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A  serials  of copper  catalysts  supported  on TiO2 modified  with  different  amount  of MgO  were  prepared
by  an  impregnation  method  and  tested  for  methanol  synthesis  from  CO2 hydrogenation.  The  physico-
chemical  properties  of the  catalysts  were  characterized  using  XRD,  N2 physisorption,  N2O  titration,  XPS,
H2-TPR  and  CO2-TPD  techniques.  With  the  increase  in  amount  of MgO,  the  Cu  surface  area  initially
increases  and  then  decreases.  The  modification  of TiO2 with  MgO  hinders  the  interaction  between  CuO
and  TiO2, resulting  in  a  decline  in  the reducibility  of CuO.  Furthermore,  the  number  and  strength  of the
moderate  and  strong  basic  sites  over the  surface  of catalyst  increase  with  increasing  MgO loading.  The
eywords:
ethanol

O2 hydrogenation
gO-modified TiO2

u surface area
educibility

catalyst  exhibits  an optimum  catalytic  activity  as the  content  of  MgO  is 1  wt%.  The  CO2 conversion  is
determined  by  the  Cu  specific  surface  area  and  the interaction  between  CuO  and  TiO2,  and  the  CH3OH
selectivity  is  related  to  the surface  basicity  of catalyst.

© 2016  Elsevier  B.V.  All  rights  reserved.
asicity

. Introduction

It is believed that the increase in atmospheric CO2 concentration
aused by fossil fuels burning leads to the anthropogenic global
arming. Converting CO2 into valuable chemicals has received
uch attention as one of the effective CO2 utilizing technologies.
ost researchers focused on the process of CO2 hydrogenation

o methanol because methanol is an important feedstock for the
hemical industry and a clean and renewable energy source [1,2].

Methanol synthesis from CO2 hydrogenation is run mostly on
opper catalyst for its inexpensive price and remarkable hydro-
enation activity [3,4]. Generally, the amphoteric oxides are chosen
s the supporter [5]. Copper catalysts supported on ZnO, Al2O3, and
rO2 for CO2 hydrogenation have been investigated intensively in
he past few decades [6–14]. TiO2 is a typical amphoteric oxide,
nd it possesses the chemical properties similar to that of ZrO2.
owever, comparatively few studies on the TiO2 supported (or
romoted) copper catalyst for methanol synthesis have been pub-
ished. Bando et al. prepared three catalysts (Cu/Al2O3, Cu/SiO2,
nd Cu/TiO2) by impregnation method, and they found that TiO2-
upported Cu catalyst showed the highest turnover frequency for

∗ Corresponding authors.
E-mail addresses: guoxiaoming@sit.edu.cn (X. Guo), dsmao@sit.edu.cn (D. Mao).

ttp://dx.doi.org/10.1016/j.molcata.2016.09.032
381-1169/© 2016 Elsevier B.V. All rights reserved.
methanol production [15]. Zhang et al. investigated the influences
of SiO2, TiO2 and TiO2-SiO2 promoters on the catalytic performance
of CuO-ZnO-Al2O3. The results showed that TiO2 and TiO2-SiO2
improved the CuO dispersion and the adsorption of H2 on catalyst
[16]. In a previous work, we  disclosed that the introduction of TiO2
into CuO-ZnO catalyst increased the Cu dispersion and the adsorp-
tion capacity of CO2, and thus improving the catalytic activity and
methanol selectivity [17].

According to the dual-site mechanism for CO2 hydrogenation
over the copper catalyst, the adsorption and the activation of
CO2 occur on the surface of supporter [18,19]. Recently, a num-
ber of studies showed that the catalytic performance was related
closely to the surface basicity of catalyst because CO2 is intrin-
sically an acidic molecule [13,14,17]. Therefore, to improve the
catalytic performance, several endeavors have been made to tune
the basicity of the catalyst [20–22]. In this study, TiO2 was mod-
ified with MgO, one of the most common solid bases, and then
copper catalyst supported on the MgO-modified TiO2 was  pre-
pared by an impregnation method. The catalysts were examined
by various characterization techniques, and the catalytic activity for
methanol synthesis from CO2 hydrogenation was  tested. This study
emphasizes the effect of MgO  on the physicochemical properties of

catalyst. Moreover, the relationship between catalytic behavior and
the physicochemical properties was discussed in detail.

