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-earth oxides on the performance
of a CuO–ZrO2 catalyst for methanol synthesis via
CO2 hydrogenation

Chenglin Zhong, Xiaoming Guo,* Dongsen Mao, Song Wang, Guisheng Wu
and Guanzhong Lu

CuO–ZrO2 catalysts dopedwith alkaline-earth oxides were prepared by a urea-nitrate combustionmethod.

The catalysts were characterized with N2 adsorption, N2O titration, XRD, H2-TPR, XPS and CO2-TPD

techniques and tested for methanol synthesis from CO2 hydrogenation. With the incorporation of

alkaline-earth oxides, the copper surface area increases remarkably, whereas the reducibility of CuO in

the catalyst decreases. The doping of alkaline-earth oxides leads to an increase in the strength and

contribution of the strong basic site on the catalyst surface. The results of catalytic tests indicate that the

conversion of CO2 depends not only on the copper surface area but also on the reducibility of CuO in

the catalyst, and the latter is a predominant factor for CaO-, SrO- and BaO-doped CuO–ZrO2 catalysts.

The selectivity to methanol is related to the basicity of the catalyst. Moreover, the influence of the

doping amount of MgO on the properties of CuO–ZrO2 was investigated, and the optimum catalytic

activity is obtained as the amount of MgO doping is 5 mol%.
1. Introduction

Carbon dioxide has been widely regarded as the main green-
house gas, linked to the problem of global warming. Carbon
dioxide is also available as an innite carbon source. Efficient
conversion of carbon dioxide is of great signicance from the
viewpoint of environmental protection and effective utilization
of carbon resources. Most of the existing research focuses on
CO2 hydrogenation to methanol sincemethanol is an important
feedstock for the organic chemical industry and a potential
alternative to fossil fuels.1,2 Based on the great signicance of
methanol synthesis from CO2 hydrogenation, the concept of
“methanol economy” was proposed by Nobel laureate Olah.3

It is well documented that CuO–ZrO2 based catalysts exhibit
a high catalytic activity for methanol synthesis from CO2

hydrogenation.4–9 To further improve the performance of
CuO–ZrO2 based catalyst, a variety of promoters were added,
and the effects of these promoters were estimated.10–14 For
example, Kilo et al.10 studied the effects of Cr and Mn oxide on
the structural and catalytic properties of CuO–ZrO2. They found
that the presence of Cr or Mn retarded the sintering of copper
crystallite and stabilized the amorphous state of zirconia, thus
resulting in an increased thermal stability of catalysts.
Słoczyński et al.11,12 investigated a series of CuO–ZnO–ZrO2

catalysts promoted by B, Mn, Mg and Ga, and the results
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showed that the promoters modied the dispersion of Cu (or
the copper surface area), the surface composition of catalyst
and the catalytic activity for methanol synthesis. Natesakhawat
et al.13 found that the incorporation of Ga2O3 and Y2O3 into
CuO–ZnO–ZrO2 catalysts enhanced the Cu dispersion and the
reducibility of CuO, and a superior methanol synthesis activity
was obtained over the doped catalysts. These studies focused on
the inuences of promoters on the properties of Cu component
in catalysts. However, some researches revealed that there were
two active centers involved in the catalytic process of CO2

hydrogenation over the Cu/ZrO2-based catalysts.15–17 One is the
Cu component, and the other is the so-called “support” ZrO2.
The Cu serves to dissociatively adsorb H2 and to provide a
source of atomic hydrogen by spillover, and the ZrO2 serves to
adsorb CO2 as carbonate-like species which then undergo
stepwise hydrogenation to methanol. Such a mechanism is
known as “dual-site” mechanism, and it is currently accepted.
Because CO2 is intrinsically an acid molecular, the adsorption
and the activation of CO2 are related closely to the surface
basicity of ZrO2. In our previous work,18 the inuence of La
doping on the catalytic behavior of CuO–ZrO2 for methanol
synthesis was investigated. The results indicate that the
conversion of CO2 depends on the copper surface area, whereas
the selectivity to methanol is related to the distribution of basic
site on the catalyst surface. Recently, Gao et al. studied a series
of promoted CuO–ZnO–Al2O3 catalyst derived from the
hydrotalcite-like precursors, and similar results were pre-
sented.19,20 Therefore, both the copper surface area and the
surface basicity should be taken into consideration when
This journal is © The Royal Society of Chemistry 2015
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selecting a suitable promoter for catalyst. Alkaline-earth oxide, a
well-known solid base, has been employed in a variety of
organic reactions as the main component or promoter of cata-
lyst.21 Moreover, alkaline-earth oxide exhibits a high thermal
stability, which can prevent the agglomeration of catalyst and
increase the surface area of catalyst.22,23 Thus, the introduction
of alkaline-earth oxide into CuO–ZrO2 may regulate the surface
basicity and improve the Cu dispersion of catalysts. However, to
date, a systematic examination of CuO–ZrO2 catalyst doped with
alkaline-earth oxides for CO2 hydrogenation is absent.

