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Abstract

The Cu/CeO,-nanopolyhedrals and pure Cu/CeO,-nanorods with different sizes were synthesized for CO, hydrogenation
to methanol. With increasing the percentage composition of CeO, nanorods, the surface concentrations of Cu™, Ce** and
oxygen vacancies were gradually enhanced. However, the amount of surface Cu* species and oxygen vacancies would be
decreased instead if the size of pure CeO, nanorods was too large. The variation tendency of catalytic performance for CO,
hydrogenation to methanol was well consistent with that of Cu™ species and oxygen vacancies. Cu/CeO, nanorods with small
size exhibited the strongest interaction in Cu-CeO, interface and the highest methanol production activity among all Cu/CeO,
nano-catalysts. The small size of CeO,-nanorods obtained at NaOH concentration of 10 mol/L, hydrothermal temperature of
80 °C and hydrothermal time of 24 h showed the best catalytic performance (X¢g, =5.8%, Scrzon=92.0%, Yemon=95-3%)
at 280 °C and 3 MPa. The stronger interaction accelerated the charge transfer between CuO, species and CeO, nanorods,
which produced the larger amount of surface Cu* species and oxygen vacancies. The synergistic effect between reduced
Cu species and oxygen vacancies improved methanol selectivity and was responsible for CO, hydrogenation to methanol.
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1 Introduction
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transformed into high-value chemicals and fuels [1]. Among
various CO, utilization methods, catalytic synthesis of meth-
anol directly from CO, and hydrogen (H,) holds as a core
technology for CO, utilization [2]. Methanol is an important
solvent and feedstock for the production of chemicals and
fuel additives, which is of great significance for the sustain-
able development of society [3].

Currently, various metal based catalysts have been
investigated for the CO, hydrogenation to methanol,
including Pd, Cu, Au, Pt, Ag supported on different
oxides such as ZnO, ZrO,, TiO,, CeO, etc. [4]. In,0; is
also emerging as an active and cost-effective catalyst for
methanol synthesis. Among them, some catalysts such as
5Pd5ZnCeO, [5], 10Au/(3Zn0O-Zr0O,) [6] and In,05/ZrO,
[7] have shown 100% selectivity to methanol. However,
considering the practical sustainable development and
economic benefits, the copper-based catalysts remain an
attractive target in the methanol synthesis. CeO, is one
of the most important oxides in heterogeneous catalysis
mainly due to its facile Ce**/Ce®* redox cycle. It has been
reported that the especial redox properties of CeO, can
be further adjusted by combining with precious and base
metal, particularly with copper [8—10]. For the last few
years, the application of ceria to form a Cu-CeO, sys-
tem has been highly attempted for CO, hydrogenation
for methanol [11-15]. In particular, the morphology of
CeO, has been discovered to have an important role in
CO, hydrogenation to methanol. The reason is that the
crystal planes exposed by CeO, with different morpholo-
gies can effect some structure-sensitive catalytic reactions.
The oxygen vacancy formation over (110) and (111) planes
on CeO,-nanocubes and CeO,-nanorods requires lower
activation energy than conventional and thermodynami-
cally more stable (111) on CeO, polyhedral nanoparticles,
which leads to higher catalytic activity in many reactions
[16]. Typically, Ouyang et al. [17] studied the morphology
dependence of CO, hydrogenation to methanol over CeO,
nanostructures and the results showed that the Cu/CeO,
nanorods catalysts exposed with (110) and (110) faces
exhibited the strongest CuO-CeO, interaction and highest
CuO dispersion, which resulted in the highest catalytic
activity with methanol yield of 1.9%. Similarly, Jiang et al.
[18] found that Pd/CeO,-Rods by the exposure of (110)
and (111) facets showed the lowest oxygen vacancy for-
mation energy and the highest density as well as the most
amount of surface oxygen vacancies for methanol syn-
thesis. They attributed the superiority to the influence of
surface structure and morphology of ceria. Furthermore,
Tan et al. [19] demonstrated that CeO, nanorod-supported
Cu-Ni alloy exposed with more (100) and (110) facets and
numerous oxygen vacancies, which has exhibited more
superior catalytic performance for methanol synthesis
than on CeO, nanospheres and nanoparticles. Xie et al.
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[20] prepared a serious of Co/CeO, 4 catalysts with differ-
ent morphology structure for CO, catalytic hydrogenation
reaction. The results showed that the different morphology
structure of CeO, support obviously influence the exposed
crystal plane. The exposed (110) and (100) crystal plane of
CoCel40 catalyst nano-rods exhibited the excellent CO,
hydrogenation performance.

As is well-known, the catalytic activities of many nano-
catalysts have been strongly dependent on their sizes and
morphologies in heterogeneous [21-23]. To date, the mor-
phology-controlled synthesis of CeO, supports has been
studied as an effective strategy to prepare promising Cu/
CeO, catalysts for CO, hydrogenation to methanol. Nev-
ertheless, the systematic and comprehensive study of the
nanoscale size-determined catalytic performance of CeO,
nanostructures needs to be further demonstrated. Recently,
some reports have revealed the relationship between the size
of CeO, supports and heterogeneous catalytic performance.
For example, Dong et al. [24] showed that the catalytic prop-
erties of the CeO, nanocubes for CO oxidation exhibited a
prominent size effect, the conversion of CO increased as the
size of the CeO, nanocubes reduced. Lagarashi et al. [25]
found that the calytic performance in dehydration of butan-
ediol was greatly affected by the particle size of CeO,, the
selectivity to unsaturated alcohols enhanced with increasing
the particle size. However, to the best of our knowledge,
how the size of CeO, nanomaterials affects the perfor-
mance of catalysts for the CO, hydrogenation to methanol
is rarely investigated up to now, particularly the size of
CeO, nanorods. In this work, a series of CeO, supporters
with different morphology and size were synthesized, but
the exposed crystal facets were almost the same. Cu/CeO,
nanorods with small size showed the strongest interaction in
Cu-CeO, interface and the highest formation rate of metha-
nol. It was proposed that the strongest interaction between
CuO, species and CeO, was beneficial to generating more
reduced Cu species and oxygen vacancies. The synergistic
effect between reduced Cu species and oxygen vacancies
greatly promoted the formation of methanol.