dx.doi.org/10.1016/j.molcata.2016.09.032
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcata.2016.09.032&domain=pdf
mailto:guoxiaoming@sit.edu.cn
mailto:dsmao@sit.edu.cn
dx.doi.org/10.1016/j.molcata.2016.09.032
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. Experimental

.1. Catalyst preparation

TiO2 supporter was synthesized by a hydrothermal method.
irst, 2.0 g hexamethylene tetramine was added to a solvent
ontaining 45.7 mL  methanol and 50.0 mL  distilled water under
tirring, and then 4.3 mL  titanium trichloride (15 wt%) was  added
ropwise into the above solution. The resulting mixture was  trans-

erred to a dried Teflon-lined autoclave with a capacity of 200 mL,
ollowed by a hydrothermal treatment at 90 ◦C for 1 h and 190 ◦C for

 h. After the hydrothermal reaction, the white precipitate was col-
ected by centrifuge and washed with ethanol and distilled water
ntil no chloride ion was detected with AgNO3 solution. Finally, the
recipitate was dried in an oven at 80 ◦C for 12 h and ground into
owder.

MgO-modified TiO2 was prepared by an impregnation method
ith Mg(NO3)·6H2O as magnesium source. The amount of MgO,

xpressed as the ratio of Mg  to TiO2, ranges from 0.5 to 7 wt%. The
mpregnated precursor was dried at 110 ◦C overnight and calcined
n air at 400 ◦C for 4 h.

Copper catalysts supported on TiO2 and MgO-modified TiO2
ere prepared by an impregnation method with Cu(NO3)·3H2O as

opper source. The nominal Cu loading is 10 wt%  of the supporter
or all samples. The impregnated samples were dried at 110 ◦C
vernight, followed by a calcination in air at 400 ◦C for 4 h.

All chemicals used were reagent grade products purchased from
hanghai Chemical Reagent Corporation, Shanghai, China. The syn-
hesized catalysts are denoted as C/x%MT, where C/MT represents
opper catalyst supported on the MgO-modified TiO2, and x% is the
ass ratio of Mg  to TiO2.

.2. Catalyst characterization

X-ray diffraction (XRD) analysis of samples was  performed on
 PANalytical X’Pert diffractometer, applying nickel-filtered Cu K�
adiation with a tube voltage of 40 kV and a tube current of 40 mA.
wo theta angles ranged from 20◦ to 60◦ with a scanning rate of
◦/min.

The specific surface area was determined with the BET method,
sing a Micromeritics ASAP2020 M + C adsorption apparatus. The
amples were evacuated at 200 ◦C for 3 h prior to N2 dosage.

The method of N2O titration was used to measure the Cu specific
urface area (SCu) over the reduced catalysts [23–25]. Before mea-
urements, catalysts were reduced in situ at 300 ◦C in a H2/He flow
or 1 h. The samples were flushed in a He flow, and then cooled
o the reaction temperature (60 ◦C). Afterward, a flow of 1 vol%
2O/He gas mixture was  fed into the reactor. A mass spectrometer

Pfeiffer Vacuum Quadstar, 32-bit) was used to detect the amount
f the consumption of N2O. The dispersion of Cu (DCu) and SCu were
alculated considering a molar stoichiometry of N2O/Cu = 0.5 and a
alue of 1.46 × 1019 Cu atoms/m2 for the copper surface atom den-
ity [19]. The Cu average particle size (dCu) was obtained from the
urface area of metallic copper using a spherical particle model [7].

The compositions of catalyst were determined by atomic
bsorption spectroscopy (AAS) on acid-digested samples, using a
pectrAA-220 Atomic absorption spectrometer (VARIAN).

X-ray photoelectron spectroscopy (XPS) and X-ray-induced
uger electron spectroscopy (AES) measurements were performed
n a ESCALAB 250Xi spectrometer using a focused monochroma-
ized Al K˛ (1486.6 eV). The energy analyzer was set to a constant
ass energy of 50 eV. All the binding energy values were calibrated

y using C 1s = 284.6 eV as a reference. Quantification of the sur-
ace atomic concentrations was carried out using the sensitivity
actors supplied by the XPS instrument. In the case of the reduced
atalyst, the calcined sample was first transferred to a separate
sis A: Chemical 425 (2016) 86–93 87

reaction chamber under ultrahigh vacuum by a transfer rod, and
then exposed to a 10% H2/N2 flow of 30 mL/min at 300 ◦C for 1 h.
After cooled to room temperature, the reaction chamber was evac-
uated. The samples were then transferred back to the analysis
chamber without exposure to air. For the calcined catalysts, no
pretreatment is required before XPS measurement.

