residuum. Inset shows the digital photograph of the product (a)
without and (b) with use of fluorinating agent.

Figure 2. (a,b) TEM and HR-TEM images, respectively. (c) SAED
pattern. (d) Histogram of the particle size of the sample obtained with
the use of fluorinating agent from DLS experiments.
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surface area of F-doped CeO2 and CeO2, from the Brunauer-
Emmett-Teller (BET) method, is 106.1 and 77.4 m2/g,
respectively (Supporting Information, Figure S5). The
experimentally reported density of CeO2 is 7.28 g cm−3, and
the density calculated from the Rietveld refinements for the
compositions CeO2 and CeO1.68F0.22 are 7.147 and 7.030 g
cm−3, respectively.22 The obvious contribution to the reduction
in the density of CeO2 and F-doped samples may be from the
presence of oxygen vacancies. The higher reduction in density
of F-doped sample can be due to the expansion of the crystal
lattice, probably caused by the enhancement of Ce3+

concentration. Attempts to dope higher concentrations of
fluoride (25 mol % and 40 mol %) have been unsuccessful, as
reflections due to secondary CeF3 phase appeared along with
CeO2 (Supporting Information, Figure S6). It is believed that
the highly soluble cerium(III) nitrate undergoes oxidation to
Ce(IV) at higher pH through hydroxide species formation,
during which fluoride ion inclusion might have taken place.
Raman spectra of F-doped CeO2 and CeO2 are compared in

Figure 3. The triply degenerate Raman active optical phonon

(F2g) mode is observed at 461 cm−1 for CeO2 and at 458 cm−1

for the F-doped CeO2.
23 This shift could possibly be due to the

change in the cubic lattice constant.23 Following earlier
assignments, the band at around 461 cm−1 was attributed to
the interior phonon modes, and the bands at 252 and 420 cm−1

were related to surface-related phonon modes.24 Two weak
second-order Raman bands at 605 and 830 cm−1, related to the
intrinsic oxygen vacancy defect modes (from the existence of
Ce3+−VO complex in the lattice), are observed for both F-
doped CeO2 and CeO2 samples.25 The extrinsic vacancy mode,
mostly originating from different types of oxygen vacancy
complexes formed upon doping, was present at 1097 cm−1 in
the F-doped CeO2 sample. This may be the second-order
Raman mode from a superoxide species (O2

−).26 The
assignment of the bands at 735 and 1044 cm−1 corresponds
to the trace amounts of nitrate ions, as reported earlier.27 The
crystallite size of F-doped CeO2 and CeO2 samples has been
estimated from the Raman line broadening using the following
equation:24

Γ = +− d(cm ) 10 (124.7/ )(nm)1
g (1)

where Γ (cm−1) is the full-width at half-maximum of the Raman
active mode peak and dg is the crystallite size. The crystallite
size of CeO2 nanocrystals is 9.9 nm, and the crystallite size of
the F-doped CeO2 nanocrystals is 8.0 nm, which are in
agreement with the particle size calculated from the TEM
analysis as well as from the Rietveld refinements. The FT-IR
spectra of F-doped CeO2 and CeO2 are presented in the inset
of Figure 3. The O−O stretching band is observed at 1052
cm−1 for CeO2, and its position is shifted to 1032 cm−1 on F-
doping, indicating the introduction of highly electronegative
anion.28 In addition to the bands due to Ce−O vibrations, the
appearance of a sharp band at 866 cm−1, attributable to the
Ce−F stretching, has confirmed the existence of direct Ce−F
bonding in the doped sample.26

The valence/oxidation state of the elements and the surface
composition of F-doped CeO2 and CeO2 have been analyzed
by the XPS technique. In the N 1s spectrum, two low-intensity
peaks located at 399 and 406 eV have been assigned to
chemisorbed N2 species and NO3

− groups, respectively (see
Supporting Information, Figure S7).7a,29 The Ce 3d core-level
X-ray photoelectron spectra consisting of peaks corresponding
to Ce3+ and Ce4+ states have been fitted (Gaussian peak)
following earlier reports (Figure 4a,b).30 After fitting the Ce 3d
core-level spectra, the percentage composition of Ce3+ and Ce4+

has been calculated using the relationships31

= + ′ + + ′+ v v u uCe3 0 0 (2)

= + ″ + ‴ + + ″ + ‴+ v v v u u uCe4 (3)