The primary purpose of the present work is to explore the
inuence of alkaline-earth oxides (MgO, CaO, SrO and BaO)
doping on the properties of CuO–ZrO2 catalysts. The physico-
chemical properties of alkaline-earth oxides doped CuO–ZrO2

catalysts were characterized by XRD, BET, N2O titration, TPR,
XPS and CO2-TPD techniques, and the catalytic activity for
methanol synthesis from CO2 hydrogenation was evaluated.
Based on the catalytic mechanism of methanol synthesis, the
catalytic activity and selectivity of the doped catalysts were
discussed in relation to the physicochemical properties
including the copper surface area, the reducibility of CuO and
the surface basicity. In addition, the effects of doping amount
was emphasized for MgO-doped catalyst.

2. Experimental
2.1 Catalyst preparation

CuO–ZrO2 (CZ) and alkaline-earth oxides doped CuO–ZrO2

(MCZ, M ¼ Mg, Ca, Sr, Ba) catalysts were prepared by the urea-
nitrate combustion method. All chemicals used were of
analytical reagent grade (Shanghai Chemical Reagent Corpora-
tion, Shanghai, China). Firstly, the required amounts of metal
nitrates were dissolved in deionized water in a basin to form a
mixed solution with a total cation concentration of 3.0 M. Then,
the solution of urea (3.5 M) was slowly added to the metal
nitrate solution under constant stirring. The resulting mixture
was kept in an ultrasound bath operating at 47 kHz with a power
of 30 W for 0.5 h until a pale-blue slurry was obtained. Aer-
ward, the slurry was transferred to an open muffle furnace
preheated at 300 �C. The slurry started boiling with frothing and
foaming, and ignition took place. Along with rapid evolution of
a large quantity of gases, a foamy, voluminous powder was
produced. Because the time for the autoignition was rather
short, to remove traces of undecomposed urea, nitrates and
their decomposition products, the powder was further calcined
in air at 500 �C for 4 h. To obtain an optimum catalytic
performance, the amount of urea used in the combustion
process was 50% of the stoichiometric amount, which can be
calculated according to propellant chemistry.24 A more detailed
description of the preparation process was given in ref. 8.
Unsupported CuO powder in this study was prepared via the
thermal decomposition of Cu(NO3)2 at 500 �C. The synthesized
catalysts are denoted as MxCyZz, where x, y and z represent the
atomic concentration of alkaline-earth metal, Cu and Zr,
respectively. The sum of atomic concentration of metal was
taken as 1.0, and a constant atomic concentration of Cu (0.5)
was employed in this study.
This journal is © The Royal Society of Chemistry 2015
2.2 Catalyst characterization

The X-ray diffraction (XRD) analysis of the sample was carried
out on a PANalytical X'Pert diffractometer using nickel-ltered
Cu Ka radiation at 40 kV and 40 mA. Two theta angles ranged
from 10 to 70� with a speed of 6� per minute.

The BET surface area (SBET) of sample was determined by a
Micromeritics ASAP2020M + C adsorption apparatus with
nitrogen adsorption/desorption isotherms. Before each anal-
ysis, samples were dried at 200 �C under vacuum for 3 h.

