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CeO, nanowires self-inserted into porous Coz04
frameworks as high-performance “hoble metal
free” hetero-catalystst

Xiao Wang, Shuna Zhao, Yibo Zhang, Zhuo Wang, Jing Feng, Shuyan Song*
and Hongjie Zhang*

Recently, mixed metal oxides have attracted tremendous interest because of their great importance for
fundamental studies and practical applications in the catalytic field to replace expensive noble metals.
Herein, we report the designed synthesis of novel CeO,-Co0s04 mixed metal oxides with complex
nanostructures using uniform short CeO, nanowires self-inserted into ZIF-67 nanocrystals as precursors

followed by a thermal annealing treatment. Interestingly, such a synthetic strategy can be easily
Received 11th September 2015 tended to fabricate other CeO . . ted int tal oxid f K h NiCo-0O
Accepted 28th October 2015 extended to fabricate other CeO, nanowires inserted into metal oxide nanoframeworks such as NiCo,0O4
and ZnCo,04. Choosing the NO reduction reaction by CO as the catalytic model, the as-obtained

DOI: 10.1039/c55c03430b Ce0,-Co0304 hybrids exhibited enhanced catalytic performance, which could be attributed to the strong
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Introduction

In hetero-catalytic reactions, ceria (CeO,)-based nanomaterials
have been used as efficient catalysts due to their high oxygen
storage capability, good redox properties, and low cost as well as
being green materials." Many efforts have been made to
develop CeO,-based noble metal hybrid nanocatalysts with
remarkably activity and long-term stability for three-way cata-
lytic reactions (TWCs) to eliminate toxic automobile exhaust
fumes, low-temperature water-gas shift (WGS) reactions,
oXxygen sensors, oxygen permeation membrane systems and fuel
cells, but they suffer from such drawbacks as high cost, limited
availability and relatively low selectivity at high temperatures
which limit their widespread application.>”® The development of
CeO,-based “noble metal-free” nanocatalysts is an urgent and
important problem to be solved. A widely accepted viewpoint for
the successful fabrication of “noble metal-free” catalysts is to
hybridize together multiple components with a strong syner-
gistic effect.”*> Otherwise, it is found that the as-formed two-
phase interface area can strongly affect the catalytic process,
such as the adsorption-desorption rate of the substrate mole-
cules and the stability of the intermediate state.™* In recent
years, more attention has been focused on the development of

State Key Laboratory of Rare Earth Resource Utilization, Changchun Institute of
Applied Chemistry, Chinese Academy of Sciences, Changchun 130022, P. R. China.
E-mail: songsy@ciac.ac.cn; hongjie@ciac.ac.cn

t Electronic supplementary information (ESI) available: XRD data of pure CeO,
nanowires; TG CeO,-ZIF-67-2 XPS and N,
adsorption-desorption isotherm data of CeO,-C0;0,-2 sample and ICP data.
See DOI: 10.1039/c5sc03430b

curve of precursor;

This journal is © The Royal Society of Chemistry 2016

two-phase interaction between each component.

a large number of CeO,-based mixed metal oxides including
Ce0,-Cu0,*" Ce0,-Cu,0,>* Ce0,~C030,,"*** Ce0,-Zn0,*®
CeO,-NiO" et al.

Generally speaking, the hybrid nanostructure and
morphology of the building blocks play important roles in
determining the catalytic performance, which can cause great
differences in the two-phase interface state and the interface
area as well as the anti-sintering ability. In particular, one-
dimensional and porous nanomaterials have received contin-
uous attentions owing to their combination of carrier directed
motion, anisotropism, high surface area, low density, and high
loading capacity."*?® The presence of nanoscale porous inte-
riors with a functional one-dimensional component endows
them with technological significance in catalytic applications.
However, the synthesis of CeO,-based mixed metal oxides with
necessary structure is still problematic because of the difficul-
ties in simultaneously manipulating different materials with
distinct physical and chemical properties during the conven-
tional synthesis processes. Therefore, it is still a great challenge
to create novel and complex CeO,-based metal oxides.