Temperature-programmed reduction (TPR) measurements
were performed in a linear quartz micro-reactor. Approximately
0.03 g of the catalyst was pretreated with an N2 at 300 ◦C for 1 h
to remove physically adsorbed water and then cooled down to
room temperature. The sample was  reduced with a flow of H2/N2
gas mixture at a heating rate of 5 ◦C/min up to 300 ◦C. The hydro-
gen consumption for the reduction was monitored by a thermal
conductivity detector (TCD).

CO2 temperature-programmed desorption (CO2-TPD) was  per-
formed in a self-build apparatus. First, the sample was reduced in
a flow of H2/N2 gas mixture at 300 ◦C for 1 h. After cooling down
to room temperature, the catalyst was saturated with CO2 at 50 ◦C
for an hour, and then the physisorbed CO2 was purged with He
flow. TPD of CO2 was  measured by heating the temperature at
5 ◦C/min, and the desorbed CO2 was detected by a mass spectrom-
eter. The amount of the desorbed CO2 was quantitatively calibrated
by injecting CO2 pulses.

2.3. Catalytic testing

The catalytic hydrogenation of CO2 was carried out using a
tubular, flow, high-pressure, fixed-bed reactor. The catalyst sam-
ple (0.5 g) was mounted in the reactor and pre-reduced at 300 ◦C
for 3 h in a stream of 10 vol% H2/N2. After cooling to 180 ◦C, the reac-
tant gas flow (N2:CO2:H2 = 1:2:6, molar) was  introduced, raising the
pressure to 3.0 MPa  and the temperature to a given temperature. To
avoid any condensation of some products, all post-reactor lines and
valves were heated at 140 ◦C. Effluent products were analyzed by
a gas chromatograph (6820, Agilent) equipped with a two-column
analytical system, the Porapak Q column and Carbosieve column,
which connected to a thermal conductivity detector (CO, CO2, N2)
and a flame ionization detector (organic products), respectively.
The CO2 conversion (XCO2), the CH3OH selectivity and CH3OH yield
were calculated according to the following equations:

XCO2 =
∑

(n ∗ pi)/[(pCO2 )outlet +
∑

(n ∗ pi)]

SCH3OH = pCH3OH/
∑

(n ∗ pi)

YCH3OH = XCO2 ∗ SCH3OH

where Pi is the partial pressure of a specific product (labelled as (i))
in the outlet gas, and n stands for the number of carbon atoms in
the carbon containing product.

3. Results and discussion

3.1. Textural and structural properties of the catalysts

The XRD spectra of TiO2 supporter, C/T and C/MT samples were
shown in Fig. 1(a). The peaks at 2� of 25.3◦, 37.8◦, 48.1◦, 54.1◦ and
55.1◦ were identified as the diffraction lines of anatase-TiO2 (JCPDS
21-1272). In comparison with the C/T sample, the diffraction peaks
of TiO2 become weaker and broader with the addition of MgO,
suggesting that MgO  depresses the crystallization of TiO2. The char-

acteristic diffraction peaks of CuO phase appear at 2� of 35.6◦ and
38.8◦ (JCPDS 80-1268). As TiO2 supporter was  modified with a small
amount of MgO, no change in the diffraction peak of CuO could be
discerned. However, an increase in the diffraction intensity of CuO
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Table 1
Physicochemical properties of TiO2, C/T and C/MT catalysts.

Sample SBET(m2/g) dCuO
b(nm) dCu

b(nm) SCu (m2/g) DCu
c (%) dCu

c(nm)

Calcined Reduceda

TiO2 121 – – – – – –
C/T  80 75 26.4 30.9 1.94 3.51 29.6
C/0.5%MT 91 87 26.1 30.5 2.19 3.93 26.4
C/1%MT 101 97 26.3 30.8 2.31 4.16 25.0
C/3%MT 105 93 28.8 32.3 1.92 3.43 30.3
C/5%MT 100 82 28.7 32.2 1.84 3.24 32.1
C/7%MT 94 83 28.5 32.3 1.75 3.13 33.2

a After reduction at 300 ◦C.
b Calculated with Scherrer equation using the most intense peaks centered at 35.6◦ and
c Derived from N2O titration measurements.
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ig. 1. XRD patterns of TiO2, C/T and C/MT catalysts: (a) calcined catalysts, (b)
educed catalysts. TiO2 (anatase) (�); TiO2 (rutile) (�); CuO (�); Cu (�); MgTiO3