Copper surface area (SCu) in the reduced catalyst was deter-
mined using the N2O titration method similar to that described
by Chinchen et al.25 The catalyst (0.2 g) was reduced in an H2/He
mixture at 300 �C for 1 h. Then, it was purged with He and
cooled to 60 �C. A ow of 1 vol% N2O/He gas mixture was fed
into the reactor. The N2 produced by the decomposition of N2O
on the exposed Cu atoms was detected using a mass spec-
trometer (Pfeiffer Vacuum Quadstar, 32-bit). The copper surface
area was calculated assuming an atomic copper surface density
of 1.46 � 1019 Cu atoms per m2 and a molar stoichiometry of
N2O/Cu ¼ 0.5.7

Temperature-programmed reduction (TPR) measurements
were performed in a linear quartz microreactor fed with a
10 vol% H2/N2 mixture owing at 50 ml min�1 and heated at a
rate of 5 �C min�1. A ca. 30 mg of a freshly calcined catalyst was
placed on top of glass wool in the reactor. The outlet of the
reactor was connected to a glass column packed with molecular
sieve 5 Å in order to remove the moisture produced from
reduction. The amount of consumed H2 was measured by a
thermal conductivity detector (TCD).

The surface electronic states were investigated by X-ray
photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo
Scientic Escalab) with Al Ka (1486.6 eV) radiation as the X-ray
excitation source. All the binding energy values were calibrated
by using C 1s ¼ 284.8 eV as a reference.

The basicity of the catalysts was measured by CO2

temperature-programmed desorption (CO2-TPD). Prior to the
adsorption of CO2, the catalysts were reduced at 300 �C for
60 min in a ow of 10% H2/N2 mixture. Aer cooling to room
temperature, the catalyst was saturated with CO2 at 50 �C for
60 min, and then ushed with He ow to remove any phys-
isorbed molecules. Aerward, the TPD experiment was started
with a heating rate of 5 �C min�1 under He ow, and the des-
orbed CO2 was detected by a mass spectrometer. The amount of
the desorbed CO2 was quantied by comparing the integrated
area of the TPD curves to the peak area of the injected CO2

calibration pulse.
2.3 Catalytic testing

Catalytic activity and selectivity tests for methanol synthesis
from CO2 hydrogenation were carried out in a continuous-ow,
xed-bed reactor. Prior to the catalytic measurements, the fresh
catalyst was reduced in a stream of 10 vol% H2/N2 at 300 �C for
3 h under atmospheric pressure. Then the reactor was cooled to
180 �C and the reactant gas (CO2 : H2 ¼ 1 : 3, molar) ow was
introduced, raising the pressure to 3.0 MPa and the tempera-
ture to a given temperature. The transfer line from the reactor to
RSC Adv., 2015, 5, 52958–52965 | 52959
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the chromatograph was heated at 140 �C in order to avoid
condensation of the reaction products. Effluent products were
analyzed on-line with a gas chromatograph (6820, Agilent). The
gases CO2, CO and the internal standard N2 were analyzed using
a thermal conductivity detector (TCD); organic products were
analyzed with a ame ionization detector (FID). Conversion and
selectivity values were calculated by mass-balance methods and
the steady-state values were quoted as the average of four
different analyses taken aer 5 h on stream operation.
3. Results and discussion
3.1 Textural and structural properties of the catalysts

The XRD spectra of CuO–ZrO2 catalysts doped with different
alkaline-earth oxides (5 mol%) were shown in Fig. 1(A). The
diffraction peaks at 2q of 35.6� and 38.8� are ascribed to the
CuO phase (JCPDS 80-1268), and the diffraction peak of 2q ¼
30.3� is assigned to the tetragonal ZrO2 (t-ZrO2, JCPDS,
88-1007). Furthermore, two small peaks for monoclinic ZrO2

(m-ZrO2, 2q ¼ 28.2�, 31.5�, JCPDS 83-0940) can be detected on
the undoped CuO–ZrO2 sample. With the introduction of
alkaline-earth oxides, the diffraction peaks of CuO and t-ZrO2

become weaker and broader, which indicates that the alkaline-
Fig. 1 XRD patterns of CuO–ZrO2 catalysts doped with different
alkaline-oxide (A) and with different amount of MgO (B). (-) CuO; (:)
ZrO2 (tetragonal); (;) ZrO2 (monoclinic).

