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Low-temperature methanol synthesis catalyzed over
Cu/γ -Al2O3–TiO2 for CO2 hydrogenation
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A titanium-modifiedγ -alumina-supported CuO catalyst has been prepared and used for methanol synthesis from CO2 hydrogenation.
XRD and TPR were used to characterize the phase, reduction property and particle size of the reduced catalyst. The addition of Ti to the
CuO/γ -Al2O3 catalyst made the copper in the catalyst exist in much smaller crystallites and exhibit an amorphous-like structure. The adding
of Ti made the reduction peak shift toward lower temperature in comparison with the CuO/γ -Al2O3 catalyst. The effect of the addition
of Ti and the reaction conditions on the activity and selectivity to methanol from CO2 hydrogenation were investigated. The activity was
found to increase with increasing surface area of metallic copper, but it is not a linear relationship. This indicated that the catalytic activity
of the catalysts depends on both the metallic copper area and the synergy between the copper and titanium dioxide. The effect of contact
time on the relative selectivity (κ = SCH3OH/SCO) and selectivity of methanol were also investigated. The results indicated that methanol
was formed directly from the hydrogenation of CO2.
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1. Introduction

The methanol synthesis from carbon oxides and hydrogen
over copper–zinc catalysts is usually operated above 250◦C
and at a reaction pressure of more than 5.0 MPa. Because
of the thermodynamic limitation, the yield of methanol is
not high enough for the one-pass operation which is a break-
through of the methanol production system. In order to re-
alize it, the reaction must be carried out at 180◦C or less;
however, under this condition, the utilization of an indus-
trial Cu/ZnO/Al2O3 catalyst, which exhibited a high activ-
ity for methanol synthesis from syngas, was not success-
ful [1]. Recently, great efforts have been put into prepar-
ing an ideal catalyst for the hydrogenation of CO2 [2–7].
Koppel and Baiker [2] studied the effect of the prepara-
tion method on the catalytic performance of Cu/ZrO2 cata-
lysts and found that the efficient catalyst consisted of micro-
crystalline copper particles which were stabilized through
interaction with an amorphous matrix, leading to a high in-
terfacial area. Satio et al. [3] investigated various metal ox-
ides such as Ga2O3, Al2O3, ZrO2 and Cr2O3 contained in
Cu/ZnO-based ternary catalysts and ascribed the high activ-
ity and stability of the catalyst to the improvement of Cu
dispersion and the increase of specific activity by metal ox-
ides. The catalytic activity of Cu-based catalysts depends on
the properties of their supports. It is generally accepted that
metals supported on reducible oxides, e.g., TiO2 or Nb2O5,
have a high activity in comparison to the conventional sup-
ports, e.g., Al2O3 or SiO2 [8,9]. This promoting effect of
the reducible supports has been attributed to the creation of
new active sites at the metal–support interface, which orig-
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inates from the migration of support suboxide species onto
the metal surface [10]. Arakawa et al. [11] have reported
that the methanol synthesis from CO2 hydrogenation over
Cu/TiO2 showed high turnover frequency because the rate
of formate hydrogenation was enhanced by the synergetic
effect between Cu and TiO2.

But titania presents the disadvantage of a low surface area
(Sg ≈ 50 m2/g) and poor thermal stability as compared to
its alumina counterparts (Sg ≈ 200 m2/g). The alumina–
titania mixed oxide support appears very attractive to im-
prove the mechanical strength, thermal stability and surface
area of TiO2.

To date there have been no reports on the characteriza-
tion of Cu-based catalysts supported on titanium-modified
γ -Al2O3 and their activity for CO2 hydrogenation. It seems
interesting to study the changes that occur in the nature of
the support upon changing fromγ -Al2O3 to γ -Al2O3–TiO2
mixed oxide supports with various amount of titanium, and
the activity for CO2 hydrogenation.

In this paper we will present characterization by different
techniques for a series of 12 wt% copper catalysts supported
on γ -Al2O3 and threeγ -Al2O3–TiO2 supports with differ-
ent TiO2 content, prepared by impregnation methods. The
activity and selectivity to methanol over Cu/γ -Al2O3–TiO2
from CO2 hydrogenation is also investigated.