2 Experimental
2.1 Catalyst Preparation

All of the chemicals in our experiments were of analytical
grade and used without further purification. Cerium nitrate
hexahydrate (99.5%) was obtained from Shanghai Macklin
Biochemical Technology Co., Ltd (Shanghai, China). Cop-
per (II) nitrate trihydrate (99.0%) and sodium hydroxide
(96.0%) were purchased from Shanghai WoKai Biotechnol-
ogy Co., Ltd (Shanghai, China).
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2.1.1 CeO, Preparation

In a typical synthesis, 3.2 mmol Ce(NO3)3-6H20 was dis-
solved in deionized water (10 mL) to produce a transpar-
ent solution, different masses of NaOH was dissolved in
deionized water (54 mL) to make the NaOH concentrations
at 1, 4, 10 and 12 mol/L, then NaOH solution was added
into the Ce(NO3)3 solution to prepare a suspension mix-
ture. After being stirred at room temperature for 30 min,
the mixture was transferred into a 100 mL Teflon-lined
stainless autoclave and heated at 60, 80 and 100°C for
12, 24 and 36 h, respectively. After the reaction, auto-
clave was cooled to room temperature naturally and fresh
products were collected by centrifugation, washed with
deionized water to neutrality. The CeO, nanostructures
were obtained by drying at 80 °C overnight, and then were
calcined at 450 °C for 5 h in air to produce yellowish ceria
powder.

2.1.2 Cu/Ce0, Preparation

The Cu/CeO, catalysts were prepared by deposition—pre-
cipitation method. 0.5 g of CeO, support and 0.33 g Cu
(NO;),-3H,0 were dispersed in 30 mL of deionized water
to reach the desired nominal copper loading (15 wt%). Then
0.83 g urea was added to the above mentioned dispersion
to ensure uniform copper hydroxycarbonate precipita-
tion on the CeO, surface. The molar ratio of urea to Cu
(NO3),-3H,0 was 10. The above mixture was stirred and
reacted at 90 °C for 18 h. Then the resulting suspension was
centrifuged, dried overnight and finally calcined in air at
400 °C for 4 h.

2.2 Catalyst Characterization

Powder X-ray diffraction (XRD) patterns of the samples
were recorded on a Bruker D8 Advance diffractometer with
Cu Ka radiation source operated at 40 kV and 40 mA. Brag-
ger’s angles were scanned in the range of 20 between 20 and
80 degree. The average crystallite sizes were estimated from
the Scherrer’s equation.

Transmission electron microscopy (TEM) measurements
were operated on a FEI Tecnai G> F20 transmission elec-
tron microscope at 200 kV. The samples were suspended in
ethanol solution using an ultrasonic bath for 0.5 h. One drop
of the suspension was cast on a copper grid for the TEM
sample preparation.

X-ray photoelectron spectroscopy (XPS) measurements
were performed on a Thermo Scientific K-Alpha spectrometer

with a monochromatic Al Ko (1486.6 eV) radiation source.
During data processing of XPS spectra, the charging shift was
calibrated using C 1 s value of adventitious carbon at binding
energy 284.8 eV.

Brunauer-Eemmet-Teller (BET) surface area and pore
volume of the samples were determined by measuring N,
adsorption—desorption isotherms at liquid nitrogen tempera-
ture (—196 °C) using a Micromeritics ASAP 2460 adsorption
apparatus. The samples were degassed under a vacuum of
107 Torr for 12 h at 200 °C.

H, temperature-programmed reduction (TPR) was con-
ducted on a Micromeritics Apparauts (AutoChem II 2920) to
examine the redox behavior of the samples. The gas was 10%
H,/Ar mixture and the flow rate of gas was 50 mL/min. 40 mg
sample was placed on top of some silica wool in a quartz reac-
tor. Before reduction, the sample was pretreated at 300 °C for
1 h in a He stream in order to remove the contaminants, and
then it was cooled to room temperature. The H,/Ar mixture
was switched on and the sample was heated with a heating
rate of 10 °C/min. The reduction reaction was performed from
room temperature to 900 °C.

2.3 Evaluation of Catalyst Activity

The catalytic activity was tested in a continuous fixed bed
quartz tube reactor (d;,,, 8 mm) packed with 0.1 g of catalyst
(40-80 mesh). Before the reaction test, the loaded catalyst was
pre-reduced under a 20% H,/N, mixture gas flow (40 mL/min)
at 0.1 MPa and 300 °C for 1 h. After reduction, the catalyst
bed was cooled to initial reaction temperature (220 °C) and
then purged with the reactant gas (Vg,: Vip=1:3). The gas
hourly space velocity (GHSV) was fixed at 24,000 mL/h/g.
Then, the reactor was pressurized to 3 MPa using the reactant
gas and maintained for 4 h to reach a steady state. The reac-
tor was heated to the desired temperature (220-450 °C), and
the temperature ramp to the next measuring point was 20 °C.
Then the isothermal and isobaric conditions were maintained
for 2 h at each reaction temperature for product analysis. The
lines between the reactor and the gas chromatograph were
heated to 160 °C to avoid the condensation of methanol as
well as other high boiling point product. The remaining reac-
tant CO, and by product CO were analyzed by an on-line gas
chromatograph (Agilent 7890B) equipped with TCD detector.
Methanol and other hydrocarbons were analyzed using FID
detector (Agilent 7890B). The CO, conversion (Xq,), product
selectivities (Scg, Scps and Scyzon) Were defined using the
following equations.

Ney,on + Neo + New, + 20¢ 1,00  100%

Xeo., =
CO
2 HCO2 + nCH3OH + Neo + nCH4 + ZHCZHSOH
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Fenyon X Achyon + Feo X Aco + Fen, X Ach, + 2Fc 1,00 X Ac,H,0H

FCO, X Aco, + Fenyon X Ach,on + Foo X Aco + Fen, X Ach, + 2Fc .01 X Ac,n,0m

X 100%

ficH;0n % 100%

S =
CH,OH
’ Ncy,on + Deo + Nch, + 20¢,1,0H

Fen,on X Ach,on

As shown in Table 1, the average crystalline sizes of CeO,
estimated according to the Scherrer’s equation were 9.2, 9.6,
13.4 and 14.5 nm in Cu/CeO,—1 mol/L, Cu/CeO,—4 mol/L,

% 100%

Fen,on X Ach,on + Foo X Aco + Fen, X Ach, + 2Fc n.on X Ac,n,on

n
CHy x 100%

S =
CH,
Nep,on + 0co + e, + 20¢, 1,00

Fen, X Acw,

Cu/Ce0O,—10 mol/L and Cu/CeO,—12 mol/L, respectively.
XRD patterns of Cu/CeO, prepared at different hydrother-
mal temperatures were displayed in Fig. 1b. The results

% 100%

Fenyon X Ach,on + Feo X Aco + Fen, X Ach, + 2Fc n.on X Ac,n,on

n
o x 100%

S =
co
Ney,on + Neo + Ney, + 20¢, 1,01

Feo X Aco

were similar to those shown in Fig. 1a. No changes were
observed in the diffraction peaks of CuO in Cu/CeO,—60 °C,
Cu/Ce0,—80 °C and Cu/CeO,—100 °C, illustrating that the

Fenyon X Ach,on + Foo X Aco + Fen, X Ach, + 2Fc n.0n X Ac,n,0n

% 100%

Fis the relative correction factor. Fo, = 1. A is the peak
area.

