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ABSTRACT: Understanding the interface-induced effects of heteronanos-
tructured catalysts remains a significant challenge due to their structural
complexity, but it is crucial for developing novel applied catalytic materials.
This work reports a systematic characterization and catalytic evaluation of
MnOx nanoparticle-dispersed CeO2 nanocubes for two important industrial
applications, namely, diesel soot oxidation and continuous-flow benzyl-
amine oxidation. The X-ray diffraction and Raman studies reveal an unusual
lattice expansion in CeO2 after the addition of MnOx. This interesting
observation is due to conversion of smaller sized Ce4+ (0.097 nm) to larger
sized Ce3+ (0.114 nm) in cerium oxide led by the strong interaction
between MnOx and CeO2 at their interface. Another striking observation
noticed from transmission electron microscopy, high angle annular dark-
field scanning transmission electron microscopy, and electron energy loss
spectroscopy studies is that the MnOx species are well-dispersed along the
edges of the CeO2 nanocubes. This remarkable decoration leads to an enhanced reducible nature of the cerium oxide at the
MnOx/CeO2 interface. It was found that MnOx/CeO2 heteronanostructures efficiently catalyze soot oxidation at lower
temperatures (50% soot conversion, T50 ∼660 K) compared with that of bare CeO2 nanocubes (T50 ∼723 K). Importantly, the
MnOx/CeO2 heteronanostructures exhibit a noticeable steady performance in the oxidation of benzylamine with a high
selectivity of the dibenzylimine product (∼94−98%) compared with that of CeO2 nanocubes (∼69−91%). The existence of a
strong synergistic effect at the interface sites between the CeO2 and MnOx components is a key factor for outstanding catalytic
efficiency of the MnOx/CeO2 heteronanostructures.
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1. INTRODUCTION

Nanoscale heterostructures constituting various combinations
of metals and/or metal oxides are promising materials in many
fields, including catalysis.1−5 They exhibit exceptional phys-
icochemical and catalytic properties that are distinctly different
from individual bulk components due to quantum-size, surface,
and interface effects. The combination of nanosized cerium
dioxide (CeO2) with transition metal oxides, like manganese
oxide (MnOx), represents an interesting family of catalytic
systems because of their economic, environmental, and
catalytically favorable properties.6−14 For example, both CeO2

and MnOx are abundant, cheap, and nontoxic candidates. They
exhibit excellent redox properties and superior oxygen storage/
release ability because of the multiple valences of Ce (III and

IV) and Mn (II, III, IV, and VII). These attractive properties
make the MnOx/CeO2 mixed oxides a viable alternative to
precious metal-based catalysts (Au, Pd, and Pt) for many
important catalytic applications, such as CO oxidation,10 soot
oxidation,11 mercury oxidation,12 formaldehyde oxidation,13

and combustion of volatile organic compounds.14 Therefore,
significant research interest has been focused on modifying the
unique properties of CeO2 and MnOx to ultimately enhance
their catalytic performance.
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The properties of heteronanostructures can be precisely
tuned by varying their composition, size, shape, and
morphology.15 With the development of nanotechnology and
nanoscience, considerable efforts have been made to develop
CeO2 nanomaterials with controlled morphologies and with
preferentially exposed crystallographic planes that show
enhanced redox and catalytic properties.16−20 It has been
reported that ceria nanocubes show a higher catalytic efficiency
compared to that of polycrystalline ceria.21−23 The main
difference is that ceria nanocubes expose highly reactive (100)
planes, whereas polycrystalline CeO2 exposes the less reactive
(111) facets. It has been demonstrated that the energy required
for forming reactive oxygen vacancy defects on the (100)
surface is much lower than on the (111) surface.21−23

Consequently, CeO2 nanocubes have been employed as
effective catalysts and active supports in a number of catalytic
applications. Conversely, the addition of MnOx to CeO2
nanocubes is expected to result in improved physicochemical
properties, which are attributed to a cooperative effect between
the Mn- and Ce-oxides at their heterostructured interface.24−28

In particular, the high dispersion of MnOx species on CeO2
nanocubes leads to the formation of reactive interface active
sites, which can eventually assist to achieve better results in
catalytic reactions. Hence, in this study, MnOx/CeO2
heteronanostructures have been developed via synthesis of
CeO2 nanocubes using an alkaline hydrothermal method
followed by dispersion of MnOx (10 wt % of Mn with respect
to Ce) onto the surface of CeO2 nanocubes using a wet
impregnation method. Uniformly sized CeO2 cubes are formed
with an average diameter of 20 ± 2 nm. The MnOx species are
found to be spherical in shape with an average diameter of 9 ±
1 nm.
In recent years, the fundamental understanding of interface