= ++ + + +Ce Ce /Ce Ce3 3 3 4 (4)

where the bands labeled v collectively represent the Ce 3d5/2
ionization, and the ones labeled u represent the Ce 3d3/2
ionization. From the area under each peak, both of the samples
have been found to be nonstoichiometric, with 70−78% of the
Ce 3d photoemission due to Ce4+ and the remaining, that is,
30−22%, due to Ce3+. Enhancement of the Ce3+ concentration
(with the rest as Ce4+) from 22% to 30% upon F-doping
certainly justifies the charge compensation due to fluoride ion
incorporation. The O 1s peak of F-doped CeO2 and CeO2
consists of four and three peaks, respectively (Figure 4c,d). The
major component of the peak OI in both of the samples, with
binding energy of 529 eV, is attributed to the lattice oxygen of
Ce4+−O2−, and the minor component OII, with binding energy
of 531 eV, is typical of the lattice oxygen of Ce3+−O2−.32 The
third peak component, at 532 eV in the doped sample, may be
due to either defect-oxide or surface hydroxyl-like groups. As
the Raman spectroscopy results indicated the presence of
superoxide species, the assignment of the third peak to it is
more meaningful. This fact is further supported from the work
of Levasseur and co-workers,33 who have assigned the peak in
the 532−533 eV range to the ionized oxygen species that could
allow compensation for some deficiencies in the subsurface of
metal oxides. The formation of superoxide ions on the surface
may be promoted by the presence of highly oxidizing fluorine
available during the synthesis. A very low-intensity peak in the
O 1s spectra at 542 eV observed in both samples may be due to
some surface C−O species. The F 1s spectrum of the doped
sample is nonsymmetric consisting of two peaks (inset of
Figure 4d). While the peak located at 683.7 eV can be ascribed
to physisorbed fluoride ions on the surface,34 the peak located

Figure 3. Raman spectra of (broken line) CeO2 and (solid line) F-
doped CeO2 samples. Inset shows FT-IR spectra of (black) CeO2 and
(red) F-doped CeO2.
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at 685.4 eV has been attributed to chemically bound fluoride in
the CeO2 lattice.35 This argument gathers additional support
from the FT-IR spectroscopy results, where a band due to the
vibration mode of Ce−F bond has been observed. The
concentration of F− ions has been calculated to be 10.8 atom
%, which is very close to the nominal concentration of
fluorinating agent used in the synthesis (10 %). The amount of
fluoride ions in CeO2 from chemical analysis was 8.1%, closer
to the value observed with XPS analysis. As F− and O2− ions are
of almost the same size, the doped fluoride ions may very well
occupy the oxygen sites in the CeO2 crystal lattice. A
speculative pictorial representation of fluoride doping the
CeO2 lattice is presented in Figure 5, in which the Ce3+ ions,
Ovac, and F− ions are shown as blue, black, and green colored
balls, respectively.
As fluoride-ion doping generated higher concentrations of

Ce3+ (a paramagnetic species having a 4f unpaired electron with
magnetic moment close to 2.54 μB), the magnetic susceptibility
measurements of both pure and F-doped ceria have been

conducted in the temperature range of 10−300 K at an applied
field of 1 T (Figure 6). The higher room-temperature molar
susceptibility of F-doped sample (1.778 × 10−2 emu
mol−1Oe1−) than the undoped sample (9.476× 10−3 emu
mol−1Oe1−) suggested the higher concentration of Ce3+in the

Figure 4. XPS core- level spectrum of (a,b) Ce 3d of CeO2 and F-doped CeO2. (c) O 1s of CeO2. (d) O 1s and F 1s of F-doped CeO2 nanocrystals.

Figure 5. Schematic diagram of CeO2 with possible occupancies of the
fluoride ions in the structure.