�).

s observed when the content of MgO  reaches 3%. The crystallite
izes of CuO were calculated from the full width at half maximum
f diffraction peaks at 2� = 35.6◦ with Scherrer equation and listed in
able 1. The CuO crystallite sizes of C/0.5%MT and C/1%MT are close
o that of C/T sample. As the content of MgO  increases to 3%, the CuO

rystallite size increases slightly. Furthermore, as shown in Fig. 1(a),
o diffraction peak of MgO  can be found for all the studied samples
alcined at 400 ◦C. This is because that the Mg2+ ions enter into
iO2 lattice resulting in the formation of non-crystalline MgTiO3
 43.2◦ for CuO and Cu, respectively.

compound [26–28]. As-formed MgTiO3 could not be detected by
XRD technique due to the low degree of crystallization. To confirm
the formation of MgTiO3, the sample of C/5%MT was calcined at
800 ◦C for 4 h and examined by XRD. As shown in Fig. 1(a), after
calcining at 800 ◦C, the characteristic diffraction peaks of MgTiO3
can be observed at 2q of 32.9◦ and 40.6◦ (JCPDS 06-0494) [26–28].
Moreover, the diffraction peaks of rutile-TiO2 appear at 2q of 27.4◦,
36.1◦, 41.3◦ and 54.4◦ (JCPDS No. 21-1276), which is attributed to
the transformation from anatase-TiO2 to rutile-TiO2 as the temper-
ature is higher than 600 ◦C [26].

The XRD pattern of the catalysts reduced in a flow of H2/N2 gas
mixture at 300 ◦C for 1 h is presented in Fig. 1(b). The characteristic
diffraction lines at 2� values of 43.2◦ and 50.4◦ correspond to the
metallic Cu (JCPDS 01-089-2838). Moreover, for all the samples,
the diffraction peaks of CuO disappeared, suggesting that CuO was
reduced to Cu completely. The change in the intensity of diffrac-
tion lines of Cu from C/T to C/1%MT can not be detected. A further
increase of the MgO  amount caused a slight rise in the intensity
of diffraction lines of Cu. The crystallite size of Cu in the reduced
catalysts were also calculated with Scherrer equation and listed
in Table 1. It can be seen that there is a narrow size distribution
(from 30.5 to 32.3 nm)  for the crystallite sizes of Cu, in which the
differences among them are rather small.

BET surface areas (SBET) of the samples before and after reduc-
tion are listed in Table 1. A SBET of 121 m2/g is obtained over the
TiO2 supporter, and the value of SBET decreases to 80 m2/g after
CuO loading. Comparing with C/T sample, the MgO-modified C/T
catalyst exhibits a larger surface area since MgO depresses the crys-
tallization of TiO2. After reduction at 300 ◦C, the BET surface area of
catalyst decreases slightly. Copper specific surface area (SCu) deter-
mined by N2O titration is also shown in Table 1. With the addition of
MgO, SCu increase firstly and then decrease (i.e. a volcano trend), the
maximum value is obtained over the sample of 1%CMT. As shown
in Table 1, the variation of DCu with the addition of MgO  is sim-
ilar to that of SCu, accompanied by an inverse trend of dCu. This
can be explained as follows. On the one hand, the addition of MgO
increases the BET surface area, which is favorable for the dispersion
of Cu. On the other hand, MgO  covers the surface of TiO2 and weak-
ens the interaction between CuO and TiO2, leading to a decrease in
the Cu dispersion.

3.2. XPS analysis

The surface chemical state and composition of the catalysts were
determined with the XPS technique. The representative photoelec-
tron spectra of the Cu 2p and Ti 2p of the calcined samples are
presented in Fig. 2 (a) and (b), respectively. The Cu 2p3/2 core line

locates at a BE of 933.5 eV together with a shake-up peak centered
at 942.9 eV suggesting that the chemical state of copper is Cu2+

[13,29]. With the loading of MgO, there is no significant variation
in the BE of copper. However, a small shift of the BE of Ti 2p3/2



C. Liu et al. / Journal of Molecular Catalysis A: Chemical 425 (2016) 86–93 89

450 455 460 465 470

2p1/2
2p3/2

(b) Ti 2p

In
te

ns
ity

(a
.u

.)