2. Experimental

2.1. Catalysts preparation

A non-aqueous solution of titanium isopropoxide in
ethanol was added to dryγ -alumina (γ -Al2O3, 20–40 mesh)
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and kept under argon atmosphere for 24 h. The solids were
washed with ethanol before drying, dried at 393 K and cal-
cined at air flow at 773 K for 5 h. The solids prepared
were named Al–Ti(x), wherex = 100× n(Ti)/(n(Ti) +
n(Al)).

A series of copper catalysts containing 12 wt% Cu were
prepared by impregnating the above supports using the ap-
propriate amount of an aqueous solution of Cu(NO3)2. The
impregnated samples were dried at 373 K and later calcined
at 673 K for 4 h; hereafter the catalysts will be referred to as
Cu/Al–Ti(x).

2.2. Catalytic reaction

Catalytic activity measurements were carried out by us-
ing a high-pressure microreactor (MRC8004) after introduc-
ing pretreatment gas (H2) at 300◦C for 3 h. The reactant
gas was passed through the catalyst bed (2 ml, 20–40 mesh)
under a total pressure of 3.0 MPa and a space velocity of
3600 h−1, at certain temperature. The tubing from the cat-
alyst bed to the gas chromatograph was heated at 393 K so
as to avoid any condensation of the products. All experi-
mental data were obtained under steady-state conditions that
were usually maintained for several hours before changing
the reaction temperature to obtain another set of data. The
products were analyzed by an on-line gas chromatograph
with a thermal detector, in which two parallel connected
columns, Porapak-Q and TDX-01, were used to separate re-
action products.

2.3. Temperature-programmed reduction (TPR)

TPR measurements were made in a flow system. 10 mg
catalyst was pretreated in air at 400◦C and placed in a TPR
cell at room temperature, into which H2–N2 (5 : 95) mixed
gas was introduced. The water produced by the reduction
was trapped on a 5A molecular sieve. The temperature of
the sample was programmed to rise at a constant rate of
10◦C/min and the amount of H2 uptake during the reduction
was measured by a thermal conductivity detector (TCD).

2.4. X-ray powder diffraction (XRD) experiments

Measurement of X-ray powder diffraction (XRD) was
conducted by using a Rigaku D/Max-B for analysis of the
crystal phase.

3. Results and discussion

3.1. XRD of calcined catalysts

Figure 1 displays the XRD patterns of titanium-modified
alumina (Al–Ti(x); x = 5, 10 and 15). From figure 1,
the pattern of the titanium-modified alumina (x = 5) only
displays wide peaks corresponding to the (400) and (440)
planes of the supportγ -Al2O3 (2θ = 46◦ and 67

◦
, respec-

tively). With increasing Ti content, the phase of TiO2 crys-
tallite appears. These results confirm that the catalysts with

Figure 1. XRD profiles ofγ -Al2O3 with different Ti loading (a) Al–Ti(5),
(b) Al–Ti(10) and (c) Al–Ti(15).

Figure 2. XRD profiles of CuO/γ -Al2O3 and CuO/Al–Ti(10) catalysts:
(a) 12CuO/Al–Ti(10) and (b) 12CuO/γ -Al2O3.

lower titanium contents (up to 10%) did not exhibit TiO2
crystallites.

The XRD patterns of the Cu catalysts supported onγ -
Al2O3 and titanium-modifiedγ -Al2O3 are shown in fig-
ure 2. For the Cu/Al–Ti(10) catalyst, the diffraction peaks
of CuO were broadened remarkably. In contrast to the
CuO/Al–Ti(10) catalyst, the CuO/γ -Al2O3 showed much
narrower and sharper diffraction and two resolvable peaks
at 2θ = 35◦ and 38◦, respectively. The results show that
the adding of Ti had a significant influence on the particle
size distribution and the structure of the catalyst. The cop-
per oxide, titania andγ -alumina phases were present in an
amorphous-like or microcrystalline state in the ternary cata-
lysts.

3.2. XRD of reduced catalysts

When the ternary Cu/Al–Ti(x) catalysts were reduced
by H2 at 300◦C, XRD lines (figure 3) for CuO were ab-
sent for the reduced samples while diffraction lines for Cu0

were present. This indicated that CuO in the ternary Cu/Al–
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Figure 3. XRD profiles of reduced catalysts: (a) 12Cu/γ -Al2O3, (b) 12Cu/
Al–Ti(5), (c) 12Cu/Al–Ti(10) and (d) 12Cu/Al–Ti(15); Cu (•).