It is noticed that the thermolysis of metal-organic frame-
works (MOFs) route under certain atmosphere is an efficient
way to produce highly porous transition metal oxide nano-
structures.”**® The sacrificial MOF templates determine directly
the shape and size of the resultant porous structures by
engaging themselves as consumable reactants for shell
construction.”**® In addition, the growth process of the MOF
precursor is easily controlled to obtain MOF nanocrystals with
desired morphology, size and composition on a variety of
substrates. Inspired by recently achieved progress, herein we
demonstrate a novel approach for the effective synthesis of
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short ultrathin CeO, nanowires inserted highly porous Co;0,
frameworks with different Ce/Co molar ratios, namely, the
Ce0,-Co030, hybrid nanocomposite. This strategy involves the
following two separate steps: the facile synthesis of CeO,
nanowires inserted into ZIF-67 hetero-precursors; and subse-
quent thermolysis treatment. Besides, the synthetic strategy can
be extended to prepare other complex CeO, nanowires inserted
into ZnCo,0, and NiCo,0, hybrid nanocomposites. Such
unique hybrids take into account the components, hybrid
nanostructures and the unique morphologies of the building
blocks. More importantly, the as-obtained mixed metal oxides
have shown superior performance when evaluated as catalysts
in the chemical reduction of NO by CO.

Experimental
Synthesis of ultra-thin CeO, nanowires

The synthetic process is accordance with the report by Yu's
group. Typically, 2 mmol Ce(Ac); is dissolved in a water/ethanol
mixture (1/1) and heated in an oil bath. Until the temperature
reached 140 °C, 20 mL ammonia is added very fast to the
reaction solution. 12 hours later, the products are purified by
centrifugation and washed three times with water and dried at
room temperature overnight.

Synthesis of CeO,-ZIF-67 precursors

20 mg of the as-obtained CeO, nanowires are dispersed in 20
mL absolute methanol. Under vigorous stirring, 4 mmol 2-
methylimidazole powder is added. 30 min later, 5 mL of
a Co(NOj), methanol solution (0.2 M) is injected into the
mixture. The reaction only needs one hour. Finally, the products
are purified by centrifugation and washed with methanol and
dried for further application.

Synthesis of CeO,-ZIF-67 (Ni, Co or Zn, Co)

The synthetic strategy is very similar to CeO,-ZIF-67. The only
difference is using Ni, Co (or Zn, Co) mixed metal ions to replace
the Co ions.

Synthesis of CeO,-Co;0, nanoframeworks

The dried precursors are further annealed at 400 °C for 60 min

at a heating rate of 1 °C min™".

Characterization

The X-ray diffraction patterns of the products were collected on
a Rigaku-D/max 2500 V X-ray diffractometer using Cu-K, radi-
ation (A = 1.5418 A), with an operation voltage and current
maintained at 40 kV and 40 mA. Transmission electron
microscopy (TEM) images were obtained with a TECNAI G2
high-resolution transmission electron microscope operating at
200 kV. The catalytic performances of the catalysts were moni-
tored on-line by a mass spectrogram.
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Catalytic test: NO reduction

50 mg of catalyst was put in a stainless steel reaction tube. The

experiment was carried out under a flow of reactant gas mixture

(2000 ppm CO, 2000 ppm CO, balance Ar) at a rate of 50 mL
s o1

min~ .

Results and discussion

The whole synthetic process is schematically illustrated in
Fig. 1. First of all, the ultrathin CeO, nanowires are obtained via
the previously reported method (as shown in the Experimental
part; the corresponding TEM images are shown in Fig. 2A).
Subsequently, a certain amount of CeO, nanowires was
dispersed in methanol by ultrasound treatment followed by the
addition of 2-methylimidazole to the mixture and stirring for 30
min. The preliminary mixing of CeO, nanowires and 2-meth-
ylimidazole together is necessary. This is because the 2-meth-
ylimidazole ligand can coordinate with Ce ions on the surface,
which is a prerequisite for the successful surface growth of ZIF-
67 nanocrystals.

