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Abstract:    The synthesis of methanol and dimethyl ether (DME) from CO hydrogenation has been investigated on Cu-based 
catalysts. A series of Cu/ZnO/Al2O3 catalysts were prepared using a solvent-free routine which involved a direct blend of  
copper/zinc/aluminum salts and citric acid, followed by calcination at 450 °C. The calcination processes were monitored using 
thermogravimetry differential scanning calorimetry (TG-DSC). Catalysts were further characterized using N2 adsorption, scanning 
electronic microscopy (SEM), X-ray diffraction (XRD), N2O oxidation followed by H2 titration, and temperature-programmed 
reduction with H2 (H2-TPR). The reduction processes were also monitored with in-situ XRD. The physicochemical properties of 
catalysts depended strongly on the types of precursor salts, and catalysts prepared using Al acetate and Cu nitrate as starting 
materials had a larger surface area, larger exposed metallic copper surface area, and lower reduction temperature. The CO hy-
drogenation performances of these catalysts were compared and discussed in terms of their structures. Catalysts prepared with 
copper nitrate, zinc and aluminum acetates exhibited the highest catalytic activity.  
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1  Introduction 
 
Production of methanol and dimethyl ether 

(DME) from CO hydrogenation has attracted much 
attention in recent years (Fei et al., 2006; Jin et al., 
2007; Venugopal et al., 2009; Wang et al., 2009; 
Kang et al., 2010), since these compounds are inter-
esting renewable energy sources with a high potential 
to minimize greenhouse gas emissions, thereby mi-
tigating global warming (Fei et al., 2006; Bae et al., 
2009; Gao et al., 2009). Methanol is a common 
feedstock for several important chemicals (Yang et al., 
2008; Wang et al., 2010; Zhang et al., 2011). DME is 
also an important ingredient for the production of a 

wide range of chemicals such as dimethyl sulfate, 
methyl acetate, and light olefins (Bae et al., 2009; 
Gao et al., 2009). At the same time, both methanol 
and DME are safe mediums for the storage and 
transportation of hydrogen, and they are recom-
mended as alternative fuels that can be directly used 
in fuel cells (Qi et al., 2001; Weng et al., 2005; Se-
melsberger et al., 2006; Teng, 2008). 

Cu/ZnO/Al2O3 catalysts have been widely used 
for methanol and DME synthesis from CO hydroge-
nation because of their high catalytic activity, long 
lifetime, high poison resistance, and relatively low 
reaction temperature and pressure (Zhang et al., 1997; 
Reubroycharoen et al., 2004; Mao et al., 2005; Baltes 
et al., 2008; Behrens, 2009; Yang et al., 2010). Finding 
a better catalyst for methanol and DME synthesis is 
nevertheless still a subject of intense investigation. In 
order to increase the activity and stability of 
Cu/ZnO/Al2O3, a series of additives such as Zr, Y, La, 
and Ga are introduced to improve its performance for 
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CO hydrogenation to methanol and DME (Fei et al., 
2006; Jin et al., 2007; Venugopal et al., 2009).  

Preparation methods also play a crucial role in 
the catalytic performance of Cu/ZnO/Al2O3 (Hong et 
al., 2002; Liu et al., 2003; Arena et al., 2007). Nu-
merous technical methods, such as co-precipitation 
(Zhang et al., 1997; Reubroycharoen et al., 2004; 
Mao et al., 2005; Baltes et al., 2008; Behrens, 2009; 
Yang et al., 2010; Behrens et al., 2011), impregnation 
(Choi et al., 2001), sol-gel (Wang et al., 2009; Fan 
et al., 2010), and reverse microemulsion techniques 
(Agrell et al., 2003) have been reported to prepare 
Cu/Zn/Al mixed oxide catalysts. Among these tech-
niques, co-precipitation via hydroxycarbonate pre-
cursors followed by calcination is practical for 
commercial production of well-mixed Cu/ZnO/Al2O3 
catalysts (Yang et al., 2008; Bae et al., 2009; Gao 
et al., 2009; Venugopal et al., 2009). However, 
co-precipitation often has disadvantages, such as 
time-consuming, tedious multistep processing, and 
delicate pH/temperature control (Castricum et al., 
2001; Avgouropoulos and Ioannided, 2003; Wang et 
al., 2007; Guo et al., 2010). In addition, the final 
material obtained by the alkali co-precipitation route 
suffers from alkaline metal contamination as well as 
the formation of vast amounts of environmental waste 
(Wang et al., 2007).  