3 Results and Discussion
3.1 Textural and Structural Properties of Cu/CeO,

Figure 1a showed the XRD patterns of the Cu/CeO, cata-
lysts obtained at different concentration of NaOH. Diffrac-
tion peaks at 20 of 28.6°, 33.1°, 47.5°, 56.3°, 59.1°, 69.4°,
76.7° and 79.1° were assigned to the (111), (200), (220),
(311), (222), (400), (331), and (420) crystal planes of face-
centered cubic structure CeO, (space group Fm3m) reported
in JCPDS Card (PDF#34-0394) [26]. Only two weak peaks
at 35.6° and 38.7° could be indexed to the (002) and (111)
planes of CuO (PDF#45-0937). The small and weak reflec-
tion peaks for CuO indicated that CuO was highly dispersed
on the surface of CeO, supports. Furthermore, when the
concentration of NaOH increased from 1 to 12 mol/L, the
intensity of CuO diffraction peaks was almost the same, indi-
cating that the crystalline size of CuO was hardly changed.
However, the diffraction peaks of CeO, became sharp with
the increasing concentration of NaOH, suggesting that the
size and crystallinity of CeO, gradually got larger and better.
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crystalline size of CuO did not change with the increase of
hydrothermal temperature. It could be seen that the inten-
sity of CeO, crystal phase peaks enhanced with increas-
ing hydrothermal temperature. The average crystallinity
size of CeO, in Cu/Ce0,—-60 °C, Cu/CeO,—-80 °C and
Cu/Ce0,—-100 °C was 8.0, 8.6 and 12.7 nm, respectively.
XRD patterns of Cu/CeO, catalysts prepared with differ-
ent hydrothermal time were also shown in Fig. 1c. Simi-
larly, the diffraction peaks corresponding to CuO phases
were weak and almost unchanged with increasing hydro-
thermal time, while the intensity of CeO, diffraction peaks
was gradually increased. The crystallinity sizes of CeO, in
Cu/Ce0,—12 h, Cu/Ce0,-24—h and Cu/Ce0,—36 h were
8.5, 8.6 and 9.1 nm, respectively. XRD results indicated that
the crystalline sizes of CeO, were gradually increased with
enhancing NaOH concentration, hydrothermal temperature
and hydrothermal time, while the sizes of CuO remained
nearly constant. Moreover, the exposed crystal facets of
CeO, were also hardly changed.

TEM observations were performed on all the samples in
order to explore their morphology and particle size. Figure 2
displayed the TEM images of Cu/CeQO, catalysts prepared
with different concentrations of NaOH. The hydrothermal
temperature and hydrothermal time were fixed at 100 °C
and 24 h, respectively. As shown in Fig. 2a, mountains
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Fig.1 XRD patterns of Cu/CeO, catalysts obtained under a differ-
ent concentrations of NaOH at 100 °C hydrothermal temperature and
24 h hydrothermal times, b different hydrothermal temperatures at
10 mol/L NaOH concentrations and 24 h hydrothermal times, and ¢
different hydrothermal times at 10 mol/L NaOH concentrations and
100 °C hydrothermal temperature

Table 1 Structural property of Cu/CeO, catalysts prepared at differ-
ent hydrothermal synthesis conditions

Catalyst CeO, cell Crystalline Sppy (m%*g) Pore
Parameter Size (nm) volume
(nm) (cm’/g)
Cu/ 0.5411 9.2 48.7 0.13
CeO,-1 mol/L
Cu/ 0.5411 9.3 55.1 0.16
CeO,-4 mol/L
Cu/CeO,- 0.5411 13.4 58.2 0.19
10 mol/L
Cu/CeO,- 0.5411 14.5 71.7 0.24
12 mol/L
Cu/Ce0,-60 °C  0.5411 8.0 83.2 0.25
Cu/Ce0,-80 °C  0.5411 8.6 89.8 0.23
Cu/Ce0,-100 °C 0.5411 134 58.2 0.19
Cu/CeO,-12h 0.5411 8.5 76.5 0.21
Cu/CeO,-24 h 0.5411 8.6 89.8 0.23
Cu/CeO,-36 h 0.5411 9.1 81.7 0.22

of nanopolyhedrals and a small quantity of nanorods were
observed when the concentration of NaOH was 1 mol/L.
The length of nanorods changed from 20 to 60 nm, and the
diameters of nanorods changed from 6 to 8 nm. The diameter
of nanopolyhedrals was about 6-12 nm. The morphology of
CeO, was composed of abundant nanopolyhedrals and a little
amount of nanorods. Compared with Fig. 2a, when the con-
centration of NaOH increased to 4 mol/L, a large number of
CeO, nanopolyhedrals have been transformed into nanorods
and the nanorods featured 8—12 nm in diameter and 50-150 nm
in length (Fig. 2b), suggesting that the higher concentration of
NaOH was more conducive to the formation of CeO, nanorods.
The CeO, nanopolyhedrals were completely transformed into
uniform nanorods and only CeO, nanorods were observed
when the concentration of NaOH reached 10 mol/L. At the
moment, the length of nanorods ranged from 60 to 240 nm
and the diameter ranged from 9 to 15 nm (Fig. 2c). Both the
length and diameter of nanorods got bigger when the concen-
tration of NaOH was further increased to 12 mol/L. The CeO,
nanorods exhibited a wider diameter distribution of 10-21 nm
and a longer length between 120 and 300 nm (Fig. 2d). It could
be also seen that the spherical CuO nanoparticles were dis-
persed on the surface of CeO,, and the average size of CuO
nanopariticles was relatively uniform and about 5—7 nm. With
the increase of NaOH concentrations, CeO, nanopolyhedrals
were gradually transformed to CeO, nanorods and the size of
CeO, nanorods became larger, while the size of spherical CuO
nanoparticles was almost unchanged.

