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Homogeneous hollow CuO-ZnO-Al,05; microspheres, which were synthesised, used carbonaceous saccharide as a template by the
hydrothermal treatment at 180°C. The hollow microspheres structure of composite metal oxides was characterised by the methods of
X-ray powder diffraction, thermogravimetric analysis, scanning electron microscopy, transmission electron microscopy and N, adsorption—
desorption isothermal. In the evaluation of the hydrogenation of carbon dioxide, the synthesised hollow CuO/ZnO/Al,O3; composite
microspheres exhibited higher selectivity and yield of methanol than CuO/ZnO/Al,O5 prepared by a co-precipitation method. An optimum
yield of methanol of 15.3% with the 24.7% CO, per pass conversion was obtained under the reaction conditions of pressure at 3.0 MPa,
space velocity at 1800 ml g;ll[ h™!, the volume ratio of CO4/H, at 1:3 and temperature at 262°C.

1. Introduction: In recent years, carbon dioxide has become the
focus of much attention because of the implication of its emissions
on the problem of climate change, however, it also turned out to be
a strategic carbon resource [1-3]. Thus, complete or partial recyc-
ling of CO, through its hydrogenation to high-energy density
liquid fuels appears to be a very attractive approach. As a result,
catalytic CO, hydrogenation reactions to methanol, higher alcohols
and gasoline have received much renewed attention [4-7].
Particularly, the production of methanol is the key to platform at
present chemical fuel and chemical infrastructures [8—10].
Synthesis of methanol from CO, and H, has been known and prac-
ticed since at least the 1930s and is a promising route to sustainabil-
ity due to the potentially large demand for methanol [11, 12]. For
methanol synthesis, copper base catalyst (CuO-ZnO) is the most
common catalyst [13, 14]. At the same time, some additives,
such as Zr [15], Al [16], Ce [17], Ga [15], Cr [18] and Ti [19]
were added to the copper base catalyst to improve its performance.
In recent years, In,O3/ZrO, [20] catalysts were reported for hydro-
genation of CO, to methanol. However, CuO/ZnO/Al,0; (CZA)
catalysts showed that very high catalytic activity in all catalysts
for hydrogenation of CO, to methanol. The activity of the CZA
catalyst was improved with the increase of CuO species dispersion,
which depends mainly on its composition and preparation
method [4].

Knowledge of the structure of the active site is crucial for under-
standing and improving the properties of catalysts [21]. For
example, CuO nanobelts exposing the (011) planes more easily
release oxygen from the surface lattice, so it is more active than
CuO nanoparticles with the close-packed (111) planes [22]. So
far, only several examples of multi-component metal nanocrystals
and semiconductor oxide nanocrystals have been demonstrated,
but the role of shape controlled at the materials interface, which
is the common feature in practical metal-supported catalysts, has
not yet been known [23]. The synthesis of hollow nanospheres
has attracted considerable attention because of their potential
applications in catalyst supports, fuel cells, gas storage and
separation, which result from their unique features, such as high
surface-to-volume ratio, high structural stability, uniform size and
low density [24]. Compared with organic hollow sphere, inorganic
hollow sphere materials were widely used in the optical, magnetic,
electrical, thermal, optoelectronic, electrochemical, catalytic
properties, mechanical and photoelectrochemical [25-30].
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Instead of fabricating the hollow spheres by a multistep process
that involves the formation, isolation and purification of the
carbon sphere, coating of the sacrificial cores with the metal
oxide precursors, and subsequent removal of the carbon cores via
calcinations. In the present contribution, metal salts were added
directly to the aqueous carbohydrate to form homogeneous
hollow CuO—ZnO-Al,0; microspheres, which showed that this
promising approach could be even more simplified and generalised.
The homogeneous hollow CuO-ZnO-Al,0; microspheres could be
expected to be a dramatically beneficial carbon dioxide hydrogen-
ation catalyst.

2. Experiment: All reagents were of analytical grade (purchased
from Tianjin Kaixi chemical industry company) and were used as
raw materials without further purification. Ultrapure water was
adopted throughout the experiment.