52960 | RSC Adv., 2015, 5, 52958–52965
earth oxides hinder the crystallization of CuO and ZrO2 in
catalysts, and such an effect increases in the order MgO < CaO
< SrO < BaO. The average particle size of CuO was calculated
with Scherer equation. As can be seen from Table 1, the
particle size of CuO decreases progressively from MgO-doped
to BaO-doped sample. There is no diffraction peaks of
alkaline-earth oxides crystallites for all the investigated
samples, as shown in Fig. 1(A). The reason for this is ascribed
to the formation of non-crystalline MZrO3 (M ¼Mg, Ca, Sr, Ba)
compound, which could not be detected by XRD technique due
to the low degree of crystallization. The crystalline MZrO3

compounds can be detected with a high calcination tempera-
ture for the samples.26

Fig. 1(B) shows the XRD patterns of CuO–ZrO2 catalysts with
different MgO contents. It can be seen that the diffraction peak
intensity of CuO and ZrO2 decline with increasing MgO
concentration. A similar variation trend was observed for the
average particle size of CuO, as shown in Table 1. An enlarged
view of the diffraction peaks of CuO and ZrO2 components in
MgO-doped CuO–ZrO2 catalyst was presented in Fig. 2. With the
introduction of MgO, the diffraction peak of t-ZrO2 shis
toward higher 2q angle. This is an indicative of a decrease in the
crystal lattice parameter, which is resulted from the substitu-
tion of Zr4+ (radius 0.72 Å) by Mg2+ cations (radius 0.65 Å).27

However, there is no shi of CuO diffraction peak aer MgO
doping. These results further conrmed that Mg2+ was incor-
porated into ZrO2 lattice rather than CuO lattice.

The BET surface areas derived from nitrogen phys-
isorption are listed in Table 1. A marked increase in SBET was
observed for MgO-doped CuO–ZrO2 catalyst, whereas the
increase was not notable for CaO-, SrO-, and BaO-doped
samples. Copper surface area, which is determined by N2O
titration, is also presented in Table 1. Obviously, the incor-
poration of alkaline-earth oxides lead to an increase in SCu in
the order MgO < CaO < SrO < BaO. In the case of MgO-doped
samples, the value of SCu increases continually
with increasing MgO doping content, and a maximum of
15.2 m2 g�1 is obtained over Mg0.25C0.5Z0.25 sample. The
variation of SCu is in accordance with the results regarding
CuO crystallite size, as determined from XRD.
Table 1 Physicochemical properties of the CuO–ZrO2 catalysts
doping with alkaline-earth oxides

Sample
SBET
(m2 g�1)

CuO crystallite sizea

(nm)
SCu

b

(m2 g�1)

C0.5Z0.5 35.7 22.9 2.8
Mg0.05C0.5Z0.45 45.8 21.0 7.4
Ca0.05C0.5Z0.45 37.8 20.8 8.0
Sr0.05C0.5Z0.45 37.1 20.8 8.3
Ba0.05C0.5Z0.45 36.4 20.3 10.6
Mg0.01C0.5Z0.49 39.1 21.7 4.4
Mg0.03C0.5Z0.47 45.3 21.2 6.2
Mg0.1C0.5Z0.4 46.4 21.2 13.7
Mg0.25C0.5Z0.25 56.2 16.2 15.2

a Determined by XRD. b Determined by N2O titration at 60 �C.

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Magnification XRD patterns of t-ZrO2 and CuO phase in
CuO–ZrO2 catalysts with different MgO contents.
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3.2 The surface oxidation states of catalyst

The surface oxidation states of CuO–ZrO2 and alkaline-earth
oxides doped CuO–ZrO2 catalysts were investigated by XPS. As
shown in Table 2, the binding energies (BE) of Cu 2p3/2 are in
the range of 933.7–934.2 eV for all the catalysts, suggesting that
the chemical state of copper is Cu2+.18 With the introduction of
alkaline-earth oxide, a slight shi towards lower BE of Cu 2p3/2
was observed. The BE value of ca. 181.8 eV measured for Zr 3d5/2
indicates the presence of zirconium oxide with an oxidation
state of +4.11 There is no signicant change in the BE value of Zr
with the incorporation of alkaline-earth oxide. Furthermore, the
BE values of alkaline-earth metal (Mg, Ca, Sr and Ba) in the
catalysts are very close to those of the corresponding oxide
(MgO, CaO, SrO and BaO), which discloses that the alkaline-
earth metal exist in a cationic state.11,28
3.3 The reducibility of catalyst

In order to investigate the reduction behavior of the catalysts,
H2-TPRmeasurements were carried out. Fig. 3(A) shows the TPR
proles of CuO–ZrO2 catalysts doped with different alkaline-
earth oxides. For comparison, the TPR prole of the unsup-
ported CuO powder is also presented. All samples exhibit two
reduction peaks, with the exception of MgO-doped CuO–ZrO2

catalyst. As well documented, the low temperature peak (a peak)
Table 2 Binding energies of the core electrons for CZ and MCZ
(M ¼ Mg, Ca, Sr and Ba) catalysts determined by XPS