The structure of the as-formed inserted hybrid nano-
structures was characterized by powder X-ray diffraction (XRD),
transition electron microscopy (TEM), energy-dispersive X-ray
spectroscopy (EDX), high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and ther-
mogravimetric analysis (TGA). The XRD pattern of the CeO,-
ZIF-67 hybrids is shown in Fig. S1.7 The diffraction peak of CeO,
is relatively weak, and it is difficult to distinguish directly the
presence of CeO,. The small particle size and poor crystalliza-
tion are considered to be the main reasons. Furthermore, the
diffraction peaks between 10° to 20° match well with the ZIF-67
crystals.”® Further investigation by TEM imaging was also con-
ducted and is shown in Fig. 2B and C, indicating that the as-
obtained precursors are uniform and monodisperse sub-300
nm polyhedra. Interestingly, the enlarged TEM image in Fig. 2D
confirms that the original long nanowires have disappeared and
several short and ultra-thin ones are formed and inserted in situ
into the ZIF-67 nanocrystals. Some of the short nanowires are
enclosed completely and some of them are partly embedded in
the polyhedra leaving parts of the nanowires exposed outside.
Such a self-inserted hybrid nanostructure is easily observed in
Fig. 2E. Additionally, the HRTEM image in Fig. 2F illustrates
that the lattice spacing of 0.31 nm corresponds well with the
characteristic (111) planes of fluorite phase CeO,. A further
STEM image is shown in Fig. 2G, in which the inserted one-
dimensional nanostructures are easy to distinguish owing to

Ce0,-Co;0,

CeO, nanowires CeO,-ZIF-67

Fig. 1 The synthetic steps of short CeO, nanowires inserted porous
Coz04 nanoframeworks.

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 TEM images of (A) bare CeO, nanowires; (B) to (F) ZIF-67
nanocrystals with short CeO2 nanowires inserted; (G) the corre-
sponding STEM image; (H) to (J) STEM-mapping analyses about the
as-obtained precursors.

their brighter contrast. HAADF-STEM-mapping image has also
been used to analyze further the distribution of Ce and Co
elements in the precursors. As shown in Fig. 2H-], the poly-
hedra are composed by only Co element; and Ce element
exhibits random one-dimensional distribution, both inserted
and outside the polyhedra. The formation process of such
unique hybrids is supposed to occur by the pre-mixing of CeO,
and 2-methylimidazole molecules making parts of the 2-meth-
ylimidazole molecules coordinate with Ce ions on the surface of
CeO, nanowires. The addition of Co*" into the reaction solution
causes the surface nucleation of ZIF-67 nanocrystals. However,
the rigid CeO, nanowires are not stable enough, such that
during the growth process of ZIF-67 nanocrystals, CeO, nano-
wires are cut into several short pieces.

In addition, the rapid growth rate of ZIF-67 nanocrystals
causes the as-formed short CeO, nanowires to embed or insert
successfully into the ZIF-67 nanocrystals. From these results,
some important advantages of the unique hybrid nano-
structures should be noted: (1) using MOFs as the precursors
greatly simplifies the difficulty in hybridization of CeO, and
other kinds of transition metal oxides. The surface nucleation
and in situ self-inserted growth behavior cause the two different
components to be strongly coupled together, and more impor-
tantly, such a synthesis is a clean strategy, in that the whole
process does not use of any additive agent; (2) the organic part
can be removed completely without any residue via a simple
heating treatment; (3) this is the first time to combine one-
dimensional CeO, and a three-dimensional transition metal
oxide (precursor) together, which is considered very interesting

This journal is © The Royal Society of Chemistry 2016
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for the efficiency of hybridization for the optimization of the
catalytic performances.