Figure 3 showed the morphology and size of CeO, pre-
pared at different hydrothermal temperatures. The concen-
tration of NaOH and hydrothermal time were 10 mol/L
and 24 h, respectively. The Cu/CeO, obtained at 60 °C in
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Fig.2 TEM images of Cu/CeO,
catalysts obtained at 100 °C
hydrothermal temperature and
24 h hydrothermal times with
different concentrations of
NaOH. a 1 mol/L, b 4 mol/L, ¢
10 mol/L, and d 12 mol/L

Fig. 3a exhibited a semblable morphology with the Cu/
Ce0O,—4 mol/L (Fig. 2b), which consisted of nanorods of
5-7 nm in diameter and 30-50 nm in length and nanopo-
Iyhedrals of about 5-11 nm in diameter. After increasing
the hydrothermal temperature to 80 °C, only uniform CeO,
nanorods were formed. The diameter and length of nanorods
grew to 613 and 90-200 nm (Fig. 3b). When the hydrother-
mal temperature was enhanced to 100 °C, the average diam-
eter and length of CeO, nanorods were further increased
to 10-25 and 100-450 nm, respectively. However, the size
of CuO nanoparticles was still maintained at about 5-7 nm
when the hydrothermal temperature was ranged from 60 °C
to 100 °C. Compared with the concentration of NaOH, the
effect of hydrothermal temperature on the morphology and
size of CeO, was more obvious.

Figure 4 indicated the TEM images of Cu/CeO, catalysts
obtained at different hydrothermal time. The concentration
of NaOH and hydrothermal temperature were 10 mol/L
and 80 °C. Likewise, Cu/CeO, obtained at 12 h in Fig. 4a
displayed the similar morphology with Cu/CeO,—1 mol/L
(Fig. 2a) and Cu/Ce0,—60 °C (Fig. 3a), which was made
up of nanoparticles with diameter of 7-14 nm and nanorods
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with diameter of 4-8 nm and length of 30-80 nm. When
the hydrothermal time was increased to 24 and 36 h, the
homogeneous CeO, nanorods were fully formed, the diam-
eter and length of nanorods were 6—13 and 90-200 nm
(Fig. 4b), 8-14 and 100-300 nm (Fig. 4c), respectively.
However, the average size of CuO nanoparticles remained
unchanged at about 5-7 nm. As mentioned above, increasing
the concentrations of NaOH or hydrothermal temperature
or hydrothermal time was favorable to the transformation of
CeO, nanopolyhedrals into nanorods, and the size of CeO,
nanorods was also gradually increased. The results of TEM
were in good agreement with those of XRD.

The N, adsorption—desorption isothermal plots of Cu/
CeO, catalysts obtained under different concentrations of
NaOH, different hydrothermal temperatures, and different
hydrothermal times were shown in Figure Sla, S1b and
Slc, respectively. The isotherms of all samples were of
classical type IV as defined by Brunauer-Deming-Deming-
Teller (BDDT) pore model [27], which was characteristic
of mesoporous materials due to the textural of inter-particle
mesoporosity. All the samples exhibited type H3 hysteresis
loops in the relative pressure (P/P,) range from 0.6 to 1.0.
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Fig.3 TEM images of Cu/CeO, } :
catalysts obtained at 10 mol/L () ¢

NaOH concentrations and 24 h SO
hydrothermal times under dif-
ferent hydrothermal tempera-

tures. a 60 °C, b 80 °C, and ¢
100 °C

This H3-type of the hysteresis loop was typical for worm-
hole-like mesostructure and interstice mesoporous structure
formed by nanoparticle assembly [28]. Moreover, as seen in
Table 1, it could be seen that the BET surface area increased
gradually with the increase of NaOH concentrations. How-
ever, with the increase of hydrothermal temperature and
hydrothermal time, BET surface area firstly increased and
then decreased. Large BET surface area was favorable for
oxygen storage capacity (OSC) of ceria because OSC taken
place not only on the surface but also in the bulk. Therefore,
combining with the TEM images, it was evident that the
morphologies and sizes of ceria had a great influence on the
BET surface area of catalysts.

The pore size distribution curves of all the samples
determined by the BJH method. As shown in Figure S2a,
the adsorption branch of the corresponding isotherm of
Cu/CeO,—1 mol/L and Cu/CeO,—4 mol/L exhibited one
relative widely peak centered at 6.7 and 12.2 nm, but Cu/
Ce0,—10 mol/L and Cu/CeO,—12 mol/L exhibited a nar-
row peak centered at 2.2 and 2.4 nm and another wide peak
centered at 29.6 and 27.9 nm, indicating th at the mesopore
distribution of the samples became more uneven with the

increase of NaOH concentration. Similarly, as shown in Fig-
ure S2b, the BJH pore size distribution plots of the samples
obtained at different hydrothermal temperature exhibited a
nonuniform mesopore size distribution with the increase
hydrothermal temperature. However, the pore size distribu-
tion curves of the samples prepared at different hydrothermal
times showed these catalysts possessed uniform mespore
size distributions shown in Figure S2c.