chemistry between two domains has become a relevant field of
study.15,29 This interest, especially in catalysis, is due to the fact
that two-phase interfaces could provide hybrid junctions with
superior redox and catalytic properties. In addition, interfaces
play a predominant role in the binding, transformation, and
transport of surface species, such as electrons, adsorbents, and
intermediates between two phases, which are beneficial for
achieving better results in catalysis. Nanomaterials exhibit
unusual properties compared with that of bulk materials.
Hence, it is possible to find new insights when studying the
nanointerface chemistry between two nanosized objects.
However, understanding the interface-induced effects in
heteronanostructures remains a significant challenge due to
their structural complexity. This is crucial for developing novel
applied catalytic materials. Therefore, in this work, special
attention has been paid to understanding the characteristics of
MnOx/CeO2 heteronanostructures at their interface and their
role in catalysis. For this, a number of advanced characterization
techniques, such as transmission electron microscopy (TEM),
high resolution transmission electron microscopy (HRTEM),
high angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM), electron energy loss spectros-
copy in STEM mode (STEM-EELS), X-ray diffraction (XRD),
N2-adsorption−desorption analysis, X-ray photoelectron spec-
troscopy (XPS), and Raman spectroscopy have been employed
in this study. Both CeO2 and MnOx are widely used oxides in
catalytic oxidation reactions due to the existence of multiple
oxidation states and superior redox properties.6−14 Hence, the
catalytic efficiency of the MnOx/CeO2 heteronanostructures
was investigated for two important industrial catalytic

applications: diesel soot oxidation and continuous-flow benzyl-
amine oxidation. For comparison, the catalytic oxidation
performance of pure CeO2 nanocubes was also studied under
identical conditions.

2. EXPERIMENTAL SECTION
2.1. Catalyst Preparation. The CeO2 nanocubes were synthe-

sized using a template-free alkaline hydrothermal method. In brief, the
required quantity of Ce(NO3)3·6H2O was dissolved in deionized water
under stirring conditions. An aqueous 60 mL of NaOH solution (6 M)
was added dropwise to the above solution, and the stirring was
continued for 30 min at room temperature. The solution was then
transferred to a Teflon bottle and sealed tightly in a stainless-steel
autoclave. The hydrothermal treatment was performed at 453 K for 24
h. After cooling, the sample was collected, centrifuged several times
with deionized water, and oven-dried at 373 K for 12 h. Finally, the
sample was calcined at 773 K for 4 h in air with a heating ramp of 1 K/
min.

The deposition of MnOx (10 wt % of Mn with respect to Ce) on
CeO2 nanocubes was performed using a wet impregnation method. In
a typical procedure, the desired quantity of Mn(NO3)2·4H2O was
dissolved in deionized water, followed by the addition of finely
powdered CeO2 nanocubes. The excess water was evaporated on a hot
plate under mild stirring conditions at 373 K. The obtained sample
was oven-dried at 373 K for 12 h and then calcined at 773 K for 4 h in
air with a heating ramp of 1 K/min.

2.2. Catalyst Characterization. 2.2.1. Powder XRD Studies. The
powder XRD studies were conducted using a Rigaku diffractometer
with Cu Kα radiation (1.540 Å) as the source. The diffractograms were
recorded in the 2θ range of 10−80° with a 2θ step size of 0.02° and a
step time of 2.4 s. The lattice parameter of the samples was estimated
by a standard cubic indexation method using the intensity of the most
prominent peak of CeO2 (111). The average ceria crystallite size of the
samples was estimated using a Scherrer equation.

2.2.2. Raman Analysis. Raman experiments were performed using a
PerkinElmer-Raman Station 400F spectrometer equipped with a liquid
N2 cooled charge-coupled device detector and a confocal microscope.
A 350 mW near-infrared 785 nm laser was used for analysis under
ambient conditions. The wavenumber values reported from the spectra
are accurate to within 2 cm−1.

2.2.3. N2 Adsorption−Desorption Studies. The BET surface area of
the samples was determined by means of N2 adsorption-desoprtion
analysis at 77 K. A Micromeritics ASAP 2020 instrument was used for
these studies. Prior to analysis, the sample was degassed under vacuum
for 30 min at ambient temperature followed by fast-mode degassing at
423 K for 12 h. The BET surface area was calculated by utilizing the
desorption data. Pore size and pore volume of the samples were
estimated using the BJH method applied to the desorption leg of the
isotherms.

2.2.4. XPS Studies. The XPS studies were performed using a
Thermo K-alpha XPS instrument at a pressure <10−7 Torr. The
general scan and Ce 3d, Mn 2p, and O 1s core level spectra were
recorded using Al Kα radiation (photon energy = 1486.6 eV) at a pass
energy of 50 eV and electron take off angle (angle between electron
emission direction and surface plane) of 90°. The core level binding
energies (BEs) were charge corrected with respect to the carbon (C
1s) peak at 284.6 eV.

2.2.5. Transmission Electron Microscopy Studies. The TEM-
HRTEM studies were carried out on a JEOL JEM-2100F instrument
equipped with a slow-scan CCD camera, and the accelerating voltage
of the electron beam was 80 kV. The preparation of samples for TEM-
HRTEM analysis involved sonication in ethanol for 2−5 min followed
by deposition of a few drops on a copper grid. The specimen was
examined under vacuum at room temperature. STEM-EELS analysis
was carried out using a JEM-2100F equipped with a Gatan Imaging
Filter (GIF) operating at 80 kV. For STEM nanoanalysis, a tiny 0.5 nm
diameter electron probe was used.

