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Abstract: Greatly efficient chemical processes are customarily based upon a catalyst activating
the process pathway to achieve higher yields of a product with desired specifications. Catalysts
capable of achieving good performance without compromising green credentials are a pre-requisite
for the development of a sustainable process. In this study, CeO2 nanoparticles were tested for
their catalytic activity with two different configurations, one as a hybrid of CeO2 nanoparticles with
Zeolitic Immidazole Framework (ZIF-67) and second being doped Cu cations into CeO2 nanoparticles.
Physicochemical and catalytic activity was investigated and compared for both systems. Each hybrid
was synthesized by embedding the CeO2 nanoparticles into the microporous structure of ZIF-67, and
Cu doped CeO2 nanoparticles were prepared by a facile hydrothermal route. As a catalytic test, it
was employed for the oxidation of cyclohexene to adipic acid (AA) as an alternative to expensive
noble metal-based catalysts. Heterogeneous ZIF-67/CeO2 found catalytical activity towards the
oxidation of cyclohexene with nearly complete conversion of cyclohexene into AA under moderate
and co-catalyst free reaction conditions, whereas Cu doped CeO2 nanoparticles have shown no
catalytic activity towards cyclohexene conversion, depicting the advantages of the porous ZIF-67
structure and its synergistic effect with CeO2 nanoparticles. The large surface area catalyst could be a
viable option for the green synthesis of many other chemicals.

Keywords: MOFs; ZIF-67; CeO2; adipic acid; green catalyst

1. Introduction

Catalysis, which is defined as speeding up of a chemical reaction through a substance
that is not consumed itself, is critically important for all areas of modern-day life. Catalysis
is eventually involved in the preparation of over 80% of all synthetic products. It is signifi-
cant not only because it aids the world’s economic development, but also because it allows
the manufacturing of those materials that sustain the society and human environment. A
heterogeneous catalyst is usually preferred in industry as it can be easily separated from
the products and permits any side reactions to take place. Recently, CeO2 has gained huge
interest in the field of catalysis due to its high thermal and chemical stability, oxygen vacan-
cies and exceptional functionalities. CeO2 nanocrystalline particles are interesting because
of their diverse area of applications in the fields of catalysis, fuel cells, UV absorbance, elec-
tronics, and biomedicine [1–6]. This is because CeO2 has excellent properties of shuffling
between the valence states of 4+ and 3+, generating oxygen vacant defects, and high oxygen
storage capability [7–9] In general, the catalytical activity and reducibility of CeO2 depends
on its surface oxygen content, therefore increasing the concentration of accumulated active
oxygen on the surface of CeO2 would result in its higher catalytic activity. This positioning
of oxygen atoms on the surface of CeO2 is influenced by different components, such as the
reaction sites available on the surface of CeO2 along with its elemental combination, as well
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as its oxygen vacancy defects [10–13]. Overall, the morphology-dependent growth of CeO2
nano frameworks has been reported by many researchers to support their catalytically
advanced behavior. Rhombic dodecahedral CeO2 hollow structures were fabricated by a
single-step metal organic framework (MOF)-templated route and a hydrothermal method
to demonstrate its improved performance in combustion reactions. This, in fact, increased
the specific surface area of CeO2 and hence resulted in better redox characteristics [14,15].
Additionally, nano CeO2 with rod-like morphology, predominated by a (110) lattice plane,
through a simple hydrothermal approach, has been shown to exhibit superior catalytic
performance for CO oxidation, in comparison to CeO2 nanocubes encased by six lattice
planes of (200) [16]. The ratio of the Ce (cerium) precursor and the ionic liquid used for its
synthesis is one of the key factors used in controlling the growth of CeO2 nanoparticles [17].
Nevertheless, morphology-dependent growth of CeO2 is limited to either the template
used or inner structure of the nanocrystal. CeO2 films of various thicknesses have also been
synthesized for the adsorption of hydrocarbons and their hydrophobic nature [18,19]. Here,
the thickness played the key role in determining the surface morphology, microstructure,
and properties of the films. Thicker films exhibited more adsorption of C-C/C-H on the
surface of CeO2 because of the presence of more oxygen vacancies on thicker films [14].
Embedding metal or metal oxide nanoparticles into metal organic frameworks (MOFs)
is a new approach to studying the unique physical and chemical behaviors possessed by
metal nanoparticles and their oxides [20,21]. These can be formed by either inserting a
pre-synthesized metal nanoparticle into an already prepared MOF or employing that MOF
as a template [22,23]. In this context, ZIF-67 has been reported to act as a template capable
of thermal decomposition and encasing ceria nanowires, hence shown to have enhanced
catalytic ability for heterogenous catalysis [24]. Moreover, Pd, Ru, and Zn cations have
also been uniformly embedded into MOFs through facile strategies [25–27]. This further
encourages the generation of active metal@ MOFs catalysts with excellent stability and
catalytic behavior. The idea of embedding CeO2 nanoparticles into ZIF-67 would be a
promising catalyst, as it reduces the agglomeration of CeO2 nanoparticles when enclosed
by the porous structure of ZIF-67, and hence can result in a synergistic impact of metal
oxide embodied by a MOF. Keeping that in mind, we have embedded nanoparticles into
the mesoporous structure of ZIF-67 through a facile technique, and employed it as a catalyst
for the production of adipic acid through oxidation of cyclohexene, as an alternative to
expensive noble metal-based catalysts.