Table 1
Properties of reduced catalysts.

Catalyst Metallic copper particles sizea Metallic copper area
(nm) (XRD)b (m2/gcat)

12Cu/γ -Al2O3 52.43 0.28
12Cu/Al–Ti(5) 22.951 9.312 1.60
12Cu/Al–Ti(10) 20.001 4.042 2.08
12Cu/Al–Ti(15) 18.961 3.052 2.81

a1 and 2 refer to particle size.
b Specific surface area of metallic copper calculated from XRD.

Ti(x) catalyst was completely reduced to metallic copper.
The mean crystallite size was determined using the Scherrer
equation,d = κλ/β cosθ and the results are listed in ta-
ble 1. This shows that the crystallite size of Cu decreases
with the increasing of the content of TiO2. It is consistent
with the XRD results of calcined and reduced catalysts. Fur-
thermore, it is obvious that there exist two kinds of metallic
copper particles with different crystallite size on the reduced
CuO/Al–Ti(x) catalysts.

3.3. TPR

The TPR profiles of the catalysts are displayed in fig-
ure 4. Two reduction peaks can be observed in the TPR
patterns of CuO/γ -Al2O3. According to Dow et al. [12],
the low-temperature peak (assigned asα) is due to the re-
duction of the highly dispersed copper oxide species. The
high-temperature peak (assigned asβ) has been ascribed to
the reduction of bulk-like CuO phases. On the other hand,
the CuO/Al–Ti(10) shows four peaks. The four peaks are
designated byα1, α2, β1 andβ2 in figure 4. The positions
of peaks shift to lower temperature in comparison with the

Figure 4. TPR profiles of 12CuO/γ -Al2O3 and 12CuO/Al–Ti(10): (a) CuO/
γ -Al2O3 and (b) CuO/Al–Ti(10).

CuO/γ -Al2O3 sample. It is well known that TiO2 is par-
tially reduced to TiO2−x under hydrogen at high tempera-
ture (above 500◦C) [13]. So the four TPR peaks on the
CuO/Al2O3–TiO2 catalyst are contributed to the reduction
of CuO species. From figure 4, it can be seen that the reduc-
tion behavior of the CuO/Al–Ti(x) catalyst is thus obviously
different from that of the CuO/γ -Al2O3 catalyst. Adding
of Ti decreases obviously the area of the high-temperature
peak (β1 andβ2) but enhances the area of the lower tem-
perature peak (α1 andα2). Comparing the XRD (figure 2)
and TPR results, we believe that the lower temperature TPR
peak (α1 andα2) is contributed to reduction of the dispersed
copper oxide, while the high-temperature TPR peak (β1 and
β2) is the reduction of bulk CuO with different particle size
which can be found in table 1. Deo et al. [14] reported that
bridged-bonded vanadium oxide, such as Zr–O–V, is more
reducible than that with terminal-bonded oxygen (V=O).
Dow and Huang [15] have reported that when copper ox-
ide is supported on YSZ (Y2O3-stabilized ZrO2), the inter-
facial oxygen ion of copper oxide can be removed at very
low temperature to form third and fourth TPR peaks, i.e.,α1
andα2 peaks as well asβ andγ peaks. Two TPR peaks with
lower temperatures (namelyα1 andα2) have been attributed
to the hydrogen uptake of nested oxygen ions and tempt-
able oxygen ions, respectively. The strong affinity between
the surface oxygen vacancy ion of YSZ and the interface-
boundary terminal oxygen ion of copper oxides will cause
this Cu=O bond to become weakened. Dow and Huang
designated these oxygen ions as nested oxygen ions. The
interface-boundary terminal oxygen ions which are in the
vicinity of the surface oxygen vacancy of YSZ are temptable
oxygen ions. The nested oxygen ions and temptable oxygen
ions are interface-boundary terminal oxygen ions of the sup-
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ported copper oxide but have different environment and in-
teraction with the surface oxygen vacancies of the YSZ sup-
port. We believe thatα1 andα2 peaks of our CuO/Al–Ti(10)
catalyst correspond to theα1 andα2 peaks of the CuO/YSZ
catalyst in the literature [15]. From the result mentioned
above, it can be found that the addition of Ti enhances the
dispersion of CuO and promotes the reduction of CuO.