The mechanical milling method and combustion 
synthesis method have been reported in the synthesis 
of various nanostructured metal and metal-oxide 
phases (Wang et al., 2007; Gu et al., 2009; Guo et al., 
2010). The highly non-equilibratory nature of the 
mechanical milling process may provide a unique 
opportunity to prepare catalytic materials with im-
proved physical and chemical properties (Trovarelli 
et al., 1997; Boldyrev and Tkáčová, 2000). Moreover, 
mechanical milling can be easily done under a  
solvent-free condition and rapidly produce large 
numbers of well-mixed catalysts. The combustion 
synthesis method, based on the principles of propel-
lant chemistry, has been an attractive technique for 
the synthesis of metal oxide powders in recent years 
due to its low cost, precise stoichiometric ratio, and 
short reaction time (Ribeiro et al., 2008; Guo et al., 
2010; Reddy et al., 2011). In the combustion synthe-
sis process, a thermally induced redox reaction takes 
place between an oxidant and a fuel. In general, the 
metal nitrates are used as oxidants, whereas organic 

compounds such as citric acid, urea, and glycine are 
applied as fuels (Guo et al., 2010).  

In this paper, we reported an easy solvent-free 
synthesis of Cu/ZnO/Al2O3 catalysts prepared using 
nitrate or acetate as metal precursors and citric acid as 
fuel via the mechanical milling and combustion syn-
thesis method. The calcination processes were mo-
nitored using thermogravimetry differential scanning 
calorimetry (TG-DSC). The final catalysts were fur-
ther characterized using N2 adsorption, scanning 
electronic microscopy (SEM), X-ray diffraction 
(XRD), in-situ XRD, N2O oxidation followed by H2 
titration, and temperature-programmed reduction 
with H2 (H2-TPR). Our objective was to combine the 
advantages of the mechanical milling method with 
those of combustion synthesis method. Special atten-
tion was paid to the effects of the Cu/Zn/Al precursor 
salts on their structures and catalytic behaviors in the 
methanol and DME synthesis from CO hydrogenation. 
The results of the physicochemical characterization 
are discussed in relation to the catalytic performances 
of Cu/ZnO/Al2O3 catalysts. 

 
 

2  Experimental 

2.1  Catalysts preparation 

Six Cu/ZnO/Al2O3 samples (all with a Cu/Zn/Al 
atomic ratio of 60/25/15) were prepared using different 
copper/zinc/aluminum precursors and citric acid using 
the mechanical milling and combustion synthesis me-
thod. The composition of precursors is listed in Table 1. 
A typical procedure for preparing CZA-NNN catalyst 
is as follows: 14.50 g of Cu(NO3)2·3H2O, 7.44 g of 
Zn(NO3)2·6H2O, 5.63 g of Al(NO3)3·9H2O, and 
19.21 g of citric acid were first premixed by hand for 1 
h. The mixed powder was then loaded into an agate 
vial (50 ml) with agate milling balls under air atmos-
phere. The weight ratio between the balls and powders 
was kept at 10:1. The milling was carried out in a 
planetary mill (XQM-L, China) at 300 r/min for 2 h. 
After completion of milling, the resulting mixture was 
separated from the balls, followed by calcination at 
450 °C for 4 h. The final sample was designated as 
CZA-NNN. The procedures for preparing CZA-ANN, 
CZA-NAN, CZA-NNA, CZA-NAA, and CZA-AAA 
catalysts were similar to that of CZA-NNN, but with 
different precursor salts (Table 1).  
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2.2  Characterization  

TG-DSC was carried out on a thermo-balance 
(Netzsch STA 409, Germany). Analysis was per-
formed from 30 °C to 530 °C at a heating rate of 
10 °C/min under N2 flow (30 ml/min). N2 adsorption 
was measured at its normal boiling point (−196 °C) 
using a volumetric adsorption analyzer (ASAP 2010, 
Micromeritics, US) after samples were pretreated at 
250 °C for 4 h in vacuum. BET surface area was 
calculated on an adsorption branch. 