Figure 6. Magnetic susceptibility plots for (black) pure and (red) F-
doped ceria samples at an applied field of 1 T in the temperature range
of 10−300 K. Inset shows the thermal variation of inverse magnetic
susceptibilities of CeO2 and F-doped CeO2.
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F-doped samples. While the magnetic susceptibility of CeF3
follows a Curie−Weiss law versus the temperature (in the range
between 100 and 300 K), CeO2 has been assumed to be
diamagnetic (with a susceptibility value of 0.6 × 10−4 emu/
mol), and we subtracted its contribution. Quantification of Ce3+

in both samples was carried out by fitting the thermal variation
of the inverse magnetic susceptibility (inset of Figure 6).36 The
results from the fitting procedure indicated the presence of
18.24% and 34.16% Ce3+ ion in the undoped sample and F-
doped samples, respectively. These values are in conformity
with the values estimated from XPS analysis. Nanosized (5−20
nm) ceria particles were reported to exhibit ferromagnetism at
room temperature, possibly arising from the interaction of
oxygen vacancies with the d and f orbitals of cerium near the
Fermi level.37 Presumably, such a scenario does not exist in
these systems, as we observed only paramagnetic behavior in
the magnetization versus magnetic field in the VSM measure-
ments at room temperature (Supporting Information, Figure
S8).
3.2. Optical Properties. CeO2 is a wide band gap

semiconductor (5.5 eV) whose Ce 4f and O 2p energy levels
localize at the forbidden band and valence band at an energy
gap of 3 eV. Generally, transitions at above 3 eV (Ce 4f→O 2p)
are only observed for pure CeO2, but the addition of dopants
may create defect levels, which can lead to essentially
absorption bands corresponding to band gap values around 3
eV.38 In the UV−vis diffuse reflectance spectrum of CeO2 and
F-doped CeO2, three major absorption bands at about 250,
280, and 330 nm have been observed. These have been
assigned to charge transfer of O2− to Ce3+, O2− to Ce4+, and
interband transitions, respectively (Figure 7).39 Using the

Kubelka−Munk function, the band gap of the CeO2 was
estimated to be 3.05 eV, which decreased to 2.95 eV on F−

doping (inset of Figure 7). The observed band gap narrowing
of F-doped CeO2 might be due to the change in electronic
structure caused by the doping.28 Demourgues and co-
workers5a have described that the position and intensity of
charge transfer (Ce 4f→O 2p) band observed in ceria is
basically governed by the Ce−O chemical bonding influenced
by the coordination number as well as the Ce−O bond

distances. The higher absorbance observed in F-doped CeO2
over undoped CeO2 can be explained based on the
considerable increase in the ionic character of Ce−O chemical
bonding due to the doping of high electronegative anion (F−)
for relatively less electronegative O2− ions, as exemplified by
Demourges and co-workers5a on (Ca2+, F−)-coupled sub-
stitution in CeO2. These changes possibly tuned the charge-
transfer band energy and thus imparted a higher UV-shielding
property to the F-doped ceria.
F-doped and undoped CeO2 have been evaluated as catalysts

for the photo degradation of aqueous solution of MB dye under
UV irradiation. The absorbance variations of MB solutions
during the photo degradation and the adsorption of the catalyst
in dark are shown in Figure 8 and Supporting Information,

Figure S9, respectively. The rates of degradation of MB solution
in the absence and in the presence of UV light using F-doped
CeO2 nanocrystals are almost similar. In the absence of light
irradiation, adsorption of MB dye is noticed on CeO2
nanocrystals, and shining with UV radiation did not seem to
bring any noticeable degradation of the dye solution. On the
other hand, adsorption of dye solution over F-doped CeO2
nanocrystals is found to be less, and the rate of photocatalytic
degradation under UV irradiation was found to be negligible
(Figure 8). Combining the photocatalytic inactivity with higher
UV-shielding property of F-doped CeO2 over CeO2, it is
proposed that the F-doped ceria will find potential use in
cosmetic applications.
PL spectra of the CeO2 and F-doped CeO2 samples

measured at λex = 290 nm are shown in Figure 9. Two strong
emission bands, observed at 322 and 341 nm, have been
assigned to the parity-allowed transitions of the 2D state to the
spin−orbit components 2F5/2 and

2F7/2 of Ce
3+, respectively.40

The energy difference between the two peaks is 19 nm, which is
very close to calculated value of the ground state splitting of
Ce3+. The higher-emission intensities of the F-doped sample
have confirmed the presence of higher concentration of Ce3+.
PL emission spectra of the F-doped CeO2 sample at λex = 420
nm (shown in Figure 9) consist of strong and broad emission

Figure 7. UV−visible diffuse reflectance spectra of (broken line) CeO2
and (solid line) F-doped CeO2 nanocrystals. Inset shows the bandgap
estimation using the Kubelka−Munk function.