3.4. Effect of the composition and copper area of the
catalyst on the catalytic activity

The catalytic activity and selectivity results obtained in
a microreactor (MRC8004) are shown in figure 5. Car-
bon monoxide and methanol are the only carbon-containing
products found under the reaction conditions (T = 180◦C,
P = 3.0 MPa, GHSV = 3600 h−1, H2/CO2 = 3/1).
Comparing the Cu/Al–Ti(x) ternary catalysts with the binary
Cu/γ -Al2O3 catalysts, it can be found that the former shows
a higher conversion of CO2 and higher yield of methanol.
This can be attributed to the fine particle size of metallic cop-
per and higher copper metal surface area in the ternary cat-
alysts. From figure 5, it can be seen that although the CO2
conversion of Cu/γ -Al2O3 is 3.2%, the Cu/Al–Ti(10) is as
high as 7.36%; the yield of methanol on the 12Cu/Al–Ti(10)
(6.5%) is four times more than that on 12Cu/γ -Al2O3
(1.59%). The yield of methanol is in the order of Cu/Al–
Ti(10)>Cu/Al–Ti(15)>Cu/Al–Ti(5)> Cu/Al2O3.

Various compositions and different preparation methods
of Cu-containing catalysts can strongly influence their cat-
alytic activity for methanol synthesis. It has been pro-
posed [16–19] that the yield of methanol is directly propor-
tional to the surface of metallic copper for Cu/ZnO/Al2O3
or supported copper catalysts in the synthesis of methanol
from the hydrogenation of CO or CO2. However, there are
also conflicting reports [20–22] which suggest that the yield
of methanol is not proportional to the surface area of metallic
copper for the Cu/ZnO and Cu/ZnO/Al2O3 catalysts. There
are few studies on the relations of the catalytic activity for
methanol synthesis from CO2 hydrogenation to the surface
area of metallic copper.

Figure 5. Effect of Ti content of the catalyst on CO2 hydrogenation. Re-
action conditions:T = 180◦C, P = 3.0 MPa, GHSV= 3600 h−1,

CO2/H2 = 1/3 (molar ratio).

In our experiment, the effect of the surface area of metal-
lic copper on the activity of synthesis of methanol from CO2
hydrogenation over Cu/Al–Ti(x) was studied and the results
are shown in figure 6. It can be seen that the catalytic activ-
ity increased with the increase of the surface area of metallic
copper, but it was not a linear relationship. This indicates
that the catalytic activity of the catalysts depends on both
the metallic copper surface area and the powerful synergy
between copper and titanium dioxide, which is consistent
with the result reported by Arakawa et al. [11].

3.5. Effect of reaction condition on catalytic behavior

The activity of the 12Cu/Al–Ti(10) catalyst for methanol
synthesis with different temperature is shown in figure 7.
It reveals that the yield of methanol has a maximum. It is
well known that the rate of reaction increases with the in-
crease of temperature kinetically, so the yield of methanol
should increase with the increase of temperature. However,
the yield of methanol declines with the increasing tempera-
ture because of the limitation of the thermodynamic equilib-
rium. Therefore, it can be concluded that the control factor

Figure 6. The relationship between the yield of methanol and Cu surface
area at 240◦C, 3.0 MPa and hourly space velocity of 3600 h−1.

Figure 7. Effect of temperature on the catalytic activity of methanol syn-
thesis at 3.0 MPa, space velocity of 3600 h−1 on 12Cu/Al–Ti(10) catalyst.
Reaction conditions:P = 3.0 MPa, GHSV= 3600 h−1, CO2/H2 = 1/3

(molar ratio).
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of the reaction transforms from kinetics to thermodynamics.
From figure 7, it can be seen that the maximum is obtained
at 240◦C.

In order to clarify whether methanol is produced directly
by carbon dioxide hydrogenation or via the intermediate for-
mation of carbon monoxide, the influence of the contact time
on the methanol selectivity was investigated (as shown in
figure 8). It is well known that the reverse water–gas-shift
reaction (RWGS) and methanol synthesis reaction coexist in
carbon dioxide hydrogenation presented as

CO2(g)+ 3H2(g)→ CH3OH(g)+ H2O(g) (1)

�H298= −49.47 kJ/mol,

�G298= 3.30 kJ/mol,

CO2(g)+ H2(g)→ CO(g)+ H2O(g) (2)

�H298= −41.17 kJ/mol,

�G298= 28.64 kJ/mol.