Adipic acid (AA) is an important commercial organic compound, used primarily
for the production of nylon 6,6. In addition, AA is extensively utilized in fertilizers, lu-
bricants, paper, waxes, and the biomedical and food industries [28–31]. Globally, the
production of adipic acid exceeds 3.5 million metric tons with a fast growing requirement
of 4% annually [32]. Conventionally, AA is produced by the oxidation of cyclohexanol and
cyclohexanone (so-called ketone-alcohol oil) with nitric acid (HNO3), in majority industrial
processes, in the presence of copper (II) or vanadium as catalysts [33]. Although this
process is economically viable, the reduction of HNO3 produces NOX, as by-products.
Amongst them, NO and NO2 are recycled but N2O5 and N2O are released in the atmo-
sphere, thus adding to global warming and ozone depletion [33,34]. Taking that into
account, researchers have devoted their efforts to developing effective and environmentally
friendly methods for the industrial production of adipic acid that do not employ HNO3
as oxidant. For that purpose, utilizing H2O2 and molecular oxygen as oxidants has been
widely employed [35–37]. H2O2 decomposes to water as a by-product and thus its applica-
tion in producing adipic acid relates to establishing sustainable processes. However, its
usage in concentrations more than 60%, is intricate for safety reasons [38,39]. On the other
hand, scientists have also worked on the usage of renewable feedstock for the production
of AA, such as glucose, which is biologically converted into AA by the use of microorgan-
isms [40]. Even though these processes are eco-friendly, their prolonged reaction times
and comparatively lower yields of adipic acid make them commercially not viable. Noble
metal-based catalysts have been reported to effectively catalyze the cyclohexene oxidation
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to adipic acids such as Pd, Rh and Au [41–43]. The very first process that utilized H2O2 as
an oxidant for the production of adipic acid was reported by Sato et al. [38]. Cheng et al.
presented their work on the modification of an SBA-15 mesoporous catalyst with tungsten
oxide to catalyze the production of adipic acid through oxidation of cyclohexene [44]. In
that process, the yield of the product achieved was 30% at 85 ◦C after 13 h. Saedi et al.
studied the oxidation of cyclohexene by using MIL-101 metal organic framework as a
heterogenous catalyst [45]. This produced high to excellent yields of adipic acid, while
MIL-101 was also proved to be a reusable catalyst. The titanium- and cerium-containing
mesoporous silicate materials Ti-MMM-2 and Ce-SBA-15 have also been employed as
catalysts for cyclohexene oxidation to adipic acid with aqueous H2O2 under solvent-free
conditions [46]. In comparison to conventional MOFs, reports on catalytic studies of ZIF-67
for organic transformations are limited in the literature. To our knowledge, this is the first
time that ZIF-67/CeO2 has been employed for the oxidation of cyclohexene into adipic
acid, using H2O2 as an oxidant. Doping CeO2, with metal cations is another approach to
developing hybrid nanostructures with modified surface elemental combinations. It results
in the enhanced chemical behavior of ceria nano frameworks because of the increased
oxygen deformities on its surface [47]. For instance, CeO2 doped with a minor concen-
tration of Y3+ has been reported to result in an extremely distributive pattern of dopant
cations that bonded with the surface oxygen vacancies uniformly, and thus increased the
reducibility and catalytic capability of the material [48]. Similarly, many reports have been
presented on CeO2 doped with copper or CuO-CeO2 nanocomplexes. The collaboration of
CeO2 with CuO is a solid role of CeO2 crystalline size. By incorporating a transition metal,
a narrow crystalline size of CeO2 favors the generation of exceedingly reducible oxygen
species [49,50].

In our study, a performance comparison of MOF embedded CeO2 nanoparticles with
its metal doped structure are presented, with an adequate understanding of the enhanced
catalytic and reducible properties of CeO2. For the MOF, we have chosen ZIF-67, due to its
better thermal and chemical stability and dodecahedral morphology. On the other hand,
Cu doped CeO2 nanospheres have been prepared by a simplistic hydrothermal route. For
analyzing its catalytic capability, ZIF-67/CeO2 is used as a catalyst to produce adipic acid
through the oxidation of cyclohexene.

2. Results and Discussion

The indexed XRD (X-ray Diffraction) pattern of CeO2 nanoparticles prepared through
a hydrothermal method, with the Ce3+/OH− ratio of 1:1, is shown in Figure 1a.

Figure 1. The indexed XRD patterns of (a) pure CeO2 nanoparticles (b) pure ZIF-67 (c) 10% Cu doped
CeO2 (d) nanohybrid of ZIF-67/CeO2 (e) 90% Cu doped CeO2 (Cu2O).
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The obtained diffraction peaks can be ascribed to the face centered cubic (FCC) fluorite
structure of CeO2 (a = 0.5411 nm) [51]. The higher intensity peaks were obtained at 28.53◦,
47.5◦ and 56.26◦, corresponding to the crystal planes of (111), (220) and (311), respectively. It
is previously reported that Ce3+/OH− ratio has large effect on size and crystallinity of ceria
nanoparticles [51]. Herein, we have used 1:1 ratio of Ce3+/OH− to obtain well-dispersed
crystalline ceria nanoparticles. The crystallite size of CeO2 calculated from the Scherrer
formula is 8 nm. Figure 1b shows the XRD pattern of as-prepared ZIF-67 polyhedrons,
which counterparts well with the already reported data, illustrating that the as-prepared
ZIF-67 polyhedrons are crystalline with pure phase [52]. The sharp and narrow peaks in
the XRD pattern demonstrate the high crystallinity of ZIF-67 polyhedral structures [52].
Figure 1c displays the XRD pattern of Cu doped CeO2 with 10% molar ratio of Cu2+. All
the diffraction peaks shown in the pattern correspond to the FCC fluorite structure of
ceria, with no sign of CuO, Cu2O, or CeOHCO3, which demonstrates the uniformity of
the doping in the parent lattice of CeO2 [53]. The narrow and strong peaks confirm the
formation of a well crystalline Cu doped CeO2 with an average crystallite size of 40 nm.
Figure 1d presents the XRD pattern of ZIF-67/CeO2 hybrid nanostructures. It can be
seen from the XRD pattern that diffraction peaks for ZIF-67 and CeO2 are both present at
specific 2-theta positions. The diffraction peaks of CeO2 that is encapsulated/dispersed
into polyhedral ZIF-67 are equally visible because of its well crystalline nature. The peaks
from 5 to 28◦ are ascribed to the presence of ZIF-67, while further peaks from 30 to 80◦

confirm the presence of CeO2 nanoparticles in the prepared hybrid. Figure 1e represents
the XRD pattern of 90 mol% Cu2+ in CeO2 prepared by the same route. It can be seen
that the XRD pattern matches well with the pure Cu2O crystalline phase with no impurity
peak for Ce or CeO2. This shows that increasing the amount of Cu cations during doping
has resulted the deformation of the crystalline phase and instead of the CeO2 phase, a
pure Cu2O phase is observed. This is why dopant concentration was limited till 10 mol%
Cu2+. To investigate the morphology of the prepared samples, SEM (scanning electron
microscopy) images were obtained, which are shown in Figure 2.