2.3. Activity Measurements. 2.3.1. Diesel Soot Oxidation. The
catalytic efficiency of the samples for diesel soot oxidation was
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conducted in a thermogravimetric analyzer (Mettler Toledo, TGA/
SDTA851e). The experiments consisted of heating the catalyst−soot
mixtures at a rate of 10 K/min from ambient temperature to 1273 K
under a 100 mL/min flow of air. The activity measurements were
performed under tight contact conditions with catalyst−soot mixtures
in a 4:1 wt/wt ratio. The soot used in this study was Printex-U
provided by Degussa. This soot was proven to be an appropriate
model for the soot oxidation reaction. Each test was repeated three
times to ensure the reproducibility of the obtained results; the
maximum deviation from the mean value over the three tests was ±5
K. Temperatures corresponding to 50% soot conversion (denoted as
T50) were taken as indices of the activity of the tested catalysts.
2.3.2. Continuous-Flow Benzylamine Oxidation. The benzylamine

oxidation was performed under vapor phase conditions (continuous-
flow) using O2 as the oxidant. In a typical experiment, 300 mg of
sample was taken in a quartz microreactor (i.d. 0.8 cm) and placed
vertically inside a tubular furnace. The catalyst was preheated at 473 K
for 2 h before the catalytic runs. The benzylamine was fed with a
motorized syringe pump into the vaporizer at a rate of 0.5 mL/h, and
the O2 was at a flow rate of 60 mL/min. To monitor the progress of
the reaction under consideration, the condensed liquid products were
collected at the bottom of the reactor and were confirmed by GC-MS
equipped with a DB-5 capillary column and a flame ionization detector
(FID). Samples were taken periodically during the reaction and
analyzed by GC equipped with a BP-20 (wax) capillary column and an
FID. The benzylamine conversion and products selectivity were
calculated as per the procedure described elsewhere.

3. RESULTS AND DISCUSSION
3.1. Characterization Studies. Scheme 1 shows a typical

procedure for the synthesis of MnOx/CeO2 heteronanostruc-

tures. The TEM-HRTEM studies have been carried out to
elucidate the morphology of the Ce- and Mn-oxides as well as
to estimate their particle size. The TEM picture of the as-
synthesized CeO2 shows the cubic morphology of CeO2
(Supporting Information, Figure S1). Figure 1 shows
HRTEM images of the CeO2 cubes after calcination at 773
K. It was obvious that most of the CeO2 cubes are uniform in
size with an average diameter of 20 ± 2 nm. The lattice fringes
of the CeO2 cubes are clearly visible (Figure 1C and D). The
estimated d spacing for the CeO2 phase was found to be ∼0.27
nm, indicating that the CeO2 cubes preferentially expose the
(100) facets (Figure 1C and D and Supporting Information,
Figure S1). The CeO2 (100) surface is highly defective and
contains a high concentration of oxygen vacancies compared to
the (111) and (110) surfaces, which is beneficial from a
catalytic point of view.30−32 Conversely, the calculated particle
size of the MnOx species was ∼9 ± 1 nm (Figure 2). The
interplanar spacing of fringes was found to be 0.166 and 0.236
nm, which corresponds to the spacing of the α-Mn2O3 (440)
and α-MnO2 (121) phases.

33,34 It is obvious from Figure 2 that
the MnOx species are present along the edges of the CeO2
nanocubes. This interesting decoration may lead to highly
reactive MnOx/CeO2 interfaces, which could play a favorable
role in catalysis.
Figure 3A shows the powder XRD patterns of CeO2

nanocubes and MnOx/CeO2 heteronanostructures. Several
diffraction peaks are found at 2θ values of 28.26, 32.83,
47.25, 56.03, 69.2, 76.51, and 78.91°, indicating the presence of
fluorite-structured cerium dioxide in the synthesized sam-
ples.35,36 Additionally, two broad XRD peaks are found at
∼35.08 and 38.23° for the MnOx/CeO2 sample, which can be
assigned to α-Mn2O3 phase.

37 Interestingly, the XRD peaks of
the MnOx/CeO2 heteronanostructures are shifted considerably
to lower angles compared with those of pure CeO2 cubes (inset
of Figure 3A). For this unusual behavior to be understood, the
lattice parameters of the samples are estimated (Table 1).38

The MnOx/CeO2 sample shows a higher lattice parameter
compared with that of pure CeO2. The radii of Mn ions (Mn2+

= 0.083 nm, Mn3+ = 0.065 nm, and Mn4+ = 0.053 nm) are

Scheme 1. Schematic Process for the Synthesis of MnOx/
CeO2 Heteronanostructures

Figure 1. HRTEM images of the CeO2 nanocubes after calcination at 773 K at different magnifications.
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much smaller than that of Ce4+ ions (0.097 nm).39,40 If Mn ions
replace Ce4+ ions in the CeO2 lattice, a lattice contraction must
be observed due to the smaller ionic radii of Mn ions with
respect to Ce4+. Interestingly, a lattice expansion in CeO2 is
found after the addition of MnOx (Table 1). This observation
indicates that no Mn ions are doped into the CeO2 lattice.
Several works reported that the conversion of Ce4+ to Ce3+ is a
key reason for the expansion of the ceria lattice.41−45 The radius
of Ce3+ (0.114 nm) is higher than that of Ce4+ (0.097 nm);
hence, there is an expansion in the ceria lattice during the
reduction of Ce4+ to Ce3+. The estimation of the relative
strength of Ce3+ and Ce4+ in the CeO2 and MnOx/CeO2
samples has been made using XPS (Figure 4A) and STEM-

LEES studies (Figure 5C and D) and the results are presented
in the following paragraphs.