Catalyst

Binding energy (eV)

Cu 2p3/2 Zr 3d5/2 M

CZ 934.2 181.9 —
Mg0.05C0.5Z0.45 934.0 181.8 Mg 1s: 1304.8
Ca0.05C0.5Z0.45 933.8 181.8 Ca 2P3/2: 346.9
Sr0.05C0.5Z0.45 933.7 181.8 Sr 3d5/2: 133.2
Ba0.05C0.5Z0.45 933.7 181.8 Ba 3d5/2: 780.1

This journal is © The Royal Society of Chemistry 2015
is attributed to the reduction of highly dispersed CuO surface
species, and the peak appearing at higher temperature (b peak)
is due to the reduction of bulk-like CuO.7,29,30 In addition, as
shown in Fig. 3(A), the reduction temperature of CuO in C0.5Z0.5
sample is much lower than that of the unsupported CuO (ca.
285 �C). This result reveals that ZrO2 can facilitate the reduction
of CuO via the interaction between them, a fact that is consis-
tent with previous observations.31–34 Table 3 summaries the
temperatures of reduction peaks for the investigated catalysts.
Compared with the undoped CuO–ZrO2 sample, both a and b

peak shi toward higher temperature with the introduction of
CaO, SrO and BaO. This indicates that the incorporation of
alkaline-earth oxides weakens the interaction between CuO and
ZrO2, which results in a decrease in the reducibility of CuO. As
far as the MgO-doped CuO–ZrO2 catalyst is concerned, the peak
appearing in the higher-temperature region splits into two
parts, which are denoted as b and g peak. A similar observation
of the multiple TPR peaks for the bulk-like CuO was reported by
Wang et al.32 The split of the reduction peak is originated from
the difference in the interaction strength, and g peak corre-
sponds to the reduction of CuO interacting with ZrO2 weakly. As
shown in Table 3, the temperature of reduction peak of
MgO-doped catalyst is much lower than that of SrO- and
BaO-doped samples. For example, the temperature of b peak of
Sr0.05C0.5Z0.45 is 234 �C; while that of b and g peak are 208 and
Fig. 3 H2-TPR profiles of CuO–ZrO2 catalysts doped with different
alkaline-oxide (A) and with different amount of MgO (B).

RSC Adv., 2015, 5, 52958–52965 | 52961
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Table 3 Temperature of reduction peaks over CuO–ZrO2 catalysts
doping with alkaline-earth oxides

Catalyst Ta (�C) Tb (�C) Tg (�C)

C0.5Z0.5 175 220 —
Mg0.05C0.5Z0.45 183 208 228
Ca0.05C0.5Z0.45 185 219 —
Sr0.05C0.5Z0.45 186 234 —
Ba0.05C0.5Z0.45 190 229 —
Mg0.01C0.5Z0.49 179 213 228
Mg0.25C0.5Z0.25 205 229 253
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228 �C for Mg0.05C0.5Z0.45, respectively. These results suggest
that a smaller effect of doping on the reducibility of CuO is
obtained for the MgO-doped CuO–ZrO2 catalyst.

Fig. 3(B) shows the inuence of MgO content on the reduc-
tion behavior of CuO–ZrO2 catalyst. The change in the reduction
temperature of CuO is insignicant from Mg0.01C0.5Z0.49 to
Mg0.05C0.5Z0.45 sample. However, as the content of MgO reached
25 mol%, the increase in the reduction temperature become
distinct. The variation of reduction temperature is also related
to the interaction between CuO and ZrO2, which decreases
drastically when excessive MgO is added.
Fig. 4 CO2-TPD profiles of CuO–ZrO2 catalysts doped with different
alkaline-oxide (A) and with different amount of MgO (B).
3.4 The basicity of the catalysts

The surface base properties of catalysts were investigated by
CO2-TPD technique, and the CO2 desorption proles obtained
for CuO–ZrO2 and alkaline-earth oxides doped CuO–ZrO2 cata-
lysts are presented in Fig. 4(A). A desorption peak with a
maximum at ca. 105 �C was observed for all investigated
samples. However, the TPD prole is highly asymmetric with a
tail towards higher temperature, which is the result of a
complex overlapping of several CO2 desorption processes
arising from different basic sites. In general, the basicity of
metal oxide can be divided into three categories (weak,
medium, and strong) according to the strength of base site.35,36