3.2 Surface Chemical Properties of Cu/CeO,

XPS measurement was performed to analyze the surface
composition and elementary oxidation states of the Cu/
CeO, catalysts. Figure 5 showed the related XPS spectra
(Cu2p, Ce3d and Ols) of Cu/CeO, obtained with differ-
ent concentrations of NaOH. As shown in Fig. 5a, there
were two characteristic peaks for Cu2p,,, the main peak
at~932.5 eV was attributed to the binding energy of Cu*
species and the weak peak at~934.7 eV was assigned to the
binding energy of Cu** species [29]. The existence of plenty
of Cu* species should be mainly due to the redox cycle of
Cu’* +Ce’* < Cut +Ce** [30]. Previously, some reports
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Fig.4 TEM images of Cu/CeO,
catalysts obtained at 10 mol/L
NaOH concentrations and

100 °C hydrothermal tempera-
ture under different hydrother-
mal times. a 12 h, b 24 h, and
¢36h

proposed that the reaction of CO, hydrogenation to methanol
took place on the Cu-CeO, interface, and the electrons could
transfer readily between copper and ceria, which resulted in
Cu* and Ce** species formation [31]. The surface atomic
ratios of Cu™/(Cu?* 4+ Cu*) were calculated via a semiquan-
titative analysis and listed in Table 2. As shown in Table 2,
Cu/Ce0,-1 mol/L exhibited a minimum proportion of Cu*
species which was 64%. When the concentration of NaOH
reached to 4 mol/L, the proportion of Cu® increased to 76%.
After the concentration of NaOH was further increased to 10
and 12 mol/L, the content of Cu? species remained almost
unchanged at about 86%. Combined with XRD and TEM
results, the different Cu™ content maybe originate from the
morphology of the CeO, supports. It was clear that the con-
tent of surface Cu™ species was gradually increased with the
elevation of the proportion of nanorods in CeO, supports,
suggesting that the CeO, nanorods were more conductive
to the formation of Cu* species. It was probably implied
that there was a more facile redox cycle between copper
and ceria nanorods comparing with CeO, nanopolyhedrals.

XPS spectra of Ce3d were numerically resolved into
eight peaks for each sample after deconvolution, and the
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corresponding assignments were defined in Fig. 5b. The
Ce3d spectra were composed of two-group spin orbitals of
overlapping peaks labeled as U (U-U’"’) for 3d;,, and V
(V-V’’?) for 3ds,. It was widely reported that the peaks of U’
(903.0 V) and V’ (884.2 eV) were attributed to Ce**, and
the other six peaks corresponded to Ce** [31]. As a result,
the surface of CeO, was mainly in a+4 oxidation state
and a small part of Ce** co-existed. The surface amount
of Ce** shown as Ce**/(Ce** + Ce*t) in Table 2, could be
estimated by considering the relative integrated areas of the
corresponding peaks and the total Ce 3d region [32-34]. As
shown in Table 2, the surface content of Ce** rose gradually
with increasing NaOH concentration. The variation trend of
surface concentration of Ce** species was consistent with
that of surface Cu™ species (Table 2). Thus, according to the
TEM and XPS results, it could be concluded that the CeO,
nanorods were more advantageous to form the surface Cce’t,
and Ce** species promoted the formation of Cu™ species. In
addition, according to the charge compensation principle,
the presence of Ce** was closely associated with the gen-
eration of oxygen vacancies. It meant that the transforma-
tion process of Ce** to Ce®* brought about the formation
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Fig.5 a Cu2p XPS spectra, b Ce3d XPS spectra, and ¢ Ols XPS
spectra of Cu/CeO, catalysts obtained at 100 °C hydrothermal tem-
perature and 24 h hydrothermal times with different concentrations of
NaOH

of oxygen vacancies in Cu/CeQO,. Those oxygen vacancies
were considered to be active and play an important role in
CO, hydrogenation to methanol [35]. It was demonstrated
that the CeO, nanorods with small size had a better ability

Table 2 Surface element composition calculated by XPS

Catalyst Surface element composition (%)
Cut/ Cce*t/ (o +Pp)/
(Cut +Cu*)  (Ce*t +Ce*) (a+B+7)
Cu/CeO,-1 mol/L 64 15 22
Cu/Ce0O,-4 mol/L 76 15 25
Cu/CeO,- 86 16 30
10 mol/L
Cu/CeO,- 87 17 30
12 mol/L
Cu/Ce0,-60 °C 87 11 19
Cu/Ce0,-80°C 90 15 38
Cu/Ce0,-100 °C 86 16 30
Cu/CeO,-12h 78 11 25
Cu/CeO,-24h 90 15 38
Cu/CeO,-36 h 86 12 34

to transform the electron between copper and ceria and form
more oxygen vacancies.

Figure 5c indicated the Ols spectra of Cu/CeO, syn-
thesized with different concentration of NaOH, where
two states of surface oxygen species existed. The peak
at~529.3 eV (y) could be attributed to lattice oxygen, and
the other two peaks were assigned to defect oxygen spe-
cies, including chemisorbed oxygen species (~531.3 eV, )
and hydroxyl-like groups (~532.1 eV, a) [36]. The ratios
of (x4 p)/(a+p+7) for Cu/CeO, shown in Table 2 were
used to evaluate the concentration of the oxygen vacan-
cies. It was apparent that the (a+ B)/(o+  +v) ratio ranked
in the following order: Cu/CeO,—10 mol/L (30%) > Cu/
Ce0O,—12 mol/L (26%) > Cu/CeO,—4 mol/L (25%) > Cu/
Ce0O,—1 mol/L (20%), which was basically consistent with
the variation trend of Ce** and Cu™ content. Herein, it could
be concluded that the surface chemical state of Cu/CeO,
catalysts was significantly affected by the morphology of
CeO, supports. CeO, nanorods possessed the higher Cu*,
Ce* and oxygen vacancy concentration comparing with
CeO, nanopolyhedrals.

The typical XPS spectra of Cu2p, Ce3d and Ols binding
energies of Cu/CeO, catalysts obtained at different hydro-
thermal temperatures were shown in Fig. 6. The estimated
percent content of Cu? species were shown in Table 2.
Among three catalysts, Cu/CeO,—80 °C exhibited the high-
est Cu* content (90%), followed by Cu/Ce0,—60 °C (87%)
and Cu/Ce0,—100 °C (86%). In addition, as shown in
Table 2, both Ce** and oxygen vacancy concentration of Cu/
Ce0,—80 °C were highest compared with Cu/CeO,—60 °C
and Cu/Ce0,—100 °C, which were 15% and 38%, respec-
tively. TEM results showed that the Cu/CeO,—60 °C
was composed of CeO, nanorods and CeO, nanopolyhe-
drals. Both Cu/Ce0,—-80 °C and Cu/CeO,—100 °C were
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Fig.6 a Cu2p XPS spectra, b Ce3d XPS spectra, and ¢ Ols XPS
spectra of Cu/CeO, catalysts obtained at 10 mol/L NaOH concentra-
tions and 24 h hydrothermal times under different hydrothermal tem-
peratures