Binding Energy (eV)

C/7%MT

C/3%MT

C/T

C/0.5%MT

930 940 950 960
Binding Energy (eV)

In
te

ns
ity

(a
.u

.)

C/7%MT

(a) Cu 2p

2p1/2
2p3/2

C/3%MT

C/T

C/0.5%MT

Fig. 2. XPS spectra of the calcined C/T and C/MT catalysts: (a) Cu 2p; (b) Ti 2p.

Table 2
Composition of C/T and C/MT catalysts.

Catalysts Bulk concentration of metal (at.%) a Surface concentration of metal (at.%)b

Cu Mg Ti Cu Mg Ti

C/T 10.7 (11.2) – 89.3 (88.8) 15.2 – 84.8
C/0.5%MT 10.7 (11.1) 1.5 (1.4) 87.8 (87.5) 14.2 4.7 81.1
C/1%MT 10.6 (11.0) 2.9 (2.8) 86.5 (86.2) 13.1 9.8 77.1
C/3%MT 10.4 (10.7) 8.2 (8.0) 81.4 (81.3) 11.3 22.2 66.5
C/5%MT 10.3 (10.5) 12.9 (12.6) 76.8 (76.9) 9.1 25.4 65.5
C/7%MT 9.9 (10.2) 17.3 (16.8) 72.8 (73.0) 7.6 29.1 63.3
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Table 3
Temperature of reduction peaks over C/T and C/MT catalysts.

Catalyst T� (◦C) T� (◦C) T� (◦C)

C/T 146 159 172
C/0.5%MT 147 159 185
C/1%MT 149 159 189
C/3%MT 175 186 216
a Bulk composition are determined by atomic absorption spectrum; the values in
b Surface composition are determined by XPS.

rom 458.4 to 457.9 eV was observed when the content of MgO
ncreases from zero to 7%, which meant that MgO  loading changes
he electron density of Ti ion. The Mg  1 s core line appears at a BE
f 1303.7 eV for all samples, which is indicative of the presence of
g2+ [30]. Surface composition of the calcined catalyst was  listed

n Table 2. For the C/T sample, the surface concentrations of Cu
nd Ti are 15.2% and 84.8%, respectively. With the addition of MgO,
he surface Cu and Ti concentrations decrease continually, whereas
n opposite trend is observed for the surface Mg concentration. As
hown in Table 2, compared with the bulk composition, which is
ery close to the nominal composition for all samples, the surface
f catalyst is depleted of Ti. In contrast, a remarkable enrichment of
g  on the surface of catalyst is observed. The occupation of the cat-

lyst surface by Mg hinders the interaction between TiO2 and CuO
eading to a decrease in the dispersion of Cu, which is in accordance

ith the results of N2O titration.
The catalysts after in-situ reduction with H2 were also investi-

ated by XPS. Fig. 3(a) show that the Cu 2p3/2 and Cu2p1/2 peaks
ppear at 931.7 and 951.6 eV, respectively, corresponding to the
haracteristic of Cu0 or Cu+ [31]. In addition, the shake-up satel-
ite peak of Cu2+ at 942.9 eV disappears, which indicates that there
re no Cu2+ species left on the surface after reduction [31]. As is
ell known, XPS cannot differentiate between Cu0 and Cu+ species

ecause Cu 2p spectra of them are almost identical [31,32]. Cu
LMM) Auger peaks are traditionally used to distinguish Cu0 and
u+ since the kinetic energies (KE) of their Auger electrons are sep-
rated by approximately 2 eV: Cu0 at 918.7 eV and Cu+ at 916.8 eV
33]. As shown in Fig. 3(b), for all samples, the KE of Cu (LMM)  is
bout 918.9 eV, demonstrating that Cu0 is the predominant copper

pecies on the surface of the reduced catalyst. For element Ti and
g,  XPS spectra of the reduced catalysts are similar to that of the

alcined samples under the reduction condition.
C/5%MT 183 196 229
C/7%MT 193 202 230