The weak basic sites are related to the surface hydroxyl group;
the medium basic sites are ascribed to the metal–oxygen pairs,
i.e. Zr4+–O2� pair in this case; the strong basic sites are associ-
ated with the low-coordination oxygen anions.19,36 Unfortu-
nately, attempts at deconvolution of the TPD spectrum into
three peaks were unsuccessful in this case. To facilitate
discussion, CO2-TPD proles are roughly divided into three
regions:37,38 50–150 �C, 150–240 �C and > 240 �C, which corre-
spond to CO2 desorption of weak, medium and strong site,
respectively. The number of different base site was evaluated by
calculating the integral of each region, and the data were
summarized in Table 4. It can be seen that the number of total
basic sites of alkaline-earth oxides doped samples is higher
than that of undoped CuO–ZrO2. Moreover, the contributions of
single basic site to the total basic sites was calculated and listed
in Table 4. The fractions of the strong basic site increased in the
order C0.5Z0.5 < Mg0.05C0.5Z0.45 < Ca0.05C0.5Z0.45 < Sr0.05C0.5Z0.45 <
Ba0.05C0.5Z0.45, whereas a contrary trend was obtained for the
weak basic site. As for the contributions of medium basic sites
52962 | RSC Adv., 2015, 5, 52958–52965
to total basic sites, no apparent change is observed for all
investigated catalysts. It is noteworthy that, as shown in
Fig. 4(A), the upper temperature limit of desorption prole
increases progressively from C0.5Z0.5 to Ba0.05C0.5Z0.45 sample,
suggesting a continuous increase in the strength of strong basic
sites. For instance, the CO2 desorption over C0.5Z0.5 occurs at a
temperature below 300 �C, while the desorption curve of
Ba0.05C0.5Z0.45 extend up to 450 �C. The variation of the strength
of basic sites is related to the substitution of Zr4+ by the alkaline-
earth cations. As stated above, the basicity of strong basic sites
is originated from the low-coordination oxygen anions; the
greater an oxygen anion's electrodonating is, the stronger its
Lewis basicity will be.39,40 It is well known that the electroneg-
ativity of alkaline-earth cations is smaller than that of Zr4+ and
decreases in the order Mg2+ < Ca2+ < Sr2+ < Ba2+. Therefore, the
electrodonating property of oxygen anions neighboring Zr4+

enhance with the partial substitution of Zr4+ by alkaline-earth
cations, leading to the increase in the strength of basic sites.

Fig. 4(B) shows the CO2-TPD curves of CuO–ZrO2 catalysts
doped with different MgO content. The TPD curve extends to a
higher temperature with increasing the amount of MgO doping,
which also indicates an enhancement in the strength of strong
basic sites. Furthermore, as shown in Table 4, the increase in
MgO doping give rise to an increase in the fractions of the
strong basic site.
This journal is © The Royal Society of Chemistry 2015
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Table 4 The basicity and the distribution of basic sites over
CuO–ZrO2 catalysts doping with alkaline-earth oxides

Catalyst

Number of basic sites (mmol g�1) and
contributiona (%)

Weak Medium Strong Total

C0.5Z0.5 12.6 (64.4) 6.4 (32.6) 0.6 (3.0) 19.6
Mg0.05C0.5Z0.45 14.2 (58.1) 9.2 (37.6) 1.0 (4.3) 24.4
Ca0.05C0.5Z0.45 12.2 (56.7) 7.7 (36.0) 1.6 (7.3) 21.5
Sr0.05C0.5Z0.45 11.1 (53.6) 6.8 (33.1) 2.7 (13.3) 20.6
Ba0.05C0.5Z0.45 8.0 (39.9) 6.5 (32.4) 5.6 (27.7) 20.1
Mg0.01C0.5Z0.49 12.2 (59.0) 7.7 (37.4) 0.7 (3.6) 20.6
Mg0.25C0.5Z0.25 16.4 (55.8) 10.4 (35.4) 2.6 (8.8) 29.4

a The number of weak, medium and strong sites expressed in the
amount of desorbed CO2 at 50–150, 150–240 and >240 �C,
respectively. The value in the parenthesis is the fraction of single
basic site to the number of total basic site.