Figure 8. Photocatalytic degradation of MB dye over CeO2 and F-
doped CeO2 nanocrystals. Square (■) and circle (●) represent the
degradation using F-doped CeO2 under dark and UV light,
respectively, while triangle (▲) and inverted triangle (▼) represent
the degradation using CeO2 under dark and UV light, respectively.
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band at around 480 nm, arising primarily from the oxygen
vacancies. A decrease in its intensity has indicated lower
concentration of scattering centers and a high radiative
recombination process. On close inspection, a small shift of
the emission peak toward the shorter wavelength for the F-
doped CeO2 sample (as compared to the undoped CeO2) has
been noticed. In addition to these, two blue bands at 420 and
442 nm are observed for F-doped CeO2 sample on exciting it
with 290 nm radiation. All these transitions have indicated
clearly the presence of oxygen vacancies in the doped sample.41

3.3. Application of CeO2 and F-Doped CeO2 as
Catalysts for Oxidative Coupling of Benzylamines to
Imines. First, the reaction of benzylamine (0.9 mmol) with F-
doped CeO2 (20 mol %) in organic solvents such as
acetonitrile, 1, 2-dichloroethane, toluene, and p-xylene (1
mL) in the presence of aerial oxygen at refluxing temperature
has been examined (Table 1). While no imine product is
evident in acetonitrile and 1, 2-dichloroethane solvents (entries
1 and 2), and low yields of imine is observed in other reactions
(entries 3 and 4). However, a notable amount of N-
(benzylidene)benzylamine is formed after heating the amine
and F-doped CeO2 (20 mol %) suspension at 110 °C without
any solvent (entry 5). Highest yield is obtained when the
reaction is performed in the atmosphere of molecular oxygen,

using O2 balloon (entry 6). The quantity of F-doped CeO2 is
decreased in the subsequent reactions and carried out in neat
condition. When the catalyst loading is reduced to 10 mol %,
the yield of imine is unchanged (entry 7). But with a further
decrease of the catalyst loading to 5 mol %, an incomplete
reaction is noticed even after extended time (entry 8).
Therefore, a minimum of 10 mol % F-doped CeO2 is required
for a complete conversion of amine to imine in solvent-free
condition.
Under the optimized conditions, a range of ortho-, meta-,

and para-substituted benzylamines undergo coupling to their
secondary imine dimers (Table 2). Electron-rich amines, such
as p-methoxybenzylamine (87%, entry 2) and piperonylamine
(79%, entry 3), and some electron-deficient amines, such as
m,p-dichlorobenzylamine (81%, entry 5) and p-fluorobenzyl-
amine (83%, entry 6), are readily converted to the secondary
imines in high yields. More electron-deficient amine, namely,
m,m-bis(trifluoromethyl)benzylamine (75%, entry 7) provided
the corresponding imine in slightly lower yield. The
methylenedioxy group of piperonylamine (entry 3) and
halogen substituents (entries 4−7) are well-tolerated under
the reaction conditions. Sterically bulky groups, such as o-
chlorophenyl (75%, entry 4) and 1-naphthyl (72%, entry 8),
cause only a slight diminution of yield. The heterocyclic amine
such as 2-(amino methyl)thiophene (78%, entry 9) undergoes
oxidative coupling, but furfurylamine (not shown) is not an
efficient substrate.
We then investigated the oxidative coupling of benzylamines

using CeO2 (10 mol %) in the atmosphere of molecular oxygen
under solvent-free conditions (Table 2). All the amine
substrates that are oxidized with F-doped CeO2 proceeded
for the reaction of CeO2, but the reactions are not completed
even after prolonged duration (12 h); moreover, the reactions
resulted in lower yield of imine products. The results
summarized in Table 2 validate the superiority of F-doped
CeO2 over CeO2. The higher catalytic efficiency of the fluoride-
doped sample might be due to its lower particle size, higher
Ce3+ concentration, and higher surface area as compared to
undoped ceria.
Finally, the recyclability of the F-doped CeO2 catalyst was

examined for oxidative coupling of benzylamine under standard
reaction conditions. After the reaction was completed, the
catalyst was recovered by filtration, washed with CH2Cl2, dried,
and then used for the next reaction. We performed three
recycling experiments, and the results are compiled in Table 3.