2.1. Catalyst preparation: First, 15.0 mmol of water-soluble
metal precursors of Cu(NO3),-:3H,O, Zn(NOs),6H,O and Al
(NO3)3°9H,0 with a mass ratio of 6/3/1 were dissolved in 40 ml
of distilled water. Then, the above solution was mixed immediately
with 10 ml glucose aqueous solution (0.75 mol/l) in Teflon-lined
stainless autoclave. It was heated in an oven to 180°C for 24 h,
then cooled to room temperature naturally. After filtration, the
solid was washed several times with distilled water and ethanol,
respectively. The solid was dried in the vacuum oven at 60°C for
6 h. The metal oxides—carbon composites were calcined in air at
600°C (heating rate of 4°C/min) for 2 h to remove the carbon
cores, leading to hollow CuO/ZnO/Al,O3 (HCZA) spheres. Based
on the evidence obtained from experimental results and references
[31], the formation of HCZA was elaborated in Fig. 1. The tri-
component CuO-ZnO-Al,05; (CZA) was prepared by a conven-
tional co-precipitation method with hydrated metal nitrates
(CU(NO3)2'3H20, ZH(NO3)2'6H20 and Al(NO3)39H20) WEre
used as metal precursors [32] and the mass ratio hydrated metal
nitrates is 6: 3:1.

2.2. Catalyst characterisation: The powder X-ray diffraction (XRD)
patterns were collected on a Rigaku D/Max-2400 (1=0.1542 A) with
Cu Ko radiation source operating at 40 KV and 60 mA to identify the
phases and their crystallinity. Scanning electron microscopy (SEM)
images were obtained using a JEOL JSM-5600 instrument. An
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Fig. 1 General synthesis of hollow CuO/ZnO/Al,O; composite
microspheres

Omega 912 transmission electron microscope (TEM) was also used
to observe the images. Energy dispersive X-ray spectroscopy (EDS)
analysis was performed by a Noran SystemSix instrument which
was used to determine the elemental composition of the hollow
spheres. Thermal analyses of the synthesised materials were made
using the Perkin—Elmer TG/DTA-6300 thermal analyses system.
The Brunauer—-Emmett—Teller surface area and pore size distribution
of the hollow spheres were determined by N, sorption using a
Quantachrome Autosorb-1 apparatus. The pore volume was deter-
mined at a relative pressure (P/P,) of 0.99.

2.3. Catalysis reaction and products analysis: The catalytic activ-
ities for the carbon dioxide hydrogenation were carried out in a
stainless fix-bed reactor [33]. Before the real hydrogenation reaction
test, the catalysts were reduced in a 5% H,—95% N, stream at reac-
tion temperature for 4 h. Then the gas mixture composed of 25%
CO, and 75% H, with a space velocity (SV) 1800 ml gzt h™"
was allowed to flow through the catalyst bed. The reaction was
operated under isothermal condition when the catalyst bed contain-
ing 0.5 g catalyst was installed in a flat-temperature zone in the
reactor. Therefore, there were few radial and axial temp-gradients
because of only +1.5°C existing in the flat-temperature zone.
After reaction for 1 h, the catalysts reach the steady state, the com-
positions of the reaction products were analysed by online gas
chromatograph (Kechuang GC 900A, China) with a thermal con-
ductivity detector using ethyl silicone packed column (TDX501,
1.5 mx 3 mm) and Porapak Q packed column (2 m x 3 mm). The
CO, conversion and products distribution were calculated to use
the area normalisation method [34].

3. Results and discussion

3.1. Analysis of XRD: Fig. 2 shows the diffraction patterns of the
particles before and after calcination. The carbon sphere was
formed from aqueous glucose by hydrothermal method [35, 36],
so a few crystalline peaks (26=5°-30°) are attributable to amorph-
ous carbon before calcination. The Cu peaks indicate, the formation
of elemental copper in the samples which becomes copper oxide
during calcinations. All the hollow microspheres are composed of
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Fig. 2 XRD patterns of (a) CZA, (b) HCZA and (c) carbon spheres satu-
rated with metal ions
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crystalline CuO, ZnO and Al,O; without other phases present
after calcination [32]. The relative intensity of CuO, ZnO and
Al,O5 peaks increase in hollow spheres due to the high purity
and crystallinity of metal oxides in the capsule, compared with
the same peak in CZA prepared by a conventional co-precipitation
method.