Furthermore, TG analysis is also conducted in order to
determine a suitable annealing temperature. With the data
shown in Fig. S2,T an obvious weight-loss peak has appeared at
about 400 °C, which matches well with the previous reports.**
Moreover, simply changing the feeding molar ratio of Ce and Co
can cause the component-evolution of the hybrids. With the
TEM images shown in Fig. S3,1 doubling the molar ratio of Ce/
Co leads to the growth of ZIF-67 nanocrystals be much looser
(CeO,-ZIF-67-1). On the opposite, halving the molar ratio of Ce/
Co causes more intensive ZIF-67 nanocrystals formed with CeO,
nanowires inserted (CeO,-ZIF-67-3). The corresponding induc-
tively coupled plasma atomic emission spectrometry (ICP-AES)
of the three samples are also taken and shown in Table S1.7 The
final mixed metal oxides with different Ce/Co molar ratios are
named as CeO,-ZIF-67-1 (Ce0,-C030,-1), CeO,-ZIF-67-2 (CeO,—
C0304-2) and CeO,-ZIF-67-3 (CeO,-C030,4-3).

In addition, such a synthesis strategy can be further
extended to the fabrication of one-dimensional CeO, inserted
mixed metal-organic frameworks (ZIF-67 [Zn, Co] or ZIF-67 [Ni,
Co]). As shown in Fig. 3, the as-obtained precursors have similar
morphologies to CeO,-ZIF-67 (Co). The smooth surface of the
MOFs and the inserted hybrid nanostructure are easy to
distinguish. Further HAADF-STEM-mapping analyses have also
confirmed the as-obtained hybrids are composed of Ce, Zn (Ni)
and Co elements, that the polyhedra is composed by Ni and Co

Fig. 3 (A) TEM image of CeO, inserted ZIF-67 (Ni, Co) precursors;
(B to E) the corresponding STEM-mapping analyses; TEM image of
CeO; inserted ZIF-67 (Zn, Co) precursors; (G to J) the corresponding
STEM-mapping analysis; the scale bar in (A and F) is 200 nm.

Chem. Sci, 2016, 7, 1109-1114 | 1111
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(or Zn and Co) elements, and the Ce elements are in the form of
one-dimensional nanostructures.

Subsequently, the precursors are annealed at 400 °C for 60
min to accomplish the oxidation process. The XRD data is
shown in Fig. 4E. Compared with the data of CeO,-ZIF-67
precursors, the weak diffraction peaks of ZIF-67 are totally
absent in the XRD pattern and the (220), (311), (400) and (440)
peaks are unambiguously ascribed to a typical Co;O, nano-
structure. Importantly, a small diffraction peak at 28.7° is
observed clearly, which can be attributed to the (111) planes of
CeO,. TEM observations have been used to obtain further
insight into the structural information of annealed samples. As
shown in Fig. 4A, the products maintain well the structural
morphology of CeO,-ZIF-67 even after the high-temperature
annealing process, but the particle sizes are decreased signifi-
cantly to about 200 nm. The increased surface roughness and
the tiny holes on the surface of CeO,-Co3;0, can be ascribed to
the liberation of CO, and H,O during the heating treatment.
CeO, components kept their original one-dimensional nano-
structures, which could be easily distinguished by their
different contrast and growth-orientation as marked by the red
arrows in Fig. 4A. More interestingly, parts of the un-embedded
CeO, could be also found outside the Co;0, porous nano-
structures with the data shown in Fig. 4B. The HRTEM images
in Fig. 4C and D illustrate that the lattice spacing of 0.31 nm
and 0.23 nm corresponds well with the characteristic (111)
planes of the fluorite phase of CeO, and the (220) planes of
Co304, respectively. The X-ray photoelectron spectroscopy (XPS)
curves (Fig. S41) show that the two peaks at 780 eV and 791 eV
correspond well to the Co 2ps;, and 2p;, spin orbit peaks,
respectively, while the peaks at 881.9 eV and 900.2 eV can be
assigned to Ce 3ds5/, and 3d;, spin orbit peaks, respectively. The
specific surface area of the as-obtained CeO,-C03;0,-2 sample
calculated from the BET curve (Fig. S51) reaches about 64.76 m”
g~ '. In addition, the IR spectra of the 2-methylimidazole
molecule and the final CeO,-C0;0,4-2 sample are also investi-
gated and shown in Fig. S6.1 No observed peaks could be found
in the final products, indicating that no functional groups were
left after the heating treatment.