The Raman spectra of CeO2 nanocubes and MnOx-dispersed
CeO2 nanocubes are shown in Figure 3B. A sharp Raman peak
was observed at ∼464 cm−1 for both samples, which indicates
the presence of the Raman-active F2g mode of fluorite-
structured CeO2 with the space group Fm3m.46−48 This
observation supports the XRD results (Figure 3A). Addition-
ally, a broad peak was found at ∼637 cm−1 for the MnOx/CeO2
sample, which can be assigned to α-Mn2O3.

37,49,50 The F2g band
of CeO2 cubes is changed significantly after the addition of
MnOx (inset of Figure 3B). In particular, the F2g band of the
MnOx/CeO2 sample is shifted toward lower wavenumbers with
respect to CeO2 cubes. Variation in the Ce−O vibration
frequencies is a key reason for this peak shift.51−54 This
fascinating observation reveals the existence of a strong
interaction between MnOx and CeO2, enabling changes in
the Ce−O bond. Generally, vibrations are slower for the
expanded lattice; consequently, the F2g band shifts to lower
wavenumbers.51 Therefore, the lattice expansion, as evidenced
from XRD studies (Figure 3A and Table 1), is the main reason
for the F2g band shifting in the MnOx/CeO2 sample. The ceria-
based samples usually show a Raman band in the range of
∼580−600 cm−1, corresponding to the presence of oxygen
vacancy defects in CeO2.

52−54 Remarkably, the MnOx/CeO2
sample exhibits a higher intensity band centered at ∼581 cm−1.
This observation implies that the addition of MnOx to the
CeO2 cubes results in the creation of abundant oxygen
vacancies. It is a well-known fact that the amount of oxygen
vacancies is directly related to the concentration of Ce3+ ions.38

It is therefore expected that the MnOx/CeO2 sample may
contain more Ce3+ ions compared with that of bare CeO2
nanocubes, which was meticulously investigated with the help
of XPS (Figure 4A) and STEM-EELS studies (Figure 5C and
D).
The N2 adsorption−desorption isotherms of the CeO2 and

MnOx/CeO2 samples can be classified as Type IV isotherms
with H1-type hysteresis (Supporting Information, Figure S2).
Data obtained from the BJH analysis indicates broad pore size
distributions with average pore diameters of ∼14.041 and
15.126 nm for CeO2 and MnOx/CeO2 samples, respectively
(Table 1 and Supporting Information, Figure S3). The pore
volumes for CeO2 and MnOx/CeO2 samples are found to be
∼0.1653 and 0.1961 cm3/g, respectively (Table 1). The
estimated average ceria crystallite sizes are ∼22.88 and 20.48
nm for CeO2 and MnOx/CeO2 samples, respectively (Table 1).
This observation reveals that the crystalline growth of CeO2 is

Figure 2. HRTEM images of the MnOx/CeO2 heteronanostructures
with different magnifications.

Figure 3. (A) Powder XRD patterns and (B) Raman spectra of the
CeO2 and MnOx/CeO2 samples.

Table 1. CeO2 Crystallite Size (D), BET Surface Area (SBET),
Pore Size (P), Pore Volume (V), and CeO2 Lattice
Parameter (LP) of the CeO2 and MnOx/CeO2 Samples

sample
D

(nm)a
SBET

(m2 g−1) P (nm)b
V (cm3 g−1)

b
LP

(nm)a

CeO2 22.88 30 14.041 0.1653 0.5470
MnOx/CeO2 20.48 37 15.126 0.1961 0.5504
aEstimated from XRD studies. bObtained from BJH studies.

Figure 4. (A) Ce 3d XPS spectra and (B) H2-TPR studies of the CeO2
and MnOx/CeO2 samples.
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quite inhibited with the addition of MnOx, and this may be due
to interactions between MnOx and CeO2. The obtained BET
surface area values for CeO2 and MnOx/CeO2 samples are ∼30
and 37 m2 g−1, respectively, in line with the crystallite size of
the samples (Table 1).
Figure 4A shows the Ce 3d XPS spectra of the CeO2 and

MnOx/CeO2 samples. As shown in the figure, the complex Ce
3d spectra of the samples are fitted with eight peaks.55−57 The
bands labeled with u/ and v/ represent the 3d104f1 electronic
state of Ce3+, and the peaks labeled by u, u//, u///, v, v//, and
v/// indicate the 3d104f0 electronic state of Ce4+. The
appearance of all these peaks reveals that both Ce3+ and Ce4+

species exist in the synthesized samples. This result indicates
the redox nature of the samples. The presence of Ce3+ ions
could lead to a charge imbalance, creation of oxygen vacancies,
and unsaturated chemical bonds in the CeO2 lattice.55 The
relative strength of Ce3+ and Ce4+ in the CeO2 and MnOx/
CeO2 samples was estimated from the ratio of integrated Ce3+

peaks (u/ and v/) to the total Ce3+ (u/ and v/) and Ce4+ peaks
(u, u//, u///, v, v//, and v///) as follows57,58