3.3. The reducibility of catalysts

To assess the reduction behavior of the catalysts, TPR measure-
ments were performed. Fig. 4 shows the H2-TPR profiles of the
studied catalysts. All the profiles can be deconvoluted into three
Gaussian peaks (dotted curves), and the temperatures of reduction
peaks are listed in Table 3. The low temperature peak (� peak) are
due to the reduction of CuO surface species; the other two peaks (�
and � peak) appearing in a higher-temperature region correspond
to the reduction of bulk-like CuO interacted with TiO2 strongly and
weakly, respectively [29,34,35]. As Fig. 4 shows, when the loading
amount of MgO  is no more than 1 wt%, apart from a small increase
in the temperature of � peak, there is no significant difference
between the MgO-modified and unmodified C/T catalysts. How-
ever, as the content of MgO  reached 3%, an abrupt increase in the
temperature of reduction peak was observed, and the peak max-
ima  of �, � and � peak appear at 175, 186 and 216 ◦C, respectively.
With a further increase in MgO  loading, the reduction peaks shift
continually toward the higher temperature.
In general, the reduction behavior of CuO in the catalyst is
affected by two  factors, the crystallite size of CuO and the inter-
action between CuO and the supporter. The smaller the crystallite
size is, the lower the reduction temperature would be. The results
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Fig. 3. XPS and AES spectra of the reduced C/T and C/MT catalysts: (a) Cu 2p; (b) Cu LMM.

Fig. 4. H2-TPR patterns of C/T and C/MT catalysts.
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A similar variation trend was  observed for � peak with the adding
of MgO. It is well known that, as far as oxide is concerned, Lewis
basicity is mainly determined by the electronic property of oxygen
f XRD revealed that the variation of CuO crystallite size was triv-
al. Therefore, in this study, the shift of the reduction peak of CuO

ainly originated from the change in the interaction between CuO
nd TiO2. The interaction has a different effect on the reducibil-
ty of CuO according to the different supporters. As CuO disperses
n the supporter of Al2O3 or ZnO, the interaction between CuO
nd supporter is unfavorable for the reduction of CuO [36,37];
s CuO disperses on ZrO2 or TiO2, the interaction results in an
asily reducible CuO [37,38]. The interaction probably affects the
educibility of CuO by changing the strength of Cu-O bond [36].
able 3 show that the temperatures of the reduction peaks over
/T catalyst locate in the range 146–172 ◦C, well below that of
he unsupported CuO (ca. 300 ◦C) [22,29,36], confirming that the
nteraction between CuO and TiO2 facilitates the reduction of the
upported CuO. After the modification with MgO, as stated in the
art of XPS analysis, the surface of TiO2 was occupied partly by the
omponent of Mg,  especially as the MgO  loading reached 3%, which
ould hinder and weaken the interaction between CuO and TiO2.

he decrease in the interaction leads to a decline in the reducibility
f CuO, in other word, an increase in the reduction temperature
f CuO. It is noteworthy that the interaction between CuO and
upporter related closely to the activity of Cu site formed after

eduction [24,29].
Fig. 5. CO2-TPD profiles of C/T and C/MT catalysts.

3.4. The surface basicity of catalysts

The strength and amount of basic sites on the surface of cat-
alysts were studied by CO2-TPD. The CO2 desorption profiles of
the prereduced C/T and C/MT are presented in Fig. 5. Additionally,
the peak maximum temperature and the number of base sites are
listed in Table 4. Three CO2 desorption peaks (denote as �, �, and �)
can be observed for all the catalysts, and they correspond to weak,
moderate and strong base sites according to the strength of base
site, respectively. The weak base sites are originated from the sur-
face hydroxyl groups, a Brönsted base. The moderate base sites are
associated with the metal-oxygen pairs (i.e. Ti-O pairs in this case),
and the strong base sites are related to low coordination oxygen
atoms [14,39]. The moderate and strong base sites exhibit typical
Lewis basicity. As shown in Fig. 5, after modification by MgO, there
is almost no shift in the position of � peak, which means that the
change in the strength of weak base site can be neglected. However,
a substantial increase in the area of � peak was  observed, suggest-
ing a rise in the number of weak base sites. For the peak of �, it
shifts toward higher temperature accompanying with an increase
in the area. This indicates that MgO  modification enhances the
strength and number of the moderate base sites simultaneously.
anion [39,40]. The greater an oxygen anion’s electro-donating is,
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Table  4
The maximum temperature of CO2 desorption and the amount of basic site over C/T and C/MT catalysts.