Carbon monoxide is an unavoidable intermediate precur-
sor. If the catalyst is highly active and the contact time of
reaction gas with the catalyst is long enough, the decompo-
sition of methanol (produced in reaction (1)) or the hydro-
genation of carbon monoxide (produced in reaction (2)) will
take place. The possible secondary reaction is

CH3OH(g)→ CO(g)+ H2(g) (3)

�H298= 90.64 kJ/mol,

�G298= 25.34 kJ/mol.

The selectivity of methanol (S) and relative selectivity (κ)
are presented in figure 8 as functions of the contact time (τ )
for 12Cu/Al–Ti(10). Both curves tend toward the finite val-
ues as the contact time approaches zero, suggesting that par-
allel routes to methanol and carbon monoxide exist under
enough high hourly space velocity condition. However, it
is noted that the selectivity to methanol increases and se-
lectivity to carbon monoxide decreases with the increase of
space velocity. It is well known that, if both carbon monox-

Figure 8. Effect of contact time on selectivity to methanol and relative selec-
tivity on CO2 hydrogenation. Relative selectivity:κ = χ (CH3OH)/χ (CO)
(χ = molar fraction). Reaction conditions:T = 240◦C, P = 3.0 MPa,

CO2/H2 = 1/3 (molar ratio).

ide and methanol are formed merely from primary reaction
simultaneously, the ratio of selectivity to methanol and car-
bon monoxide will remain constant with the change of the
space velocity. The decreasing of selectivity to methanol
and the increasing of that to carbon monoxide with the de-
creasing of the space velocity indicates that part of the car-
bon monoxide is formed from the secondary reaction under
our experimental conditions. This is because when the gas
hourly space velocity is low (or the contact time of reac-
tion gas with the catalyst surface is long), secondary reac-
tion of methanol decomposition or hydrogenation of carbon
dioxide (reaction (3)) becomes an innegligible process. The
increasing of selectivity to CO indicated that the methanol
decomposition could be a major secondary reaction. As a
result, the decreasing of selectivity to methanol and the in-
creasing of that to CO were found with the decreasing of the
gas hourly space velocity. In other words, only methanol
and CO were primary products when the gas hourly space
velocity was high enough; the contact time of reaction gas
with the catalyst surface was short enough and all of the sec-
ondary process were depressed completely. This indicates
that methanol and CO can be formed via reactions (1) and
(2) simultaneously. From the analysis above, it can be con-
cluded that the formation of methanol is a primary process
of reaction (1). The methanol formation from hydrogenation
of carbon monoxide (reaction (3)) formed from the reverse
water–gas-shift reaction is negligible. From radiotracer stud-
ies using a Cu/ZnO/Al2O3 catalyst under industrial condi-
tions, Chinchen et al. [23] suggested that methanol synthesis
proceeded from carbon dioxide, even in the presence of car-
bon monoxide. Koeppel and Baiker [24] conclude from the
investigation of the influence of the residence time on the
relative rate of product formation (CH3OH and CO) using
Cu/ZrO2 catalyst that methanol is formed from carbon diox-
ide via a reaction pathway parallel to that of the formation
of carbon monoxide. These conclusions are basically con-
sistent with ours.

4. Conclusion

Cu/γ -Al2O3–TiO2 catalysts with fine particles and high
activity for synthesis of methanol from CO2 hydrogena-
tion have been prepared by the conventional impregnation
method. The addition of TiO2 leads to a decrease in crys-
tallite sizes of the catalyst and made the copper in the cat-
alyst exhibit amorphous-like or less well-ordered structure
features. The optimized composition isn(Ti)/(n(Ti) +
n(Al)) = 0.1. The catalytic activity increases with increas-
ing copper surface area, but it is not a linear relationship.
This indicates that a synergy for the synthesis of methanol
exists between copper and titanium dioxide. The selectiv-
ity of methanol increases with the increase of space veloc-
ity, suggesting that methanol is the primary product and is
formed directly from CO2/H2. The secondary process of hy-
drogenation of carbon monoxide via the route of the reverse
water–gas-shift reaction is not significant for methanol syn-
thesis from CO2 hydrogenation.
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