= ++ + + +Ce concentration [A(Ce )]/[A(Ce ) A(Ce )]3 3 3 4

The concentration of Ce3+ ions in CeO2 and MnOx/CeO2
samples was found to be ∼0.1207 and 0.2191, respectively. It
was clear that the MnOx/CeO2 sample exhibits a greater
number of Ce3+ ions, indicating the highly reducible nature of
the heteronanostructures. Therefore, the presence of a high
concentration of Ce3+ ions in the MnOx/CeO2 sample is the
reason for the unusual lattice expansion (Figure 3A and Table
1) and abundant oxygen vacancy defects (Figure 3B).
The obtained O 1s XP spectra of the samples show two

peaks at ∼529.15 and 531.74 eV, which can be assigned to O2
ions in the CeO2 or MnOx lattice and adsorbed oxygen species,
respectively (Supporting Information, Figure S4A).59 The Mn

2p XPS spectrum of the MnOx/CeO2 sample shows two peaks
centered at ∼641.5 and 653.23 eV, corresponding to Mn 2p3/2
and Mn 2p1/2, respectively (Supporting Information, Figure
S5).60 The deconvolution of the Mn 2p3/2 peak indicates the
presence of Mn3+ (∼641.4 eV) and Mn4+ (∼643.5 eV) species.
Figure 4B shows the H2-TPR studies of the samples. Pure
CeO2 nanocubes exhibit two reduction peaks centered at ∼872
and ∼1142 K, corresponding to surface and bulk reduction of
cerium oxide, respectively.61 The MnOx/CeO2 heteronanos-
tructures exhibit two reduction peaks centered at ∼660 and
∼723 K. The low temperature peak reveals the reduction of
Mn2O3 to Mn3O4, and the peak at high temperature indicates
the combined reductions of Mn3O4 to MnO and surface Ce4+

to Ce3+ species.62 It was clear from the reduction profiles of
CeO2 and MnOx/CeO2 samples that the addition of MnOx to
CeO2 results in an improvement in the surface reduction of
cerium oxide. This is beneficial from a catalysis point of view
because any heterogeneous catalytic reaction inherently takes
place on the catalyst surface.
The results obtained from XRD, Raman, and XPS studies

reveal that the structural and redox properties of CeO2
nanocubes are signficantly modified after the addition of
MnOx. Particularly, higher numbers of Ce3+ ions, abundant
oxygen vacancy defects, and superior surface-reducible nature
of cerium oxide were found for the MnOx/CeO2 hetero-
nanostructures compared with those of CeO2 nanocubes. All
these attractive properties are directly related to each other. It
can be expected that all these catalytically favorable properties
are present at the interface of MnOx and CeO2. This prediction
can be explained by the existence of a strong interaction
between the MnOx and CeO2 phases at their interface. For this,
STEM analysis coupled with HAADF and EELS has been
performed, which is an efficient technique for understanding
the atomic and electronic structure of materials with

Figure 5. (A and B) HAADF-STEM images, (C and D) Ce M5,4 EELS spectra recorded on the CeO2 surface (1) and at the MnOx/CeO2 interface
(2), and (E and F) STEM-EELS elemental mapping images of the MnOx/CeO2 heteronanostructures.
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subnanometer spatial resolution. Panels A and B in Figure 5
show the HAADF-STEM images of the MnOx/CeO2 sample.
Note that CeO2 nanocubes are clearly observed in both images.
In contrast, the presence of MnOx species on the CeO2 cubes is
unclear from HAADF-STEM pictures. For this, STEM-EELS
elemental mapping has been undertaken for both images
(Figure 5E and F). Interestingly, the Mn species are well-
dispersed along the edges of the CeO2 cubes. This unusual
decoration gives ambiguity (i.e., the reducible nature of cerium
oxide is enhanced, whether on the surface of CeO2 or at the
MnOx/CeO2 interface). For this, Ce M5,4 EELS analysis has
been conducted on the CeO2 surface (1) and at the MnOx/
CeO2 interface (2) as shown in Figure 5C and D. It has been
demonstrated that variations in the position of the Ce M5 and
Ce M4 lines, the relative intensity ratio of these lines, and the
appearance of shoulders at the right side of the peaks can be
used as the fingerprint of redox properties of cerium oxide.63−65