Table 5 Catalytic performance for hydrogenation of CO2 to methanol
over Cu–ZrO2 catalysts doping with alkaline-earth oxidesa

Catalyst CO2 conversion (%)
CH3OH
selectivity (%)

CH3OH
yield (%)

C0.5Z0.5 9.9 45.4 4.5
Mg0.05C0.5Z0.45 10.6 50.9 5.4
Ca0.05C0.5Z0.45 8.1 51.5 4.2
Sr0.05C0.5Z0.45 5.9 52.7 3.1
Ba0.05C0.5Z0.45 5.4 40.6 2.2
Mg0.01C0.5Z0.49 9.8 49.0 4.8
Mg0.03C0.5Z0.47 10.3 51.5 5.3
Mg0.1C0.5Z0.4 10.5 51.3 5.4
Mg0.25C0.5Z0.25 8.8 47.2 4.2

a Experimental errors are within �3% of the values reported. Reaction
conditions: T ¼ 240 �C, P ¼ 3.0 MPa, GHSV ¼ 3600 h�1.
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3.5 Catalytic activity and selectivity

Activity and selectivity results for methanol synthesis from CO2

hydrogenation over the undoped and alkaline-earth oxides
doped CuO–ZrO2 catalysts are summarized in Table 5. Meth-
anol and CO are the only carbon-containing products under the
reaction conditions and traces of methane can be detected at
high temperatures.

As illustrated in Table 5, the conversion of CO2 declined with
the incorporation of CaO, SrO and BaO, and a catalytic activity
sequence of C0.5Z0.5 > Ca0.05C0.5Z0.45 > Sr0.05C0.5Z0.45 >
Ba0.05C0.5Z0.45 was obtained. However, for the MgO-doped
CuO–ZrO2 sample, an increase in CO2 conversion was
observed as the doping amount is no more than 10 mol%. A
further increase in the doping amount of MgO results in a
decrease in CO2 conversion. As well documented, the catalytic
activity and the SCu in a reduced catalyst are strongly correlated,
and a large value of SCu is favorable for a high catalytic activity
for the hydrogenation of CO2.5,12,13,41,42 Obviously, the decrease
in CO2 conversion over CaO-, SrO- and BaO-doped catalysts is
contradictory to the above statement because the SCu increases
signicantly with the doping of alkaline-earth oxide, as shown
in the part of 3.1. This can be explained as follows. According to
the dual-site mechanism, the Cu component serves to dis-
sociatively adsorb H2 and to provide a source of atomic
hydrogen by spillover. In fact, there are two steps involved in the
process of dissociatively adsorb H2. One is the adsorption of H2

over the Cu active site; the other is the dissociation of the
adsorbed H2. The results of H2-TPR disclosed that the reduc-
ibility of CuO was depressed with the introduction of CaO, SrO
and BaO. Since the reducibility of CuO reect the easiness of the
dissociation of adsorbed H2, the decline in the reducibility of
CuO implies that the adsorbed H2 over the resulting Cu sites
become more difficult to dissociate. In other words, with the
addition of CaO, SrO and BaO, the rate of producing atomic
hydrogen decreases though more Cu active sites are available
for H2 adsorption. As a result, compared to the undoped
CuO–ZrO2 catalyst, CaO-, SrO- and BaO-doped samples exhibit a
This journal is © The Royal Society of Chemistry 2015
lower CO2 conversion. Moreover, since the reducibility of CuO
in catalyst decreases in a sequence of Ca0.05C0.5Z0.45 >
Sr0.05C0.5Z0.45 > Ba0.05C0.5Z0.45, the same sequence of the
conversion of CO2 is obtained. For the MgO-doped samples, a
remarkable increase in the copper surface area is observed;
while the effects of the doping on the reducibility of CuO is
much less than that of CaO-, SrO- and BaO-doped samples, as
stated in the part of 3.3. Under such a condition, the copper
surface area will be a predominant factor. Therefore, it can be
understood that a small increase in the CO2 conversion is
achieved when an appropriate amount of MgO is introduced
into CuO–ZrO2. As the amount of MgO doping is 25 mol%, the
decline in the reducibility of CuO will be signicant, which
results in a low conversion of CO2, and a value of 8.8% is
obtained on Mg0.25C0.5Z0.25 sample.