Figure 9. RTPL spectra of (blue line) CeO2 and (red line) F-doped
CeO2 nanocrystals. Broken lines represent an excitation wavelength of
290 nm, while solid lines represent an excitation wavelength of 420
nm.

Table 1. Optimization of Reaction Conditions for F-Doped CeO2 Catalyzed Oxidative Coupling of Benzylaminea

entry cat. (mol %) solvent temp. (°C) time (h) conv. (%)b

1 20 CH3CN 82 12
2 20 CICH2CH2CI 84 12
3 20 toluene 111 12 9
4 20 p-xylene 138 12 17
5 20 110 12 58
6c 20 110 3 86
7c 10 110 3 86
8c 5 110 6 61

aReactions carried out in aerobic conditions unless otherwise indicated. bConversion determined by 1H NMR analysis of the reaction mixture.
cReaction performed under the atmosphere of molecular oxygen.
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Yields of the imines after the recycling experiments declined
marginally, which might possibly be due to a decrease in the
concentration of active centers in the catalyst. However, the
PXRD pattern of the catalyst after the third recycling
experiment revealed that the structure is intact (see Supporting
Information, Figure S10).

4. CONCLUSIONS
A nonhazardous solution-based method has been developed for
the synthesis of fluoride-doped CeO2 nanocrystals for the first
time, using tetrabutylammonium fluoride as the fluorinating
agent at room temperature. Doping in the lattice has been
established by using various techniques. The fluoride doping
has resulted in increased Ce3+ concentration in the samples, as
revealed by PXRD, PL spectroscopy, XPS, and magnetic

measurements. The band gap narrowed from 3.05 to 2.95 eV
on F-doping in CeO2. Higher UV-shielding capacity and
photocatalytic inactivity of F-doped CeO2 over CeO2 for
aqueous dye degradation suggested its potential for use in
cosmetic applications. The higher Ce3+/Ce4+ redox couple in
the F-doped CeO2 has successfully been utilized for the
effective oxidative coupling of amines to imines under solvent-
free conditions. The present catalytic systems have the
following significant advantages from the standpoint of green
chemistry: (i) the use of inexpensive and easily prepared
catalysts, (ii) use of molecular oxygen as stoichiometric oxidant,
(iii) no requirement for reaction solvent, (iv) applicability to
various amine substrates, (v) heterogeneous catalysis, allowing
facile catalyst/product separation, and (vi) reusability of the F-
doped CeO2 and CeO2 catalysts. The F-doped CeO2 served as
a better catalyst and produced a high yield of imines in a short
period, possibly due to its lower particle size and higher Ce3+

concentration as well as higher surface area than CeO2.

■ ASSOCIATED CONTENT

*S Supporting Information
This includes PXRD patterns of products obtained with and
without the use of fluorinating agent, TEM-EDX, SEM-EDX of

Table 2. Oxidative Coupling of Various Benzylamines Using F-Doped CeO2 and CeO2 Catalysts
a

aReaction conditions: substrate (1 mmol), F-doped CeO2 (0.01 mmol), 110 °C, and O2 balloon.
bThe values in parentheses represent for the CeO2-

catalyzed reaction. cIsolated yield. dFormation of 18% 1-naphthaldehyde was observed by 1H NMR analysis of the reaction mixture. eToluene used
as solvent.

Table 3. Recyclability of F-Doped CeO2 Catalyst in the
Oxidative Coupling of Benzylaminea

number of cycle first cycle second cycle third cycle

isolated yield of imine (%) 86 81 76
aReaction conditions: benzylamine (1 mmol) F-doped CeO2 (0.01
mmol), 110 °C, 3h, O2 balloon.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic403166q | Inorg. Chem. 2014, 53, 2030−20392037



the CeO2 sample obtained with the use of fluorinating agent,
DLS histogram of CeO2, BET surface area plots of CeO2 and F-
doped CeO2 samples, PXRD patterns of the products obtained
with the use of 25 and 40 mol % concentration of fluorinating
agent, XPS core level of N 1s analysis of CeO2 and F-doped
CeO2 samples, photo degradation of aqueous MB dye solution
using CeO2 and F-doped CeO2, room-temperature M−H
curves of CeO2 and F-doped CeO2 nanocrystals, PXRD pattern
of the recycled catalysts, NMR spectra of imine products. This
information is available free of charge via the Internet at http://
pubs.acs.org.
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