Figure 2. SEM images of (a) pure CeO2 (b) pure ZIF-67 (c,d) low- and high-resolution SEM of ZIF-67/CeO2 (e) 10% Cu
doped CeO2 (f) 90% Cu doped CeO2.

The spherical morphology of CeO2 nanoparticles is shown in Figure 2a, where dis-
persed spheres of small size can be perceived. The average diameter is speculated to be in
the range of 24–33 nm (the corresponding SEM image, displaying the diameter of CeO2
nanoparticles, is shown in Figure S1). The shape and size of ceria nanoparticle is reported to
increase with increasing molar ratio of the alkali used [51]. The dodecahedral morphology
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of pure phase ZIF-67 (Figure 2b) is clearly visible, with the particle size ranging from
400–500 nm. According to the literature, methyl-imidazole should always be used in excess
to cobalt nitrate. This is because it acts not only as an organic linker during the synthesis,
but also as a stabilizing agent in its neutral form, which is advantageous for fabricating
uniform dodecahedral particles of ZIF-67 [54]. After synthesizing the pure phase ZIF-67
crystals and CeO2 nanoparticles, the same CeO2 nanoparticles were dispersed in methanol
through an ultrasound treatment followed by the addition of methylimidazole and cobalt
nitrate, as explained in the experimental section, to form the inserted hybrid nanostructures.
Figure 2c,d shows the SEM images of the ZIF-6/CeO2 hybrid. Small ceria nanoparticles
are seen to be mounted on the surface of the ZIF-67 polyhedrons. The polyhedrons range
in the size of 450 nm and are uniformly distributed. Figure 2e presents the morphology
analysis of Cu doped CeO2 nanoparticles. The average particle size from the SEM image is
found to be 30–40 nm. From the literature, the addition of Cu content into ceria tends to
influence its crystallization process with the increase in the surface area of the resulting
product and a smaller crystallite size than pure ceria [52]. It demonstrates the function
of Cu in the growth process of ceria nanospheres. Figure 2f shows the morphology of
90 mol% Cu2+ doped in CeO2 nanoparticles. Polyhedral particles of Cu2O in the size range
of 150–170 nm can be observed.

Transmission Electron Microscopy (TEM) was used to investigate the microstructure
analysis of the prepared hybrids. Figure 3 presents the TEM imaging for ZIF-67/CeO2 hybrids.

Figure 3. TEM images of ZIF-67/CeO2 nanohybrids; (a) 200 nm, (b) 50 nm, (c) 100 nm, (d) 400 nm.

The TEM images clearly display the dodecahedral morphology of ZIF-67 particles.
Interestingly, the enlarged TEM image (Figure 3c) validates the partial incorporation of
CeO2 nanoparticles inside ZIF-67, and these can also be seen to be attached/mounted
onto the surface of larger particles of ZIF-67. The CeO2 nanoparticles were measured as
30–40 nm in size (Figure S2). The fabrication process for such unique hybrids is presumed
to occur by the pre-mixing of CeO2 nanoparticles and methyl-imidazole molecules that
makes the methyl-imidazole molecules to correlate with Ce ions on the surface of CeO2
nanoparticles. Further, the surface nucleation of ZIF-67 crystals occurs by adding Co2+ into
the reaction mixture. However, some of the CeO2 nanoparticles become mounted on the
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surface of ZIF-67 crystals while some of them become embedded inside the polyhedral
structure of ZIF-67. Additionally, the fast growth rate of ZIF-67 resulted in the successful
incorporation of the as-synthesized CeO2 nanoparticles into ZIF-67 crystals [24]. From
these results, we can say that the on-site self-embedded growth behavior and surface
nucleation makes these ingredients become firmly coupled together, and this is also a facile
technique that does not make use of any additional agent. Figure S3a,b presents the TEM
images of pure ZIF-67 and CeO2 nanoparticles, respectively, while Figure S3c gives the
HRTEM (SAED (selected area electron diffraction)) pattern of the hybrid nanostructure.
It can be seen clearly that polycrystalline CeO2 is partially embedded in ZIF-67, as there
are diffused rings in the SAED pattern, whereas CeO2 particles are also dispersed on the
surface of ZIF-67 (Figure S3d).