As also shown in Table 5, the methanol selectivity increases
with the addition of MgO, CaO, and SrO. Various factors
affecting the methanol selectivity have been proposed.43–45

Recent investigation revealed that the surface basicity of the
catalyst play a dominant role in determining the methanol
selectivity, and the carbon containing intermediates adsorbed
on the stronger basic site preferred to hydrogenate further to
form methanol rather than dissociate to form CO.18,19 The
results of CO2-TPD showed that both the strength and contri-
bution of strong basic sites increased with the introduction of
alkaline-earth oxides. Therefore, MgO-, CaO-, and SrO-doped
samples exhibit a higher methanol selectivity comparing to
the undoped CuO–ZrO2. Nevertheless, the methanol selectivity
decreases as BaO is incorporated into CuO–ZrO2. It is possible
that the decline in methanol selectivity is related to the exces-
sive basicity of BaO-doped sample, which will lower the activa-
tion and hydrogenation of the adsorbed intermediates. As the
amount of MgO doping varies from 1 to 5 mol%, the change in
the methanol selectivity (49.0–51.5%) is small because the
change in the surface basicity of these catalysts is not signi-
cant, as can be seen from Fig. 4(B).

Table 5 shows the methanol yield over the undoped and
alkaline-earth oxides doped CuO–ZrO2. The methanol yield
increases with the doping of MgO, and a maximum of 5.4% was
RSC Adv., 2015, 5, 52958–52965 | 52963
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Fig. 5 Effect of temperature on the conversion of CO2 (solid symbols)
and selectivity of methanol (open symbols) over C0.5Z0.5 (triangles) and
Mg0.05C0.5Z0.45 (circles) catalysts. Reaction conditions: H2/CO2 ¼ 3,
P ¼ 3.0 MPa, GHSV ¼ 3600 h�1.
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obtained over the Mg0.05C0.5Z0.45 sample. In comparison with
the undoped CuO–ZrO2, the value increased by 20%. For the
CaO-, SrO-, BaO-doped samples, themethanol yield is lower than
that of undoped CuO–ZrO2 catalyst, and a sequence of
Ca0.05C0.5Z0.45 > Sr0.05C0.5Z0.45 > Ba0.05C0.5Z0.45 is obtained.
Furthermore, the effects of reaction temperature on the catalytic
performances were investigated over the C0.5Z0.5 and
Mg0.05C0.5Z0.45 catalysts. As shown in Fig. 5, with the elevation of
reaction temperature, the conversion of CO2 increases but the
CH3OH selectivity decreases. Similar results can be found in the
literature.30,33 This variation can be explained in terms of ther-
modynamics and kinetics. The synthesis of methanol and the
reverse water-gas shi (RWGS) are the two parallel reactions
involved in the CO2 hydrogenation process. The synthesis of
methanol is an exothermic reaction, whereas the reaction of
RWGS exhibits endothermic character.7,19 According to the
thermodynamic principle, raising temperature is favorable for
the formation of CO via the RWGS reaction. On the other hand,
in comparison with methanol synthesis, the RWGS reaction has
a higher apparent activation energy,33,46 which means that the
increase in CO production is faster than that of methanol with
the increase in temperature. Consequently, the CH3OH selec-
tivity decreases along with the elevation of reaction temperature.

4. Conclusions

CuO–ZrO2 catalysts doped with alkaline-earth oxides were
prepared and used for methanol synthesis from CO2 hydrogena-
tion. The effects of alkaline-earth oxides on the physicochemical
and catalytic properties of catalysts were investigated. Based on
the results of this work, the following conclusions can be made:

1 The introduction of alkaline-earth oxides hinders the
crystallization of CuO and ZrO2 components in CuO–ZrO2

catalyst and improves the copper surface area as well as the BET
surface area.

2 The incorporation of alkaline-earth oxides gives rise to a
decrease in the interaction between CuO and ZrO2 and further a
decline in the reducibility of CuO.
52964 | RSC Adv., 2015, 5, 52958–52965
3 Both the strength and the contribution of strong basic site
increase with the addition of alkaline-earth oxides.

4 The conversion of CO2 depends not only on the copper
surface area but also on the reducibility of CuO in catalyst, and
the latter play a predominant role in methanol synthesis over
CaO-, SrO- and BaO-doped CuO–ZrO2 catalyst. The increase in
methanol selectivity correlate with the increase in the strength
and the contribution of strong basic sites.

5 A suitable amount of MgO in CuO–ZrO2 is benecial for the
catalytic activity and methanol selectivity, and a maximum
methanol yield is obtained as the content of MgO doping is 5
mol%.
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