Catalyst T� (◦C) T� (◦C) T� (◦C) Number of basic sites (�mol/g)

Site � Site � Site �

C/T 105 249 390 1.98 0.04 0.32
C/0.5%MT 105 269 392 2.77 0.09 0.37
C/1%MT 105 320 395 3.42 0.57 0.41

400 6.66 0.60 0.48
408 7.78 0.63 0.52
435 9.40 0.70 0.54
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C/3%MT 105 339 

C/5%MT 106 345 
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he stronger its Lewis basicity will be. The XRD results illustrated
hat, after the modification with MgO, Ti4+ in TiO2 was  substituted
artly by Mg2+. The electronegativity of Mg2+ is smaller than that of
i4+. Therefore, comparing to the unmodified C/T sample, a higher
lectro-donating character of oxygen anions neighboring Ti4+ over
he C/MT was obtained, resulting in an increase in the strength of
asic sites.

.5. Catalytic performance

The catalytic properties for methanol synthesis from CO2 hydro-
enation over C/T and C/MT catalysts were presented in Table 5. The
ain products of the reaction were methanol and CO under the

resent reaction conditions and traces of methane can be detected
t high temperatures.

As Table 5 illustrates, the modification of TiO2 with a small
mount of MgO  leads to an increase in the conversion of CO2. For
xample, the conversion of CO2 increases from 4.3% of C/T to 5.2%
f C/1%MT. However, a drastic decrease in CO2 conversion was
bserved as the MgO  loading reached 3%, and the value of CO2 con-
ersion over this sample is only 3.6%. According to the mechanism
f methanol synthesis from CO2 hydrogenation, the primary role of
u is to provide a source of atomic hydrogen for the hydrogenation
f carbon-containing species by spillover [18,19,41]. Actually, the
roduction of atomic hydrogen includes two steps. First, the molec-
lar H2 is adsorbed over the Cu active site, and then the adsorbed
olecular H2 dissociates to give atomic hydrogen. The increase in

he SCu only means that more Cu active sites can be provided for
he adsorption of H2 molecules. With regard to the dissociation
f the adsorbed H2 molecule, it relates to the intrinsic activity of
u site, which is affected by the interaction between Cu and TiO2.
he stronger the interaction, the faster the dissociation rate of H2
olecule. The results of N2O titration (Table 1) showed that the
odification of TiO2 supporter by a small amount of MgO  gave rise

o an increase in the SCu. Moreover, the results of H2-TPR indicate
hat there is no significant change in the interaction between CuO
nd TiO2. As a result, more atomic hydrogenation can be produced
er unit time for the hydrogenation of carbon-containing interme-
iates, and a higher CO2 conversion is obtained over the samples of
/0.5%MT and C/1%MT. When the content of MgO  loading increased
o 3%, apart from a decrease in the SCu, H2-TPR indicated a dras-
ic decline in the interaction between CuO and TiO2, suggesting
hat the dissociation of the adsorbed H2 became more difficult and
he rate of producing atomic hydrogen diminished greatly. There-
ore, the decrease in both the SCu and the interaction between
uO and TiO2 are responsible for the decline in CO2 conversion
s the amount of MgO  reaches 3%. To better disclose the relation-
hip between CO2 conversion and the SCu, the turnover frequency
TOF) of CO2 conversion, which represents the molecule number of
O2 hydrogenated per second per metallic copper atom, was  calcu-
ated and listed in Table 5. Moreover, a plot of TOF (CO2) versus SCu
as presented in Fig. 6. The TOF will be a constant if all Cu site in

ifferent samples are equally active for the hydrogenation of CO2
42,43]. As shown in Fig. 6, the TOF remains almost constant from
Fig. 6. The relationship between the TOF of CO2 conversion and the Cu surface area.
Reaction conditions: H2/CO2 = 3, T = 220 ◦C, P = 3.0 MPa, GHSV = 4800 h−1.

the sample of CT to C/1%MT corresponding to the SCu increase from
1.94 to 2.31 m2/g. However, a significant decrease in TOF can be
observed for the samples with MgO  content from 3 to 7 wt%. The
decline in TOF indicates that the activity of Cu site decreases as
the amount of MgO  reaches 3%, and the reason for this change is
ascribed to the decrease in the interaction between CuO and TiO2.
Similar viewpoint was presented in the literature [24,29,43]. Obvi-
ously, the results of the TOF (CO2) confirm further that the CO2
conversion not only depends on the SCu but also the interaction
between CuO and TiO2.