Figure S4 shows the EDS (energy dispersive spectroscopy) spectrums obtained for ZIF-
67/CeO2 hybrid and Cu doped CeO2. For ZIF-67/CeO2 in Figure S4a, it is demonstrated
that the particles in the sample consisted of the elements Co, Ce, O, N, and C, supporting
the presence of Ce along with Co, O, and N. Similarly, for the Cu doped structure no
other impurity was detected, and the presence of Cu along with Ce and O confirmed the
formation of a doped sample. FTIR (Fourier transform infrared spectroscopy) analysis of
the as-synthesized samples was performed. Figure S5a,b shows the FTIR spectrum of pure
CeO2 and ZIF-67, whereas ZIF-67/CeO2 is shown in Figure S5d. For pure ZIF-67, the strong
peaks are obtained at 2925 cm−1, 1574 cm−1, 756 cm−1, and 424 cm−1. The peaks observed
at 2925 and 2960 cm−1 represent the C-H stretching vibrations of the -CH3 group, while
the one at 422 cm−1 represents the Co-N stretching vibration. The peaks at 1574 cm−1 and
756 cm−1 correspond to the stretching as well as bending-mode vibrations of C=N, which
is present in 2-methyl imidazole. The strong peaks around 1000 to 1500 cm−1 represent the
skeletal vibrations of the imidazole ring present in ZIF-67 [55]. This shows the phase purity
of ZIF-67. For ZIF-67 embedded CeO2, there are no visible peaks present for Ce-O bond
and all the peaks present display the formation of perfect ZIF-67 crystals. FTIR analysis of
the synthesized samples of Cu doped CeO2 is shown in the Figure S5c. Pure CeO2 contains
strong bands at 3399 cm−1, 1620 cm−1, and 540 cm−1. The broad bands at 3390 cm−1 and
1620 cm−1 correspond to the symmetric stretching and bending vibrations of physiosorbed
water molecules. Furthermore, the band at 540 cm−1 shows the stretching-mode of the
Ce-O bond [56]. For the Cu doped sample, stronger bands are obtained around 1600 to
1300 cm−1, which corresponds to the O-C-O stretching band. The peaks present around
700 cm−1 display the Ce-O-C bending-mode vibrations: this is visible in both spectrums.
The peak present at 500 cm−1 in the doped sample shows the stretching vibration of the
Ce-O bond and verifies the formation of cerium oxide without any impurities [57].

Figure 4a,b shows the TG/DTA (Thermogravimetric/Differential thermal analyzer)
curves of pure CeO2 and Cu doped CeO2, respectively. For pure CeO2, continuous weight
loss is observed when it is heated from room temperature to 800 ◦C, which at first is due to
the absorbed water molecules present in the sample. Further weight loss can be attributed
to the decomposition of Ce (OH)3 or Ce (OH)4/CeO2·2H2O, suggesting either a partially
hydration (CeO2·nH2O) or a mixture (CeO2 + CeO2·2H2O) of ceria phases. The DTA curve
shows an exothermic peak at around 350 ◦C, corresponding to a weight loss, which must
be considered a result of the crystallization of the residual amorphous phase. The total
weight loss observed for the CeO2 sample is almost 20%. For the Cu doped sample, the
TGA curve shows continuous decomposition when it is being heated at room temperature
until it becomes stable at 650 ◦C. The exothermic peak at around 250 ◦C, shown by the DTA
curve, is an indication of the loss of the absorbed water molecules present in the sample.
Although both the curves for pure CeO2 and the doped sample (10% Cu) exhibit similar
behavior altogether, there is a slight difference in the amount of weight loss at different
temperatures, which can be clearly seen form the TGA graphs. The doping of CeO2 with
Cu causes it to be a better thermal conductor, and thus it loses more weight at extreme
temperatures in comparison to pure CeO2.
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Figure 4. TG/DTA curves of (a) Pure CeO2 (b) 10% Cu doped CeO2 (c) ZIF-67/CeO2 Nanohybrid.

Figure 4c shows the TG/DTA curve for the as-synthesized ZIF-67/CeO2 hybrid in
air atmosphere. It is demonstrated through the curve that ZIF-67/CeO2 shows very little
decomposition in the temperature range of 0 to 300 ◦C, which can be ascribed to the
removal of absorbed water molecules or any unreacted 2-methylimidazole and solvents
present in the sample. From the literature, it has been studied that ZIF-67 displays a
higher thermal stability in vacuum than in air, illustrating its quite sensitive nature towards
oxygen at extreme temperatures, although its stability still exceeds many other MOFs and
metal oxides [42]. The sudden mass decomposition in the temperature range of 350–500 ◦C
indicates that the Co/Ni metal–organic framework was converted to metal oxides with
a corresponding exothermic peak, shown by the DTA curve, at approximately 400 ◦C.
The mass remains almost unchanged at temperatures higher than 500 ◦C, suggesting
that the organic components were completely removed and Co3O4/NiCo2O4 composites
were formed [58]. The presence of CeO2 particles inside ZIF-67 do not seem to have
any significant effect on the thermal stability of ZIF-67. At a temperature of 950 ◦C, the
weight remains almost 10% of the original mass. The TGA curve matches well with the
published data for pure ZIF-67. Furthermore, XPS (X-ray photoelectron spectroscopy) was
performed for the surface compositional analysis and investigation of the chemical states
of ZIF-67/CeO2 sample.

Figure 5 shows the XPS spectrums that were obtained for ZIF-67/CeO2. After curve
fitting, the binding energies on Ce 3d spectra conform to the Ce 3d3/2 and Ce 3d5/2 spin-
orbit states as shown in Figure 5a. The peak at binding energy of 914.9 eV is a character
of Ce (IV). In detail, the results obtained from the curve fitting show that the peaks at
880.2 eV, around 884 eV, 900 eV, and 904.0 eV are because of the emissions from Ce3+, while
all the other peaks i.e., 886.0, 890, 896.3, 898.9 eV, are a result of emissions from Ce4+. The
ratio of Ce3+/Ce4+ can be semi-quantified based on the peak area. The presence of Ce3+

may induce more oxygen vacancies and defects [14,59]. The binding energies 781.8 eV and
796.2 eV are attributed to Co 2p3/2 and Co 2p1/2, respectively [60]. The satellite peak at
around 786.3 eV is an aspect of Co (II), showing the presence of Co (II) in the product [61].
The O 1s peak is deconvoluted into three peaks. The binding energy at 529.5 eV is ascribed
to the lattice oxygen of CeO2, and the one at 531.6 eV can be ascribed to hydroxyl species,
defective oxygen and absorbed oxygen [62,63]. The peak at 533 eV is attributed to absorbed
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water molecules [64]. XPS signals take into account the chemical state of the surface
atoms, and the strong peak at 531.6 eV suggests that there are a lot of surface hydroxyls
in the product and the presence of Ce3+ would aid the raise of absorbed oxygen [65].
More precisely, the N1s speak (Figure 5d) is deconvoluted into three different N species:
pyridinic N at 398.3 eV, graphitic N at 398.8 eV. Among them, major species is the pyridinic
N that is known to be more active than other N species [66].The high- resolution spectrum
of C 1s (Figure 5e) is fitted by three peaks at 281.9, 282.4 and 284.8 eV corresponding
to C-C, C=C, and C=N/C-O. These functional groups arise from the decomposition of
organic frameworks and notably affect the electronic structure/binding affinity of carbon
materials [67].