In particular, the relative intensity ratio of the Ce M5 and Ce
M4 peaks (IM5/IM4) is used for understanding the redox
nature of the ceria-based materials: a higher ratio indicates a
higher reducible nature. The estimated IM5/IM4 values at
different spots for MnOx/CeO2 sample are presented in Figure
5C and D. Interestingly, higher IM5/IM4 values were found at
the MnOx/CeO2 interface with respect to the CeO2 surface.
These results confirm that the reducible nature of cerium oxide
is greatly enhanced at the MnOx/CeO2 interface. The existence
of strong interface interactions between MnOx and CeO2 is the
reason for the enhanced reducible nature at the MnOx/CeO2
interface. The unusual lattice expansion (Figure 3A), abundant
oxygen vacancy defects (Figure 3B), and higher number of Ce3+

ions (Figure 4A) in MnOx/CeO2 heteronanostructures can also
be explained by strong interface interactions.
3.2. Catalytic Activity Studies. 3.2.1. Diesel Soot

Oxidation. Soot emitted from diesel engines exhibits massive
environmental and human health problems, including lung
cancer; thus, its removal is an urgent task.35,51,66 The oxidation
of soot using catalysts is a well-established industrial process to
eliminate soot from diesel engines.67 Particularly, catalytic soot
oxidation at low temperatures is desirable to prevent damage to
diesel engines against elevated thermal conditions. Figure 6
shows the catalytic performance of MnOx/CeO2 heteronanos-
tructures for diesel soot oxidation. For comparison, soot
oxidation without catalyst as well as using bare CeO2
nanocubes has been studied. It was obvious from Figure 6A
that the conversion of soot increases with increasing temper-
ature. For a better comparison, the T50 values (the temperature
at which 50% of soot conversion was achieved) of the samples
are estimated (Figure 6B). The CeO2 nanocubes have been
found to exhibit a higher catalytic performance (T50 ∼723 K)
with an enormous temperature difference of 158 K with respect
to uncatalyzed conditions (T50 ∼881 K). This observation
strongly highlights the significance of CeO2 in the elimination
of diesel soot. On the other hand, the catalytic efficiency of
CeO2 nanocubes was significantly improved after the addition
of MnOx (T50 ∼660 K). The difference between T50 values of
MnOx/CeO2 and CeO2 samples was found to be 63 K,
revealing the promoting role of MnOx on the efficiency of
CeO2 nanocubes for the oxidation of soot. Additionally, 100%
soot conversion was found at ∼750 and 801 K for MnOx/CeO2
and CeO2 samples, respectively.
3.2.2. Continuous-Flow Benzylamine Oxidation. The

selective oxidation of amines to imines is an important
functional group transformation in the chemical industry due

to the many useful applications of imines.68−72 Imines are key
building blocks for the production of fungicides, pharmaceut-
icals, fine chemicals, and heterocyclic drugs. A number of
reports can be found in the literature for the oxidation of
benzylamines over different homogeneous and heterogeneous
catalysts under liquid phase conditions.69,72 However, separa-
tion of the catalyst from the reaction mixture and its reusability
are the crucial challenging issues under liquid-phase reaction
conditions. Also, the use of hazardous solvents and
stoichiometric oxidants is not an environmentally benign
process. In contrast, performing the catalytic reactions under
vapor-phase conditions (continuous-flow), a well-recognized
industrial process, eliminates the problems related to catalyst
separation and reusability. Hence, in this work, the oxidation of
benzylamine was conducted under continuous-flow conditions.
Molecular oxygen (O2) is used as the oxidant because O2 is a
green and abundant oxidant and produces water as the only
byproduct in the oxidation process.68,73 Figure 7 shows the
time-on-stream analysis of benzylamine oxidation over CeO2
nanocubes and MnOx/CeO2 heteronanostructures. It was
found that MnOx/CeO2 nanostructures show a higher catalytic
performance compared with that of CeO2 nanocubes. The
conversion of benzylamine was found to be ∼11.7 and 35.3%
for CeO2 and MnOx/CeO2 samples after 1 h of reaction time,
respectively. Both CeO2 and MnOx/CeO2 samples exhibit a
noticeable steady performance in the oxidation of benzylamine
with time. The achieved bezylamine conversions at 2, 3, 4, 5, 6,
7, and 8 h reaction times are found to be 39.4, 41.8, 42.1, 42.9,
44.1, 46.4, and 42.3% for the MnOx/CeO2 sample, respectively.
Interestingly, the selectivity of dibenzylimine was drastically
decreased from ∼91 to 69% over the CeO2 nanocubes after 1 h
of reaction time. In contrast, there was no considerable
variation in the dibenzylimine selectivity (∼94−98%) over the

Figure 6. (A) Soot conversion (%) versus temperature (K) and (B)
estimated T50 (K) values for CeO2 nanocubes, MnOx/CeO2
heteronanostructures, and without catalyst conditions.
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MnOx/CeO2 heteronanostructures with reaction time. It is
therefore concluded that the MnOx/CeO2 heteronanostruc-
tures selectively catalyze the oxidation of benzylamine to
dibenzylimine.
3.2.3. Structure−Activity Relationships. The CeO2 and