The catalytic reaction: CO + NO — CO, + N, has received
increased attention, this is because the reaction realizes the

Two theta (degree)

Fig.4 (AandB) TEMimages of CeO,-Coz04 hybrid nanoframeworks;
(C and D) the corresponding HRTEM images; (E) XRD spectra of CeO,—
ZIF-67 precursors and CeO,—Coz04 products.
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goal of reduction of NO and oxidation of CO at the same time.
However, compared with the traditional model reaction, CO
oxidation, the above catalytic reaction, reduction of NO by CO,
is much harder to accomplish. This requires the catalyst to have
higher activity, stability and selectivity. The evaluation of cata-
Iytic activity was performed in a fixed-bed reactor coupled
online with a mass spectrometer. Fig. 5A shows the typical
conversion ratio of NO to N, as a function of reaction temper-
ature over the five catalysts with different molar ratios of Ce/Co
with a feed gas containing 2000 ppm CO. 2000 ppm NO
(balanced with Ar) was allowed to pass through the reactor at
a gas hourly space velocity (GHSV) of 120 000 mL (g~ ' h™"). As
illustrated in Fig. 5, it seems obvious that the pure CeO,
nanowires only exhibit limited catalytic activity. Even when
increasing the reaction temperature to about 300 °C, the
conversion is still almost 0%. A porous Co;0, nanoframework
exhibits a much higher catalytic performance. At 200 °C, over
50% NO is converted. Interestingly, all of the three kinds of
hybrid nanostructure are more active than pure CeO, or C0;0,.
Ce0,-Co030,-2 has the highest catalytic properties. The conver-
sion reaches 38.7%, 93.8% and 96.9 at 150 °C, 200 °C and 250
°C, respectively.
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Fig. 5 (A) NO conversion curves of CeO, nanowires, CeO,-Co0304-1,
Ce0,-C0504-2, CeO,-C0504-3 and Coz04 nanoframeworks; (B) the
relationship between NO conversion and CeO, content in the five as-
obtained catalysts.
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For comparison, increasing or decreasing the Ce/Co ratio
causes activity loss. At the reaction temperature of 150 °C (or
200 °C), Ce0,-C030,-1 and Ce0,-C030,4-3 can only convert
30.7% (or 88.8%) and 23.8% (or 87.7%) of NO, respectively. This
is a typical component-dependent catalytic performance. It is
well-known that the CeO, dispersion and the interaction
between cobalt oxide and ceria play an important roles in
determining the catalytic activity. Therefore, a certain propor-
tion of CeO, in Co;0, is the most suitable to exhibit the best
catalytic activity. A similar phenomenon usually happens in
other kinds of CeO,-based mixed metal oxides as catalysts in
heterogeneous catalytic reactions.**>* In order to display intui-
tively the relationship between the catalytic activity and the
component, Fig. 5B illustrates the component-dependent
conversion at 150 °C, indicating that the as-obtained hybrid
samples exhibit component-dependent catalytic performances.
It should be also noted that limited N,O could be detected
during the whole test catalyzed by the hybrid component,
illustrating the unique catalytic selectivity. Further aging tests
have also been taken by monitoring the NO conversion cata-
lyzed by CeO,-Co0;0,-2 sample at 180 °C for 9 continuous hours.
As shown in Fig. S7,1 the as-obtained CeO,-C03;0,-2 samples
keep their catalytic performance; 83% conversion could also be
achieved 9 hours later. This result suggests the high stability of
the CeO,-Co;0,4 hybrid nanostructure.