all CeO, nanorods, but the size of CeO, nanorods in Cu/
Ce0,—100 °C was much larger than that in Cu/CeO,—80 °C,
suggesting that CeO, nanorods with larger size was also not
conducive to the formation of oxygen vacancies. Thus, it was
proposed that the CeO, nanorods with small size had higher
proportion of Ce** concentration, which could result in more
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Fig.7 a Cu2p XPS spectra, b Ce3d XPS spectra, and ¢ Ols XPS
spectra of Cu/CeO, catalysts obtained at 10 mol/L NaOH concentra-
tions and 100 °C hydrothermal temperature under different hydrother-
mal times

formation of Cu* species and oxygen vacancies. Namely,
Cu/Ce0,—80 °C catalyst exhibited the strongest interaction
between copper and ceria.
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Fig.8 H,-TPR profiles of Cu/CeO, catalysts obtained under adiffer-
ent concentrations of NaOH at 100 °C hydrothermal temperature and
24 h hydrothermal times, b different hydrothermal temperatures at
10 mol/L. NaOH concentrations and 24 h hydrothermal times, and ¢
different hydrothermal times at 10 mol/L NaOH concentrations and
100 °C hydrothermal temperature

Figure 7 displayed the corresponding Cu2p, Ce3d and
O1s XPS spectra of Cu/CeO, obtained at different hydro-
thermal time. The calculated percent content of Cu*, Ce**
species and oxygen vacancy for Cu/CeO, catalysts were
summarized in Table 2. A highest Cu* content was found
in the Cu/Ce0,—24 h (90%), while the content of Cu' spe-
cies was about 78% and 86% in Cu/CeO,—12 h and Cu/

Ce0,—-36 h, respectively. Meanwhile, both the calculated
percent content of Ce®* and oxygen vacancies followed
the order: Cu/CeO,-24 h> Cu/Ce0,-36 h> Cu/CeO,-12 h.
Combining with TEM results, hydrothermal temperature and
hydrothermal time had a significant effect on the morphol-
ogy of CeO, and the size of CeO, nanorods. In summary,
comparing with CeO, nanopolyhedrals and CeO, nanorods
with larger size, it was indicated that CeO, nanorods with
small size (diameter ranging from 8 to 15 nm and length
ranging from 100 to 200 nm) exhibited the stronger electron
transfer capability and the more formation of Cu* species
and oxygen vacancies.

H,-TPR measurements were used to investigate the reduc-
tion of Cu/CeO, catalysts and the interaction between cop-
per and ceria. The H,-TPR profiles of Cu/CeO, prepared
at different concentration of NaOH, different hydrothermal
temperature and different hydrothermal time were shown in
Fig. 8 and the temperature of reduction peak and H, con-
sumption were listed in Table 3. The hydrogen reduction
peaks of all Cu/CeQ, catalysts could be deconvoluted into
three Gaussian peaks denoting as «, p and y, which were
located at about 140, 165 and 200 °C, respectively. The three
peaks were attributed to the reduction of the highly dispersed
CuO, species which interacted strongly with the ceria, the
reduction of CuO, species which interacted weakly with
the ceria and the reduction of bulk CuO [37], respectively.
The strong interaction between CuO, and ceria (peak a)
was considered to have a largely positive effect on the CO,
hydrogenation catalytic activity over the supported Cu/CeO,
catalyst, and the interaction between copper oxide and CeO,
was proven to promote the reduction of copper oxide to Cu™
[38]. The stronger the interaction was, the lower the reduc-
tion temperature would result. According to the above TEM
results, it was known that CeO, nanopolyhedrals would be
gradually changed to CeO, nanorods and the size of CeO,
nanorods also grew bigger with increasing the concentra-
tions of NaOH or hydrothermal temperature or hydrothermal
time. As shown in Fig. 8 and Table 3, with increasing the
percentage content of CeO, nanorods, the reduction peaks
especially the a peak shifted towards low temperature, but
the total amount of H, consumption was enhanced. The Cu/
Ce0,—80 °C catalyst with pure CeO, nanorods exhibited a
lowest reduction temperature of peak o at 134 °C and a high-
est H, consumption total amount of 2.02 mmol/g, indicating
Cu/Ce0,—80 °C possessed the strongest interaction between
copper oxide and CeO,. However, it was worth noting that
the reduction temperature of CuO, species was increased
and H, consumption amount was decreased instead if the
size of CeO, nanorods further rising. It was revealed that
CeO, nanorods with small size could promote the dispersion
and reducibility of the surface CuO, species. The interaction
between copper oxide and CeO, nanorods was much stronger
than that between copper oxide and CeO, nanopolyhedrals,
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Table 3 Reduction temperature
and H, consumption amount of

Reduction temperature and H, consumption amount

Cu/CeO, catalysts summarized
in H,-TPR

Catalyst

Total (mmol/g) Peak o

Peak B Peak y

T (°C) Area (%) T (°C) Area (%) T(°C) Area (%)

Cu/CeO,-1 mol/L  1.48
Cu/CeO,-4 mol/L  1.52
Cu/CeO,-10 mol/L  2.01
Cu/CeO,-12 mol/L  2.02
Cu/Ce0,-60 °C 1.74
Cu/Ce0,-80 °C 2.02
Cu/Ce0,-100°C  2.01

Cu/CeO,-12h 1.83
Cu/Ce0O,-24 h 2.02
Cu/Ce0O,-36 h 1.69

142 0.11(7.4%) 157
141 0.18 (12.0%) 162
139 023 (11.3%) 174
141 0.17 (8.6%) 170
144 0.30(17.2%) 162
134 0.24 (12.0%) 159
139 023 (11.3%) 174
136 0.05(2.5%) 162
134 0.24 (12.0%) 159
138 022 (13.1%) 164

0.25 (16.9%) 189
041 (27.3%) 197
0.87 (43.4%) 210
0.68 (33.5%) 207
0.40 (23.0%) 198
0.54 (26.8%) 182
0.87 (43.4%) 210
0.54 (29.3%) 183
0.54 (26.8%) 182
0.59 (34.7%) 178

1.12 (75.7%)
0.93 (61.2%)
0.91 (45.3%)
1.17 (57.9%)
1.04 (59.8%)
1.24 (61.1%)
0.91 (45.8%)
1.25 (68.2%)
1.24 (61.1%)
0.88 (52.2%)

but the large CeO, nanorods would weaken this interaction.
The strong interaction accelerated the charge transfer rate
between CuO, species and CeO, nanorods, which was ben-
eficial to the reduction and good dispersion of CuO, spe-
cies on CeO, surface. The results of H,-TPR were in good
accordance with XPS results.