MnOx oxides are widely used candidates in several catalytic
oxidation reactions due to the presence of multiple oxidation
states of Ce (III and IV) and Mn (II, III, IV, and VII).6−14 It
has been reported that the reducible nature of ceria plays a
beneficial role in the elimination of diesel soot.21 Ceria is
reduced by soot, resulting in the creation of oxygen vacancies at
the soot/ceria interface during soot oxidation. Gas phase
oxygen adsorbs onto the oxygen vacancies, enabling the
generation of active oxygen species that contribute to the
oxidation of soot by a spillover mechanism (Scheme 2).51 It
was found from XPS (Figure 4A) and H2-TPR (Figure 4B)
studies that CeO2 nanocubes exhibit a considerable reducible

nature, hence showing higher soot oxidation efficiency with
respect to uncatalyzed conditions (Figure 6). After the addition
of MnOx to CeO2 nanocubes, their reducible nature is
outstandingly improved (Figure 4), especially at the MnOx/
CeO2 interface (Figure 5). As stated, ceria can be reduced by
soot at the CeO2/soot interface. Hence, the interfaces of
MnOx/CeO2/soot may exhibit superior reducible nature and
create large amounts of oxygen vacancies, explaining the
exceptional performance of MnOx/CeO2 heteronanostructures
for diesel soot oxidation at low temperatures (Figure 6 and
Scheme 2).
Quite similar results were found for the oxidation of

benzylamine as well (Figure 7). The efficiency of CeO2
nanocubes in the oxidation of benzylamine was significantly
improved after the addition of MnOx. Most importantly, a high
selectivity toward the dibenzylimine product (94−98%) was
found for the MnOx/CeO2 sample at all reaction times. Two
possible mechanisms are found in the literature for the
oxidation of benzylamine to yield the dibenzylimine product
(Scheme 3).69,70 As shown in Scheme 3, an imine intermediate
(PhCHNH) is initially formed from the oxidative dehydro-
genation of benzylamine in both pathways. Afterwards,
hydrolysis of the imine intermediate by in situ generated
water gives benzaldehyde, which readily couples with benzyl-
amine to yield the dibenzylimine product (pathway A).
Alternatively, the imine intermediate reacts with benzylamine
to give the dibenzylimine product via the formation of a
hemiaminal (pathway B). Catalytic results indicate the
formation of benzaldehyde during the oxidation of benzylamine
(Figure 7), confirming the formation of dibenzylimine via
pathway A. Only trace amounts of benzaldehyde was found for
the MnOx/CeO2 sample, suggesting that as soon as
benzaldehyde is formed, it reacts instantly with benzylamine
to give the dibenzylimine product. However, in the case of
CeO2 nanocubes, the dibenzylimine selectivity was drastically
decreased after 1 h reaction time (Figure 7A). This result
indicates that the CeO2 nanocube catalyst has a low efficiency
in the coupling reaction between the benzaldehyde and
benzylamine to yield the final product (Scheme 3). As stated,
the MnOx/CeO2 heteronanostructures exhibit an outstanding
selectivity toward the dibenzylimine product at all reaction
times, which is due to its high efficiency in the coupling
reaction between benzaldehyde and benzylamine. It has been
demonstrated that reduced CeO2 plays a beneficial role in the
selective oxidation and coupling reactions.74,75 An enhance-
ment in the ceria reducibility was found at the MnOx/CeO2
interface (Figure 5). Conversely, manganese oxides act as
oxidizing agents due to the presence of mixed valences. When
the particle size of a catalyst reduces to nanoscale range, an
improvement in the catalyst efficiency can be found due to
(quantum) size effects, higher density of the defects, and
exposed low coordinated surface sites. The HRTEM and
STEM-EELS studies demonstrate a high dispersion of MnOx
species along the edges of CeO2 nanocubes with an average
diameter of 9 ± 1 nm. Therefore, the observed catalytic
performance of MnOx/CeO2 heteronanostructured catalyst in
the oxidation of benzylamine is attributed to the superior
reducible nature of cerium oxide and high dispersion of
manganese oxide species. It is therefore suggested that the
interface chemistry between the MnOx nanoparticles and CeO2
nanocubes plays a favorable role in modifying the structural and
redox properties of the MnOx/CeO2 heteronanostrcutures,
hence their catalytic performance.

Figure 7. Continuous-flow benzylamine oxidation over (A) CeO2
nanocubes and (B) MnOx/CeO2 heteronanostructures. Reaction
conditions: O2 flow rate 60 mL/h, catalyst amount (300 mg),
benzylamine feed rate 0.5 mL/h, and reaction temperature (493 K).

Scheme 2. Possible Mechanism for Soot Oxidation over
MnOx/CeO2 Heteronanostructures
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It is very important to study and correlate the physicochem-
ical properties of materials before and after a catalytic reaction.
This correlation provides necessary insight to beneficially
modify key active parameters of a catalyst to improve its
catalytic efficiency and durability in continuous-flow processes.
Hence, the structural and morphological properties of the
CeO2 nanocubes and MnOx/CeO2 heteronanostructures were
investigated after the benzylamine oxidation reaction. The
recovered catalyst was washed with acetone multiple times to
remove any adsorbed reactants and products, and then oven-
dried at 523 K for 4 h. Figure 8 shows the HRTEM images of
spent CeO2 nanocubes and MnOx/CeO2 heteronanostructures.
Different sized CeO2 nanocubes can be observed with an
average diameter of 19 ± 3 nm (Figure 8A and B).
Furthermore, the particle size of MnOx species is found to be
∼10 ± 2 nm for the spent MnOx/CeO2 catalyst (Figure 8C and
D). As estimated earlier, the particle size of CeO2 and MnOx