In order to clarify the redox relationship and their synergistic
effects for improved catalytic performance, we further tested the
H,-TPR profiles of the five nanocatalysts. As shown in Fig. 6, two
broad TPR peaks observed at 375 °C and 600 °C for CeO, can be
attributed to the reduction of the surface capping oxygen and
the bulk oxygen of ceria, respectively.”*** For pure Co0;0,
nanoframeworks, the two reduction peaks at about 337 °C and
497 °C match well with the previous reports by Venezia's
group.*® For comparison, the mixed metal oxides show relatively
high reducibility with respect to pure CeO, and Co;0, due to the
significant interaction between the two phases. Moreover,
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Fig. 6 H»-TPR profiles of CeO, nanowires, CeO,-Co0304-1, CeO,-
C0304-2, CeO0,-C0304-3, Coz04 nanoframeworks.
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a noticeable new reduction peak below 250 °C appears in all three
hybrids. With the increase of Co;0, content in the mixed metal
oxide, such new reduction peaks become stronger and stronger,
indicating that the synergistic effect is continuously enhanced.
Comparing CeO,-C03;0,4-2 with CeO,-C030,4-3, although the peak
position and intensity of the new peak are similar, the obvious
blue-shifts of the following two peaks have been observed very
clearly. Combined with the above analyses, H,-TPR profiles
confirmed firmly that the CeO,-Co;0,-2 sample has the highest
activity, which is in accordance with the catalytic results.

By referring to the Eley-Rideal mechanism and the Lang-
muir-Hinshelwood mechanism,**° the possible advantages of
such a hybrid nanostructure in the reduction of NO by CO have
been supposed as:

(1) Co304 can react with CeO, to form CoO during the cata-
Iytic reaction. In other words, the interaction between Co30,
and CeO, can greatly increase the stability of CoO and elongate
the Co-O bond on the CeO,-Co;0, interface.?”

(2) CeO, has a high oxygen storage capacity and well-known
redox properties (couples of Ce**/Ce*"), which produce lots of
active oxygen available for the oxidation process. The presence
of mobile oxygen and weak Co-O bonds in cobalt oxide were
reflected in the relatively low AH for O, vaporization.*

(3) Such a self-inserted hybrid nanostructure gives the final
products a large specific surface area and a strongly coupled
interface.

Conclusions

In conclusion, a novel low-cost and facile synthesis strategy has
been successfully developed to create unique hybrid nano-
structures composed by one-dimensional CeO, nanostructures
inserted into porous Co3;0, frameworks. The synthesis strategy
involves the in situ formation of CeO, nanowires self-inserted
into ZIF-67 precursors and subsequent thermal annealing in
air. During the annealing process, porous cages are formed and
several short CeO, nanowires have been inserted into the three-
dimensional Co;0,4 nanocages. Such a synthesis strategy could
be extended to the synthesis of CeO, inserted into NiCo,0, and
ZnCo,0, hybrid nanocomposites. When evaluated as hetero-
catalysts for the NO reduction by CO, they exhibited compo-
nent-dependent catalytic properties. The CeO,-C0304-2 has
shown the highest catalytic performance, much better than
even the current reported Ce-Cu mixed metal oxide, which is
also synthesized via a MOFs-assistant method.* This is the first
time that the goal of optimization of the catalytic performance
of CeO,-based mixed metal oxides has been realized by taking
account of the components of the hybrid nanostructure as well
as the size and shape of each component. It is believed that the
developed synthesis and the obtained unique hybrid nano-
structures have opened a new window to design new kinds of
“noble metal free” nanocatalysts.
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