Figure 5. The XPS spectra of ZIF-67/CeO2 (a) Ce 3d (b) Co 2p (c) O 1s (d) N1s (e) C 1s.

The porosity and specific surface area of the samples which can affect catalytic per-
formance were carefully examined by nitrogen adsorption–desorption isotherm measure-
ments for ZIF-67 and CeO2 as shown in Figure 6.
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Figure 6. N2 adsorption–desorption isotherms of (a) Pure CeO2, and (b) ZIF-67.

The N2 adsorption–desorption isotherms for CeO2 nanoparticles exhibits a type-II
adsorption curve reflecting a non-porous character [14]. It is in accordance with the
previously published reports. The calculated BET (Brunauer-Emmett-Teller) surface area
of CeO2 nanoparticles is 52.5 m2/g. For ZIF-67 polyhedrons, a type-I N2 adsorption–
desorption without hysteresis was obtained, which reflects its microporous nature [53].
Its surface area was measured to be 1085 m2/g. The pore size distribution of ZIF-67 is
also shown where it can be seen that pores with smaller diameter have a larger density in
comparison to the pores with larger diameter.

Figure 7 shows the NH3-TPD (Temperature-programmed Desorption) results obtained
for pure ZIF-67, CeO2 and hybrid ZIF-67/CeO2 nanostructures.
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TPD was performed to find out the acidic and basic sites present in the catalyst. For
ZIF-67, according to the literature it is known that the acidity of ZIF-67 originates from Co
(II) and Co (III) species and the basic sites result from N atoms of imidazole ligand present
on its surface [68]. The NH3-TPD curve for ZIF-67 (Figure 7a) shows a desorption peak
obtained at around 250 ◦C. This shows the moderate acidic strength of ZIF-67 to be used
as an active catalyst. For CeO2, two desorption peaks are obtained (Figure 7b); one at the
lower temperature of 100 ◦C, which is attributed to the weak acidic sites with a greater peak
area [69]. The peak at the higher temperature of 300 ◦C shows the presence of moderately
strong acidic sites on CeO2 surface. Figure 7c shows the desorption peaks for the composite
sample ZIF-67/CeO2, where less density of weak acidic sites and larger concentration of
moderately strong acid sites can be observed owing to formation of q hybrid structure
having the synergistic impact of ZIF-67 and CeO2, which results in the creation of greater
acidic sites on the catalyst surface. H2-TPR (Temperature-Programmed Reduction) analysis
was performed to analyze the reductive behavior of the prepared samples. Figure 8 shows
the TPR result of ZIF-67/CeO2 and the inset compares H2-TPR to pure CeO2.

Figure 8. H2-TPR results of CeO2 and ZIF-67/CeO2.

It can be observed that the pure CeO2 TPR profile consists of two peaks, one at the
lower temperature of 400 ◦C and the second peak at around 800 ◦C. The lower temperature
peak can be ascribed to the capping oxygen present at the surface of ceria, whereas the high
temperature peak is due to the bulk oxygen present in the sample. These oxygen species
are responsible for hydrogen uptake in the H2-TPR analysis [14,70]. For the hybrid ZIF-
67/CeO2 sample, three peaks were obtained. The peak around 350 ◦C is the characteristic
peak of ceria which is now shifted to lower temperature as compared to pure ceria. The
peak around 500 ◦C is characteristic of ZIF-67, which is ascribed to the presence of N-
species present on its surface and are responsible of hydrogen uptake [68]. The second
characteristic peak of ceria is also shifted to a lower temperature; it is now at 600 ◦C with a
larger peak area, as compared to pure ceria where it was at 800 ◦C. This can be explained by
the synergistic properties obtained by the formation of a hybrid structure which increases
the reducibility and hence the catalytic activity of the catalyst.

Catalytic Activity

To investigate the catalytic activity of ZIF-67/CeO2, and Cu doped CeO2 nanostruc-
tures, solvent-free oxidation of cyclohexene was carried out with H2O2 to produce adipic
acid. H2O2 is a green oxidant as it produces water as the only by-product and is a preferable
choice for a sustainable and environmental friendly process [71]. The amount of the catalyst
ZIF-67/CeO2 taken was varied from 0.5 g to 1.5 g. The optimum amount of ZIF-67/CeO2
hybrid obtained was 1.2 g, with a maximum yield (72%) of adipic acid as per the weight
of the white crystalline solid obtained after cooling it down in an ice bath. To confirm
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the formation of pure phase adipic acid, FTIR analysis was performed. Figure 9 shows
the FTIR spectrum of obtained adipic acid. It displays the strong characteristic peak at
1685 cm−1, which is ascribed to the stretching vibrations of carboxylic groups present in
AA [72]. The peak at 2981 cm−1 displays the C-H stretching present in its structure. Other
than that, a few peaks after 1000 (at approximately 1150 and 1300 cm−1) correspond to C-O
stretching vibrations.

Figure 9. FTIR spectrum of synthesized adipic acid.