3.3 Catalytic Performance

Figure 9a indicated the methanol selectivity as a func-
tion of CO, conversion over Cu/CeO, catalysts obtained
at different concentration of NaOH. It could be seen that
the methanol selectivity decreased monotonously with the
increase of CO, conversion for all Cu/CeO, catalysts. For
the Cu/CeO,—1 mol/L catalyst, the methanol selectivity
was about 78% with CO, conversion of 2.2% at the reac-
tion temperature of 260 °C. With increasing the concen-
tration of NaOH, the methanol production activity was
gradually enhanced and methanol selectivity reached the
highest at the similar level of CO, conversion when NaOH
concentration was 10 mol/L. At the reaction temperature
of 280 °C, 86% methanol selectivity could still be achieved
when the CO, conversion was 2.8%. Nevertheless, the
selectivity towards methanol started to decline instead
with further increasing the concentration of NaOH. When
NaOH concentration was increased to 12 mol/L, methanol
selectivity was decreased to 84% at the CO, conversion
of 2.6%.

In order to investigate the effect of hydrothermal tem-
perature on catalytic performance of CO, hydrothermal to
methanol, the methanol selectivity as a function of CO,
conversion over Cu/CeQ, catalysts prepared under differ-
ent hydrothermal temperatures was carried out in Fig. 9b.
With increasing the hydrothermal temperature, methanol
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production activity was first increased and then decreased.
The methanol formation rate reached the maximum when
the hydrothermal temperature was 80 °C, and 92% metha-
nol selectivity could still be achieved even the CO, con-
version reached up to 5.8% at the reaction temperature of
320 °C. By contrast, only 57% methanol selectivity was
obtained even CO, conversion was as low as 3.9% when
the hydrothermal temperature was 60 °C. Further increas-
ing the hydrothermal temperature, the methanol formation
rate began to decrease instead. The selectivity to methanol
was decreased to 73% at the CO, conversion of 4.7% when
the hydrothermal temperature was enhanced to 100 °C.

Figure 9c also displayed the catalytic performance of
CO, hydrogenation to methanol over Cu/CeO, catalysts
prepared at different hydrothermal time. Similarly, the
activity of CO, hydrogenation to methanol first increased
and then decreased with the increase of hydrothermal
time. The highest methanol selectivity was obtained on
Cu/CeO, synthesized under a hydrothermal time of 24 h.
For example, when CO, conversion was about 5%, Cu/
Ce0,—24 h presented a methanol selectivity of 93%,
whereas the selectivity to methanol on Cu/CeO,—12 h and
Cu/Ce0,—36 h was only 68% and 40%, respectively. The
variation trend of methanol formation rate with increas-
ing NaOH concentration, hydrothermal temperature and
hydrothermal time was nearly consistent.

3.4 Discussion

It was widely known that nano-catalysts with high sur-
face area provided abundant active sites for the adsorption
and activation of reactant, thus exhibited better catalytic
activity. As shown in Table 1, the Cu/CeO,—10 mol/L
catalyst showed a much lower surface area of only 58.2
m?/g, but exhibited a very higher catalytic activity for CO,
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Fig. 9 Methanol selectivity as a function of CO, conversion on Cu/ » 100

CeO, catalysts obtained under a different concentrations of NaOH at (a) —— Cu/CeO,-Imol/L

100 °C hydrothermal temperature and 24 h hydrothermal times, b dif- 95 —0— Cu/CeO.-4mol/L
2

ferent hydrothermal temperatures at 10 mol/L NaOH concentrations
90 | —%— Cu/Ce0,-10mol/L

and 24 h hydrothermal times, and c different hydrothermal times at
10 mol/L. NaOH concentrations and 100 °C hydrothermal tempera- ss | Cu/Ce0,-12mol/L
ture. Reaction conditions: catalyst mass, 0.1 g; CO,: H,=1: 3; reac- ;
tion temperature: 220—410 °C; reaction pressure: 3 MPa; space veloc- = g0tk
ity: 24,000 mL/g/h
5 F
hydrogenation to methanol. Thus, it was deduced that the Ly
surface area played role in the performance of catalysts, 65 |
but not the main factor. In addition, TEM results indicated
that the CuO particle size was always maintained at about 60T

5-7 nm under different hydrothermal synthesis conditions 55 L L L L L L L
and XRD results showed that the exposed crystal facets 0 1 2 3 4. S 6 7
of CeO, were nearly the same. Therefore, it could be also CO, conversion (%)

inferred that the CuO particle size and crystal facets of CeO,
worked on catalytic performance, but were not the influenc-
ing factor accountable for CO, hydrogenation to methanol 100 [
in this work. On the basis of the above characterization

. . —0— Cu/Ce0,-100°

results, it could be deduced that the morphology and size of
CeO, supports played a significant role in both CO, conver-
sion and methanol selectivity of Cu/CeO, catalysts for CO, )
hydrogenation.

According to the above TEM results and catalytic activi-
ties for methanol synthesis, as the proportion of nanorods
in the CeO, carriers increased, both the selectivity and for-
mation rate of methanol on Cu/CeQ, catalysts were gradu-
ally enhanced, indicating that the Cu/CeO, nanorods were 20 b
more beneficial to the production of methanol than Cu/CeO, . . . . . .

2 4 6 8 10 12

CH,OH selectivity (%)

(b) —— Cu/Ce0,-60°C
—=— Cu/Ce0,-80°C
C
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=
T

CH;OH selectivity (%)
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nanopolyhedrals. Nevertheless, the CeO, nanorods with too 0

large size would inhibit the formation of methanol. Com- CO, conversion (%)
bined with the XPS results, the Cu/CeO, nanorods catalysts
were more likely to form surface Cu* species than Cu/CeO,
nanopolyhedrals. On the other hand, it was apparent that the (¢) —9— Cu/CeO,-12h
variation trend of methanol production activity was com- —=— Cu/Ce0,-24h

pletely consistent with the variation trend of Cu* concentra- —— Cu/Ce0,-36h
tion, demonstrating that the Cu* species was a key factor in

determining methanol production. It was speculated that the .