are ∼20 ± 2 and ∼9 ± 1 nm, respectively, for the fresh CeO2
nanocubes and MnOx/CeO2 heteronanostructures (Figures 1
and 2). These estimations indicate that there was not much
variation in the particle size of MnOx and CeO2 after the
reaction. However, it is interesting to note that the morphology
of ceria is considerably changed for the spent CeO2 cubes
(Figure 8A and B) compared with the spent MnOx/CeO2
heteronanostructures (Figure 8C and D). This observation
indicates the existence of a strong interaction between the
MnOx and CeO2 components.
Conversely, quite interesting results are found from the XPS

studies. As observed in the O 1s XPS spectra of the fresh
catalysts (Supporting Information, Figure S4A), two peaks at
∼529.05 and 531.28 eV are also seen in the spectra of the spent
catalysts. These peaks indicate the presence of O2 ions in the
CeO2 or MnOx lattice and adsorbed oxygen species,
respectively (Supporting Information, Figure S4B). Interest-
ingly, in addition to Mn3+ and Mn4+ species, Mn2+ is also found
in the spent MnOx/CeO2 catalyst, whereas only Mn3+ and
Mn4+ species are found in the fresh one (Supporting
Information, Figure S5). This observation indicates that some
proportion of Mn3+ and Mn4+ species are converted to Mn2+

during the benzylamine oxidation reaction. The Ce 3d XPS
spectra of the spent catalysts show a total of eight peaks (u, u/,
u//, u///, v, v/, v//, and v///), corresponding to the presence of
both Ce3+ and Ce4+ ions (Supporting Information, Figure S6).
Low concentrations of Ce3+ ions were found for the spent
CeO2 and MnOx/CeO2 samples (∼0.1098 and 0.1956,
respectively) compared with that of fresh CeO2 and MnOx/
CeO2 samples (∼0.1207 and 0.2191, respectively). This
observation indicates that the reducible properties of cerium
oxide in the CeO2 and MnOx/CeO2 samples are slightly
decreased after the benzylamine oxidation reaction. CeO2 is a
well-known material for its superior oxygen storage and release
properties.7,8 Hence, it is possible that CeO2 can absorb gas
phase oxygen during the reaction. Consequently, the reducible
properties of the cerium oxide can be influenced. Various
diffraction peaks corresponding to fluorite-structured CeO2
were noticed for spent CeO2 and MnOx/CeO2 samples
(Supporting Information, Figure S7). Interestingly, no XRD
peaks related to an α-Mn2O3 phase were found for the spent

Scheme 3. Possible Reaction Pathways ((A) Hydrolysis of Intermediate and (B) Coupling of Intermediate and Benzylamine) for
Continuous-Flow Benzylamine Oxidation over MnOx/CeO2 Heteronanostructures

Figure 8. HRTEM images of the CeO2 nanocubes (A and B) and
MnOx/CeO2 heteronanostructures (C and D) after the benzylamine
oxidation reaction.
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MnOx/CeO2 sample. This might due to the lower amount of
the Mn2O3 present in the spent sample because of the
conversion of Mn3+ to Mn2+ during the reaction (XPS studies,
Supporting Information, Figure S5). This thorough character-
ization of catalysts before and after the catalytic study could
provide significant solutions for modifying key active
parameters of the catalysts and, therefore, their catalytic
efficiency and durability.

4. CONCLUSIONS
In this work, the structural characteristics and catalytic
performance of CeO2 nanocubes and MnOx/CeO2 hetero-
nanostructures were evaluated for two important industrial
applications, namely, diesel soot oxidation and continuous-flow
benzylamine oxidation. The following conclusions can be
drawn from the present study:
1. XRD and Raman measurements revealed an unusual lattice

expansion in CeO2 after the addition of MnOx. This is due to
the presence of more Ce3+ ions in the MnOx/CeO2 sample, as
evidenced by XPS analysis.
2. HRTEM, HAADF-STEM, and STEM-EELS results

indicate well-dispersed MnOx species along the edges of the
CeO2 nanocubes, which forms a synergistic MnOx/CeO2
interface.
3. The detailed STEM-EELS investigation confirms the

enhanced reducible nature of cerium oxide at the MnOx/CeO2
interface.
4. The MnOx/CeO2 heteronanostructures have been found

to exhibit a remarkable catalytic performance toward both
diesel soot oxidation and benzylamine oxidation compared to
that of pure CeO2 nanocubes.
5. Existence of a strong synergistic effect at the interface sites

between CeO2 and MnOx in MnOx/CeO2 heteronanostruc-
tures leads to catalytically favorable properties, hence its
exceptional catalytic oxidation performance.
6. This systematic structure−activity correlation of MnOx/

CeO2 heteronanostructured catalyst is believed to provide
useful implications for designing multifunctional heteronanos-
tructures with active interfaces and remarkable catalytic
efficiency.
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