These results match well with the previously reported work and demonstrate the
formation of pure phase adipic acid. The catalytic activity of Cu-doped CeO2 and pure
CeO2 nanospheres were also tested under the same reaction conditions, but no conversion
of cyclohexene was observed for a variable range of catalyst amounts. This confirms that
metal doped ceria particles have shown no catalytic activity in the production of adipic
acid and the role of ZIF-67 is critical in the catalytic activity of hybrid nanostructures.

The reaction mechanism for the oxidative cleavage of cyclohexene passes through
several oxidation and hydrolysis steps. The oxidation of cyclohexene by H2O2 generally
includes epoxidation of the double bond present in cyclohexene, followed by a fast hy-
drolytic ring opening of the bicyclic epoxide and conversion to a diol, dehydrogenation of
the secondary alcohol, the formation of hemi-acylal, then a Baeyer–Villiger oxidation and
multiple hydrolysis steps resulting in adipic acid [71,73–75]. ZIF-67 has been previously
used for several organic transformations but not for this particular reaction where the
oxidation of cyclohexene takes place in the presence of H2O2. It was suggested that as ZIFs
are saturated metal organic frameworks and are theoretically free of low coordinated metal
atoms and functionalized linkers other than metal centers, so they should not be capable
of displaying any catalytic activity [20]. On the other hand, Chizallet et al. reported a
thorough study using the DFT (Density functional theory) theory to calculate the strength
of Lewis acid-base sites, the structural defects and low coordinated acid-base species that
coexist on the surface of the framework and are accountable for the catalytic ability [76].
The presence of acido-basic sites on the external surface of ZIF-67 are mainly responsible
for its catalytic activity and their presence is analyzed by the NH3-TPD results previously
discussed. These species may include OH and NH groups, hydrogen carbonates, low-
coordinated Co atoms, and free N- moieties belonging to the linkers [68,77]. The proportion
of low coordinated Co atoms such as Co III nodes and Co II nodes depends on the number
of linkers lost around the exposed Co center [68]. The presence of small amounts of atmo-
spheric moisture may lead to the formation of NH, -OH and hydrogen carbonate species
on the ZIF surface, which accelerates the epoxides system (Figure 10). On the other hand,
the presence of CeO2 has its own role in the catalytic activity of this reaction. Ceria has
the ability of transfer between two oxidation states i.e., Ce3+ and Ce4+ and its catalytic
activity is known to depend on this redox cycle of Ce4+/Ce3+ [78]. Furthermore, ceria
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has been reported to decompose H2O2 to produce molecular oxygen and the hydrogen
radical along with the Ce4+/Ce3+ cycle. However, the amount of H2O2 plays a key role in
maintaining the redox cycle of Ce in CeO2. The redox cycle of Ce in CeO2 i.e., the catalytic
activity of CeO2, is reported to be inhibited by incorporating a higher amount (exceeding
0.2 M) of H2O2. Herein, 0.1 M of H2O2 is employed to ensure maximum catalytic activity
of the catalyst. Furthermore, in previous reports the adsorption of organic compounds on
CeO2 particles is suggested to be a completely surface-localized reaction, with Ce3+ and
molecular oxygen being the active sites on its surface [79,80]. The incorporation of CeO2
nanoparticles into polyhedral ZIF-67 reduces the agglomeration of CeO2 nanoparticles as
shown by the TEM images in Figure 3, consequently increasing the catalytic activity of
CeO2. Based on the above information, a proposed mechanism is presented in Figure 11,
which is based on the presence of active sites on the catalyst surface.

Figure 10. Active species formation on the surface of ZIF-67/CeO2.

Figure 11. The reaction mechanism for the oxidation of cyclohexene with ZIF-67/CeO2 as a catalyst.

The first stage in the formation of adipic acid is the epoxidation of cyclohexene,
which afterwards goes through hydrolysis to form cyclohexane diol. The diol can then be
transformed into adipic acid because of the oxidative cleavage of the C-C bond. Epoxidation
of cyclohexene has been reported as the rate determining step (RDS) in the formation of
adipic acid, while all other steps take place very fast [45]. The epoxide formation of
cyclohexene is accelerated by the rapid decomposition of H2O2 by Ce ions present on the
ceria surface, which produces more O atoms for the epoxide reaction to take place fast, and
is presumed from the work of Wandong et al. [80]. The Raman results in their previous
work also suggested the appearance of molecular oxygen and peroxide-like species (O2

2−)
on the surface of CeO2 after reaction with H2O2, which supports our proposed mechanism.
Secondly, the ring opening of epoxide is proposed to be accelerated by the presence of
Co centers on ZIF surface [81]. Park et al. suggested the idea that the crystal plane of
Co-Im-Zn is the active surface for the epoxide activation, rather than single uncoordinated
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metal atoms [82]. Regardless, it is generally accepted that the metal center present in
ZIFs coordinates the oxygen of the epoxide to achieve ring opening by weakening the
β C-O bond [68,83]. Therefore, it was presumed that it bonds with oxygen to form CoO
or Co2O3 compounds and causes the ring opening of epoxide to form a diol. Further
dehydrogenation and hydrolysis steps, involved in the production of adipic, are proposed
to be taken rapidly through the presence of active sites on the catalyst’s surface. The
synergistic effect of the synthesized catalyst ZIF-67/CeO2 can be explained through the
reported work of Fang et al. [84]. A higher surface charge ratio was observed in the case
of CeO2@Co3O4 (Co3+/Co2+ and Ce3+/Ce4+) through XPS measurements, which led to a
larger amount of oxygen vacancies and hence better catalytic activity. The surface chemical
states of the synthesized CeO2 and Co based catalyst were also studied, where the values
of Ce3+/Ce4+ and Co3+/Co2+ showed a slight decline after the reaction, which suggested
the existence of a synergistic effect between Co and Ce ions through the following redox
equilibrium of Co2+ + Ce4+ ↔ Co3+ + Ce3+ during the oxidation reaction [85]. In addition
to that, TPR results presented by Fang et al. suggested an increased reducibility for their
combined Ce and Co catalyst, indicating a strong synergistic effect between the cobalt
and cerium ions present in our catalyst [84]. Apart from that, a high BET surface area of
ZIF-67/CeO2 is supposed to play a significant role in the oxidation of cyclohexene, because
a high surface area catalyst is reported to provide a greater number of active surface
sites to promote the oxidation of cyclohexene molecules, resulting in high conversion
of cyclohexene molecules [86]. Furthermore, the porous nature of ZIF-67 is expected to
provide enhanced mass transport into the interior of the catalyst [87].