As shown in Table 5, the selectivity of methanol increases
first and then decreases with increasing the amount of MgO
loading. A value of 55.5% was obtained over the C/5%MT cata-
lyst, which increased by 86% compared with the unmodified C/T
sample. Although various factors affecting the methanol selec-
tivity have been proposed, no agreement exists in the literature
[44–46]. Recently, some researchers disclosed that the selectivity
of methanol correlated with the surface basicity of the catalysts
[13,14,20–22]. The carbon-containing intermediates adsorbed on
the stronger basic site preferred to hydrogenate further to form
methanol rather than dissociate to form CO [13,14]. The results
of CO2-TPD show that the strength of moderate and strong basic
sites increase continually with the addition of MgO. Consequently,
an ascending trend in the CH3OH selectivity was observed from
the unmodified C/T to C/5%MT. As far as C/7%MT is concerned, the
decline in CH3OH selectivity is ascribed to the excessive basicity of
the catalyst, which is unfavorable for the activation and hydrogena-
tion of adsorbed intermediates [22]. Similar viewpoint had been
proposed by Wang et al. [47].

CH3OH yield are also listed in Table 5. The CH3OH yield takes on

a volcanic variation trend with the addition of MgO. A maximum
value of 1.97% is obtained over the C/1%MT catalyst, and the value
increased by 54% in comparison with the unmodified C/T sample.
The effects of reaction temperature on the catalytic performance of
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Table 5
Catalytic property for hydrogenation of CO2 to methanol over C/T and C/MT catalysts.

Catalyst CO2 conversion (%) CH3OH selectivity (%) CH3OH yield (%) TOFCO2 × 103 (s−1)

C/T 4.3 29.8 1.28 6.8
C/0.5%MT 5.0 33.9 1.70 7.0
C/1%MT 5.2 37.9 1.97 6.9
C/3%MT 3.6 48.2 1.74 5.8
C/5%MT 2.6 55.5 1.44 4.3
C/7%MT 2.4 46.0 1.10 4.2

Reaction conditions: H2/CO2 = 3, T = 220 ◦C, P = 3.0 MPa, GHSV = 4800 h−1.
Experimental errors of the CO2 conversion and CH3OH selectivity are within ±3% of the v

F
o
R

C
f
e
a
b
r
m
C
T
a
p

4

t
f
f
b
i
t
C
i
e
C
t
s
l

A

(

[

[

[
[

[

[

[
[
[
[

[

[

[

[

[

[
[

[

[

[

[

[

[

ig. 7. Effect of temperature on the conversion of CO2 (solid symbols) and selectivity
f  methanol (open symbols) over C/T (circles) and C/1%MT (rectangles) catalysts.
eaction conditions: H2/CO2 = 3, P = 3.0 MPa, GHSV = 4800 h−1.

/T and C/1%MT catalysts were studied in the temperature range
rom 180 to 260 ◦C, and the results were shown in Fig. 7. With the
levation of reaction temperature, the conversion of CO2 increases,
ccompanied by a decrease in CH3OH selectivity. This trend can
e explained in terms of thermodynamics and kinetics, and the
elated discussion was presented in the literature [12]. Further-

ore, it is clear that the CO2 conversion and CH3OH selectivity over
/1%MT are higher than those over the unmodified sample of C/T.
his proves further that the modification of TiO2 with an appropri-
te amount of MgO  is favorable for the improvement of the catalytic
roperty of Cu/TiO2 catalysts.

. Conclusions

Copper catalysts supported on TiO2 modified with different con-
ent of MgO  were prepared and used for the synthesis of methanol
rom CO2 hydrogenation. With the addition of MgO, the Cu sur-
ace area increases first and then decreases, whereas the interaction
etween CuO and TiO2 decreases continually resulting in a decrease

n the reducibility of CuO. Moreover, MgO  modification increases
he strength and number of the moderate and strong basic sites. The
O2 conversion takes on a volcanic variation trend with increas-

ng the amount of MgO  loading, which is a result of the synergetic
ffect of the SCu and the interaction between CuO and TiO2. The
H3OH selectivity is related to the surface basicity of catalyst, and
he appropriate strength of basic sites is beneficial for the CH3OH
electivity. A maximum methanol yield is obtained at the MgO
oading of 1%.
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