3.2. Thermogravimetric analysis: Thermogravimetric analysis
results (shown in Fig. 3) suggest no significant decomposition oc-
curred. The 0.2% of weight loss, which is assigned to desorption
of surface-absorbed H,O, observed after heating to 800°C, confirm-
ing that carbon template could be removed completely. The endo-
thermic peak after 720°C 1is partial due to the lattice
transformation and metal sintering. It is known that one of the
biggest challenges for heterogeneous catalysts is the minimisation
of thermal agglomeration of the catalytic centres at elevated tem-
peratures, which results in significant degradation of the apparent
activity. The interior surface of the hollow capsules is most likely
free from thermal agglomeration since it is isolated from the other
capsules by the exterior surface [37]. The very high CO, hydrogen-
ation activity of the hollow capsules can be ascribed to the highly
active and agglomeration-free interior surface.

3.3. Analysis of N, adsorption-desorption isotherms and pore size
distribution: The N, adsorption—desorption isotherms and pore
size distribution are shown in Fig. 4. The specific surface area,
pore volume and average pore diameter of the tricomponent
CuO—ZnO-Al,O5 are 48.03 m?/g, 0.159 cm*/g and 0.756 nm, re-
spectively. HCZA is composed of nanoparticles of the correspond-
ing metal oxides and a high surface area can be expected. However,
the specific surface area, pore volume and average pore diameter of
hollow spheres are 21.50 m*/g, 0.207 cm®/g and 0.757 nm, respect-
ively. When the carbon microspheres were ultrasonically treated for
15 min in ethanol at room temperature before the roasting, the
specific surface area, pore volume of HCZA could be increased
to 58.61 m*/g, 0.330 cm’/g, respectively. The results show that
the carbon microspheres are fully dispersed after ultrasonic treat-
ment of ethanol, which reduces the agglomeration and sintering
caused by agglomeration after calcination, increases the specific
surface area, enhances the gas absorption and storage capacity,
and provides more surface metal active sites.

3.4. Analysis of SEM images: To obtain detailed information about
microstructure and morphology of the multiple metal oxides, SEM
was carried out and the images are shown in Fig. 5. Apparently, the
diameter of the hollow sphere is about 5002000 nm, the spheres
shell surface is not smooth and are composed of aggregated nano-
particles of multiple metal oxides. It is interesting to note that the
aggregation of these NPs can produce inherent porosity which
creates numerous nanoscale channels for chemical moieties
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Fig. 3 TG and DTA curve of HCZA
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Fig. 4 N, adsorption—desorption isotherms and pore size distribution

Fig. 5 SEM images of HCZA

travelling between the interior cavity and exterior space, thus
making the hollow spheres particularly suitable for further studies
in adsorption and catalytic applications [38]. The hole with diam-
eter of about 250 nm can be seen evidently in the microsphere.
Various opened hollow spheres can be also observed, but the
hollow sphere wall has not seriously damaged. It can because of
the high-speed releases of carbon dioxide or the ultrasonic wave
conduction on the samples [37]. It can be seen from the broken
hollow sphere shell that the product has a hollow cavity. The
hollow cavity is connected with the air gap from which the
outside passes through the hollow sphere shell.
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Fig. 6 TEM images of HCZA and EDS analysis

Table 1 Catalytic performance of the CZA and HCZA

Catalyst Conversion, % Yield, % Selectivity, %
CO, MeOH MeOH (6[0)

CZA 19.6 11.7 59.7 403

HCZA 24.7 15.3 61.8 38.2

Reaction conditions: P=3.0 MPa, SV=1800 ml g+ h™', CO,/H, (1: 3)
and T=262°C.

3.5. TEM images and EDS analysis: The obtained hollow spheres
were further investigated by means of TEM. Fig. 6 displays the
micrographs and components of HCZA. All micrographs show
spherical hollow structures, even though some rough edges on the
surface are clearly observed. The shell with some inherent porosity
is composed of aggregated nanoparticles of the metal oxides and
thickness of the shell is around 30 nm. Line scans of energy disper-
sive X-ray microanalysis (EDS) indicate that HCZA has the mass
loading of metal of Cu/Zn/Al1=5.5: 2.9:1.4. It is very similar to
its original bulk ratio (CuO/ZnO/Al,O3 in a mass ratio of 6/3/1).
The results suggest the possibility of producing hollow composite
metal oxides through a simple one-step hydrothermal synthesis
by using carbonaceous saccharide microspheres as a template.
These sacrificial cores of carbonaceous saccharide microspheres
with functional groups and have reactive surfaces, which facilitates
the absorption of cationic metal ions and the precipitation of metal
precursors, are generated by the hydrothermal treatment of glucose
aqueous solutions [39].