For the ZIF-67/CeO2 sample, the formation of adipic acid takes place in less reaction
time and at a lower temperature. Furthermore, the yield of adipic acid obtained after
the oxidation of cyclohexene is said to be dependent on various factors, like the amount
of reactants used, reaction time, and temperature etc. [45,74]. Keeping that in mind, an
optimum set of conditions are applied in our study to ensure satisfactory results. Ordinarily,
4 moles of H2O2 are theoretically needed for the conversion of cyclohexene to adipic acid.
However, 4.4 moles of H2O2 were used in this research to assure the complete conversion
of cyclohexene. Furthermore, a stepwise addition of H2O2 is applied in this reaction which
has already been investigated to increase the yield of adipic acid [45]. Altogether, a rather
mild set of conditions are applied (90 ◦C, 12 h) for the conversion of cyclohexene into
adipic acid in solvent-free conditions and an adequate yield of adipic acid is obtained. The
catalytic activity of ZIF-67/CeO2, in the production of adipic acid, can also be compared to
some of the previously employed catalysts as shown in Table 1. ZIF-67/CeO2 is able to
produce a comparable high yield of adipic acid (72%) with an adequate amount of catalyst
used, and without the use of any solvent reagent to activate the oxidant. Additionally, it
can be synthesized through a facile one-step procedure at ambient conditions.

Table 1. Comparison of this work with other reported catalysts producing adipic acid through oxidation of cyclohexene.

Catalysts Yield (%) a Reaction
Conditions

Reactant Conversion
(%) b

Product Selectivity
(%) c Reference

MIL-101 90 70 ◦C, 8 h >99 Not reported [45]
WO4/silica gel 84 87 ◦C, 15 h 100 99 [74]

Ag2WO4 85 75 ◦C, 18 h 99 98 [73]
Cu/WO3 66 70 ◦C, 12 h 75 88 [88]

K3PW12O40 77 75 ◦C, 24 h 100 Not reported [89]
Na2WO4 80 85 ◦C, 8 h >99 Not reported [90]

ZIF-67/CeO2 72 90 ◦C, 12 h 100% >99% This work
a The yield refers to the pure product of adipic acid produced in each of these reactions, b Cyclohexene is the reactant used for all the
catalysts shown in the table. This shows the percentage conversion of cyclohexene for each respective reaction. c Selectivity of adipic acid is
presented in percentage for each reaction mentioned in the table.

In summary, this mechanism has high oxygen storage capacity and redox properties
of CeO2 (couples of Ce4+/Ce3+), which produces lots of active oxygen available for the
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oxidation process [91]. This coupled with the microporous nature of ZIF-67 provided the
basis of an effective catalyst to produce adipic acid. Such a facile and cost-effective strategy
can result in self-inserted hybrid structures with high specific surface areas that are firmly
coupled together.

3. Methods and Materials
3.1. Synthesis of CeO2 Nanoparticles

The synthetic process of ceria nanoparticles is in accordance with the report published
by Lin’s group [51]. Typically, 0.9 g of PVP (polyvinyl pyrrolidone) and 0.434 g of cerium
nitrate hexahydrate (Ce (NO3)3·6H2O) were both dissolved in 30 mL of DI (deionized
water) water. After some time, 0.04 g of NaOH was added into the solution and stirred
for 30 min at room temperature. After that, the prepared solution was transferred into a
Teflon-lined 75 mL autoclave. The autoclave was put in the oven at a temperature of 180 ◦C
for 24 h. The resulted precipitates were collected by centrifugation and washed thrice with
ethanol and DI water. It was finally dried in an oven at 80 ◦C for 2 h.

3.2. Synthesis of ZIF-67 and ZIF-67/CeO2

Typically, 20 mg of the as-prepared CeO2 nanoparticles were dispersed under ultrason-
ication in 20 mL absolute methanol. Under vigorous stirring, 328 mg of 2-methyl imidazole
powder is added in that solution. After half an hour, 5 mL of cobalt nitrate Co (NO3)2
methanol solution (291 mg in 5 mL of methanol) was poured into the mixture. This mixture
was aged for 3 days under ambient conditions. Finally, the precipitates were collected by
centrifugation and washed with methanol and dried for its application. Pure ZIF-67 was
also prepared by the same method without the addition of CeO2 nanoparticles.

3.3. Synthesis of Cu Doped CeO2 Nanospheres (10% vs. 90%)

This synthesis is in accordance with the report published by Yang. For 10% Cu,
117.0 mg (0.27 mmol) of (Ce (NO3)3·6H2O) and 200 mg of PVP were dissolved in 19 mL of
DI water. This was followed by the addition of 0.9 mL of Cu (NO3)2·3H2O (5 g L−1) and
0.1 mL of H2O2 under vigorous stirring for 30 min. The as-prepared transparent solution
was transferred into a 50 mL Teflon-lined autoclave and heated for 5 h at 180 ◦C. The
resulting precipitates were collected by centrifugation, followed by washing three times
with ethanol. Finally, the dried product was obtained by heating in an oven for 6 h at
70 ◦C [52]. The same method was repeated for 90% Cu by varying the molar ratio of cerium
and copper precursor.