Cu* species might be the active sites for CO, hydrogenation : L

to methanol. The above results were in good accordance

with some literature reports. In the presence of CO, and a

large fraction of Cu® surface covered by oxygen-containing i

species, Chinchen et al. [39] found that the catalytic activity

toward methanol synthesis was independent of the Cu® sur- 20

face area. They considered that the Cu® sites might be acting

14

100 -

(=) o0
= =
T

CH,OH selectivity (%)
-
<

as the active sites in methanol synthesis. On the basis of o L— . . , , , , ,
apparent activation energy measurements, X-ray photoelec- 0 2 4 6 8 0 12 14
tron spectroscopy and scanning electron microscopy results, CO, conversion (%)

Sheffer and King [40] demonstrated that different activity
toward methanol synthesis among unsupported copper cata-
lysts promoted by group IA elements could be attributed to
the different concentration of Cu™ species. Van Santen et al.
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Table 4 Comparison of the
obtained performance on CO,
hydrogenation to methanol with
previous published works

Catalyst Space velocity TR (°C) PR (°C)  Xcor (%) Scuzon (%)  References
5%Cu/Ce0,-NR 3000 (W) 280 3 33 38.9 [17]
5%Cu/CeO,-NC 3000 (W) 280 3 2.8 46.2 [17]
5%Pd/Ce0,-NR 60,000 (G) 260 5 7.3 74.9 [45]
5%Pd/Ce0,-NC 60,000 (G) 260 5 6.5 68.5 [45]

0.92 In-4.6Cu/CeO, 7200 (W) 210 3 7.6 95.0 [46]
1Pd-10Cu/CeO, - 230 3 14.8 29.0 [47]
1Cu2Ni/Ce0O,-NR 6000 (G) 260 3 184 73.3 [19]
Au/CeO, 20,000 (G) 225 - 2.1 62.2 [48]
5Pd5ZnCeO, 2400 (W) 220 3 6.3 100 [5]
Pd/Ce0,-500 - 230 3 3.1 91.7 [49]
15%Cu/CeO,-small NR 24,000 (W) 280 3 5.8 92.0 This work

[41] stated that anything else that stabilizing the presence
of Cu? indiscriminately enhanced the methanol production
activity. In contrast to CeO, nanopolyhedrals, the results
of H,-TPR indicated that CuO, species supported on CeO,
nanorods had lower reduction temperature and was more
easily reduced. It was suggested that the pure CeO, nanorods
with small size exhibited stronger interaction between cop-
per and ceria, which was more beneficial to the generation
of Cu™. The stronger interaction in Cu-CeQ, interface would
cause the facile electron transfer between copper and ceria,
which led to the transformation of Ce** to Ce?* and the
formation of Cu* species [13, 42]. More recently, accord-
ing to the high-pressure in situ DRIFTS results, Yu et al.
[43] proposed that the promotional effect of Cu™ on the sta-
bilization of CO" intermediates, which inhibited CO des-
orption and facilitates further hydrogenation to CH;O0H via
the RWGS + CO-Hydro pathway. Thus, due to the strong
interaction between CuO, and CeO, as well as high CuO,
dispersion, Cu/CeO, nanorods with small size exhibited the
highest concentration of Cu* species, which greatly stabi-
lized adsorbed CO” intermediates and promoted the metha-
nol formation. In addition, the transformation of Ce** to
Ce’* brought the charge imbalance and the formation of
oxygen vacancies on the surface of Cu/CeO, nanorods
[44]. These oxygen vacancies were also considered to be
active and played an important role in CO, hydrogenation
to methanol [36].Correspondingly, as shown in Table 2, the
significantly improved methanol synthesis activity of Cu/
Ce0,-80 °C with the largest number of oxygen vacancies
was possibly attributed to the strongest electron transfer rate
between copper and CeO, nanorods with small size, which
was crucial for enhancing the activity of CO, hydrogenation
to methanol.

Hence, based on the above experiment results, it was con-
clude that the synergistic effect between reduced Cu spe-
cies and oxygen vacancies was accountable for CO, hydro-
genation to methanol. Furthermore, the better dispersion of
CuO, species on the surface of CeO, nanorods ware also
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in favor of producing methanol. In this work, the Cu-CeO,
nanorods obtained at NaOH concentration of 10 mol/L,
hydrothermal temperature of 80 °C and hydrothermal time
of 24 h showed the best catalytic performance (Xqg, =5.8%,
Scmon=92.0%, Yemzoun=35-3%) at 280 °C and 3 MPa. As
shown in Table 4, this result was close to the Pd/CeO,-
nanorods catalyst synthesized by the wet impregnation
method reported by Khobragade et al. [45]. The superior
methanol production activity reached a higher level in con-
trast to the results reported in the literature, indicating that
Cu/CeO, nanorods with small size was a potential and excel-
lent catalyst for CO, hydrogenation to methanol.

4 Conclusions

The CeO,-nanopolyhedrals and CeO,-nanorods with differ-
ent sizes were synthesized via different hydrothermal syn-
thesis conditions, and Cu/CeO, catalysts were prepared by
a deposition—precipitation method for CO, hydrogenation
to methanol. With increasing the NaOH concentration or
hydrothermal temperature or hydrothermal time, CeO, nano-
polyhedrals were gradually transformed into CeO, nanorods
and the size of CeO, nanorods became larger. The variation
trends of the surface concentration of Cu™, Ce®* and oxy-
gen vacancies were in good agreement. CeO, nanorods with
small size supported Cu/CeO, had the maximum amount of
surface Cu™ species and oxygen vacancies. Comparing with
CeO, nanopolyhedrals, the pure Cu/CeO, nanorods catalyst
exhibited the lower reduction temperature of CuO, species
and greater H, consumption amount, indicating the stronger
interaction in Cu-CeO, nanorods interface and better disper-
sion of CuOj, species. Accordingly, the methanol synthesis
activity for CO, hydrogenation on Cu/CeO, nanorods was
much higher than that on Cu/CeO, nanopolyhedrals. The
Cu-CeO, nanorods with small size obtained at NaOH con-
centration of 10 mol/L, hydrothermal temperature of 80 °C
and hydrothermal time of 24 h showed the best catalytic
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performance (Xcq,=5.8%, Scrzon=92.0%, Yemzon=25-3%)
at 280 °C and 3 MPa. The CeO, nanorods with small size
had a stronger interaction between CuO, species and ceria to
form higher concentration of surface Cu* species and more
oxygen vacancies, which provided more active sites and dra-
matically promoted the formation rate of methanol for CO,
hydrogenation.
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