3.6. The activity for the synthesis of methanol: The activities of
the CZA and HCZA for CO, hydrogenation were detected when
the reaction pressure was at 3.0 MPa, temperature at 262°C,
SV at 1800 ml gc_alt h™! and CO,/H, ratio at 1:3. It can be seen
from Table 1 that a hollow sphere catalyst can increase the
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Fig. 7 Effect of temperature on the activity of CO, hydro§>enation to MeOH.
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Fig. 8 Effect of pressure on the activity of CO, hydrogenation to MeOH.
eaction conditions: T=262°C, SV =1800 ml g, h™', CO/H,=1:3

conversion of carbon dioxide and yield methanol and maintain the
near-zero formation of the unexpected alkanes by-product. The
hollow HCZA catalyst can provide metal activity site of the inner
and outer surface and promoted the rapid diffusion of the reactants
and products. It is favourable for the conversion of CO, and the
generation of MeOH in the hydrogenation of carbon dioxide.
Therefore, this hollow sphere of multivariate metal oxide can be
regarded as an excellent methanol synthesis catalyst.

3.7. Effect of reaction temperature: The catalytic performance of
HCZA hollow sphere catalysts were investigated in the hydrogen-
ation of carbon dioxide to methanol at various reaction temperatures
and the results are shown in Fig. 7. The conversion of CO, increases
with the increase in reaction temperature from 232 to 262°C. The
low conversion of CO, at low temperature was due to the competi-
tive adsorption between CO and CO, on the metallic function of the
catalyst since methanol formation from hydrogenation of carbon
monoxide which was formed from the reverse water gas shift
reaction [40]. The increase of CO, conversion and decrease of
MeOH selectivity with temperature above 262°C are due to the
fact that the reverse water gas shift reaction is favourable with an
increase of temperature. Compared with the Cu-based catalyst
system by a co-precipitation, the decrease rate of MeOH selectivity
was great slow. It owes to the special hollow structure, which makes
its surface separate from each other and provides high heat dissipa-
tion throughout the catalyst body preventing hot spot formation,
avoiding the sinter and removal of copper activity centre [41].
Therefore, the hollow HCZA sphere is a good sinter-resistant
catalytic for CO, hydrogenation to MeOH [42].

3.8. Effect of reaction pressure: MeOH synthesis in the pressure

range of 2.0-4.0 MPa was also investigated. The relationship
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between the reaction pressure and CO, conversion and methanol
selectivity are shown in Fig. 8. At a pressure of 2.0 MPa, the
CO, conversion is just 12.8%. When the pressure is increased to
3.0 MPa, the CO, conversion is increased to 24.7%. The methanol
selectivity is also shown similar trends that it is of 40.5% at 2.0 MPa
and is 61.8% at 3.0 MPa. The equilibrium for methanol formation is
favoured at high pressures [43], however, we found that there is no
noticeable improvement of CO, conversion and MeOH selectivity
when the pressure is increased from 3.0 to 3.5 MPa and the CO,
conversion and MeOH selectivity dramatic decreases when the
pressure is increased from 3.5 to 4.0 MPa, mainly because hollow
sphere structure is broken leading to the decrease of catalyst activity
when the pressure is increased >3.5 MPa.

4. Conclusions: The hollow structure composite metal oxide
microsphere was prepared successfully when glucose was mixed
with metal salt solutions by hydrothermal reaction. The hollow
HCZA catalyst can provide metal activity site at the inner and
outer surface and promotes the rapid diffusion of the reactants
and products. It is favourable for the conversion of CO, and the
generation of MeOH in the hydrogenation of carbon dioxide.
Hollow structure catalyst has strong resistance to sintering. The
HCZA displayed superior catalytic performances compared to
Cu0/Zn0/Al, O3 prepared by a co-precipitation method, indicating
the potential application of the hollow structured materials in the
hydrogenation of carbon dioxide to methanol reaction.
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