3.4. Oxidation of Cyclohexene with H2O2

For this part of the experiment, we used cyclohexene (25 g), H2O2 (150 mL) and a
catalyst 1.2 g. A 250 mL flask equipped with a reflux condenser and a temperature sensor
was taken. For this purpose, 1.2 g of the ZIF-67/CeO2 catalyst was taken in the flask along
with cyclohexene and heated up to 40 ◦C with a stepwise addition of H2O2 and stirred
at this temperature for 30 min. Further heating was done to 90 ◦C for 12 h. At the end of
reaction, the slurry was cooled to room temperature and then placed at 4 ◦C overnight.
The resulting solid was collected via vacuum filtration and washed with a small portion of
cold water and dried to afford pure adipic acid in 72% yield.

The conversion of cyclohexene, selectivity and yield to adipic acid were calculated
according to the following expressions:

Conversion = (mols of cyclohexene reacted/mols of cyclohexene initial) × 100
Selectivity = (mols of desired product/sum of mols of all products) × 100
Yield = (actual yield of adipic acid/theoretical yield of adipic acid) × 100

3.5. Characterization Techniques

The structural analysis of materials was performed using powder X-ray Diffraction on
a STOE Theta/theta X-ray Diffractometer System (STOE, Darmstadt, Germany) with an op-
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erating voltage and current of 40 kV and 40 mA, respectively, using monochromatic Cu Kα

radiation (λ = 0.15418 nm). The particles’ morphology was investigated by a Field Emission
Scanning Electron Microscopy (FESEM) instrument (VEGA3 TESCAN, Brno, Czech Repub-
lic). JEM-2100 model Transmission Electron Microscopy (TEM) (Hitachi, Tokyo, Japan) was
used to investigate the microstructure and hybrid formation. Binding energy analysis of
prepared hybrids was done using ESCALAB250Xi (XPS) (ThermoFisher Scientific, Waltham,
MA, USA) with Al Kα (1486.6 eV) X-rays as the excitation basis and C1s (284.5 eV) was
selected as the reference. Pore size (BJH) information and available specific surface area
(multipoint (Brunauer–Emmet–Teller (BET)) of prepared hybrids was calculated using
N2 adsorption desorption on Porosimetry System (ASAP 2420; Micromeritics Instrument
Corporation, Norcross, GA, USA ) at a standard temperature of 77 K. Before the actual gas
analysis, samples were outgassed under vacuum at 150 ◦C for 10 h. Adsorption data in
the partial pressure (P/P0) range of 0.05–0.3 were used for the calculation. A Model (2910)
Micromeritics Autochem with a thermal conductivity detector (TCD) was employed for H2
Temperature-programmed reduction (TPR) study. After pretreatment of the catalyst with
5 vol% O2 in He at 500 ◦C for 1 h, 5% v/v of H2 in Ar was flowed over the catalyst (200 mg)
with a flow rate of 50 mL/min and a heating rate of 5 ◦C/min till 1000 ◦C. The same model
was used to study Temperature-programmed desorption (TPD) behavior using ammonia
(NH3), where desorbed NH3 was monitored using the TCD signal and a mass spectrometer.
The catalyst (200 mg) was taken and pre-treated with He at 200 ◦C for 30 min followed
by ammonia adsorption for 1 h using 5 vol% NH3 in He (50 mL/min). The physically
adsorbed ammonia was purged using a flow of He (50 mL/min) for 30 min at 100 ◦C and
cooled down to room temperature, followed by heating up till 500 ◦C (5 ◦C/min) under He
flow for 60 min. NH3-TPD for pure CeO2 particles was carried out till 900 ◦C (5 ◦C/min).

4. Conclusions

In conclusion, the catalytic activity of CeO2 nanoparticles has been evaluated with
two different formulations: one was embedded into MOF (ZIF-67) and the second with
Cu doped CeO2 nanoparticles. This very facile and cost-effective approach was adopted
to synthesize a hybrid structure of pure phase CeO2 nanoparticles encapsulated inside
ZIF-67 polyhedrons. The SEM and TEM results displayed CeO2 nanoparticles mounted on
the surface as well as embedded inside the ZIF-67 mesoporous structure. Both prepared
nanostructures were used as catalysts for the rapid synthesis of adipic acid from oxidation
of cyclohexene, and 72% yield was obtained in 12 h by ZIF-67/CeO2 hybrids. Cu doped
CeO2 did not show any considerable activity for the production of adipic acid through the
oxidation of cyclohexene. The as-prepared CeO2/ZIF-67 hybrid have the advantage of
the microporous and molecular sieving manner depicted by the MOF matrix combined
with the effective functional characteristics of cerium oxide nanoparticles. The fabrication
procedure is suitable for an extensive range of metal/metal oxide nanoparticles, as it
enables the encapsulation of multiple nanoparticles in an un-agglomerated fashion and can
control the dimensional arrangement of nanoparticles inside the MOF array. Furthermore,
ZIF-67, being highly porous, offers less diffusional resistance and thus increases catalytic
activity. Therefore, large surface area ZIF-67/CeO2 hybrids as heterogeneous catalysts
were found to be a reasonable substitute to the supported or unsupported noble metal
catalysts used to produce adipic acid through the oxidation of cyclohexene.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4344/
11/3/304/s1, Figure S1: SEM image of CeO2 nanoparticles with diameters, Figure S2: SEM image of
ZIF-67/CeO2 with particle size, Figure S3: TEM images of (a) Pure ZIF-67 (b) Pure CeO2 Nanoparticles
(c) HRTEM (SAED) Pattern of ZIF-67/CeO2 Nanohybrids (d) Low Resolution TEM of ZIF-67/CeO2
Nanohybrids, Figure S4: EDS spectrums (a) ZIF-67/CeO2 (b) Cu doped CeO2, Figure S5: FTIR spectrum
of (a) Pure CeO2 (b) Pure ZIF-67 (c) 10% Cu doped CeO2 (d) ZIF-67/CeO2 Nanohybrids.
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