XRD analysis was carried out on a Rigaku 
D/MAX-2500 diffractometer (Japan) with a scanning 
angle (2θ) of 15°–85° using Cu Kα radiation. In-situ 
XRD in H2/Ar (volume ratio 1:10) flow at 30 ml/min 
was carried out on the same system connected to an 
Anton-Paar high temperature XRK assembly in 
which samples were mounted in a high-temperature 
cell, heated at 10 °C/min, and stabilized for 5 min 
before measurements. Cu particle sizes were calcu-
lated using Scherrer’s equation.  

SEM images of the calcined samples were ob-
tained using a Leo Series VP 1430 microscope oper-
ating at 15 kV. Before being transferred into the SEM 
chamber, the samples dispersed with ethanol were 
deposited on the sample holder, and then quickly 
moved into the vacuum evaporator.  

TPR experiments were conducted using H2/N2 
(volume ratio 1:10) as a reducing gas in a quartz 
reactor. A freshly calcined catalyst of 20 mg was 
placed on top of glass wool in a quartz reactor and 
pretreated at 350 °C for 1 h under N2 flow at 
30 ml/min. After the sample was cooled to room 
temperature, the flow rate of the reducing gas was 
kept at 30 ml/min, with a ramp rate of 10 °C/min to a 
final temperature of 400 °C. The effluent gas was 
dried with KOH powder and the amount of hydrogen 
consumption was measured using a thermal conduc-
tivity detector (TCD).  

 
 

 
 
 
 
 
 

 
The exposed metallic copper surface area (SCu) 

in the reduced catalyst was determined using the N2O 
oxidation followed by H2 titration as described in 
(Gervasini and Bennici, 2005; Yuan et al., 2011). The 
measurements were carried out in a linear quartz 
reactor. Catalysts were first reduced in the procedure 
described in the above TPR experiment until they 
reached 400 °C. The amount of hydrogen consump-
tion in the first TPR was denoted as X. It was then 
purged with He and cooled to 50 °C. Surface copper 
atoms were oxidized in N2O/N2 (volume ratio 1:5) 
flow at 30 ml/min, 50 °C for 0.5 h. Finally, samples 
were flushed with He to remove the oxidants and 
cooled to room temperature to start another TPR run. 
Hydrogen consumption in the second TPR was de-
noted as Y. The dispersion of Cu and SCu were calcu-
lated using the following equations (Yuan et al., 
2011).  

All copper atoms were reduced in the first TPR: 
 

CuO+H2→Cu+H2O, 
Hydrogen consumption=X. 

 

Surface copper atoms oxidized to Cu2O by N2O 
at 50 °C were reduced in the second TPR: 

 

Cu2O+H2→2Cu+H2O, 
Hydrogen consumption=Y. 

 

And the dispersion of Cu and SCu were respectively 
calculated as: 

 

D=(2×Y/X)×100%, 
SCu=2×Y×Nav/(X×MCu×1.4×1019) 

=1353×Y/X (m2/g), 
 

where Nav is the Avogadro’s constant, MCu is the rel-
ative atomic mass of copper (63.456 g/mol), and 
1.4×1019 is the copper atom surface density per square 
meter. 

Table 1  Composition of the precursors of different Cu/Zn/Al2O3 catalysts 

Catalyst Copper salt Zinc salt Aluminum salt Fuel 
CZA-NNN Cu(NO3)2·3H2O Zn(NO3)2·6H2O Al(NO3)3·9H2O C6H8O7 
CZA-ANN Cu(CH3COO)2·H2O Zn(NO3)2·6H2O Al(NO3)3·9H2O C6H8O7 
CZA-NAN Cu(NO3)2·3H2O Zn(CH3COO)2·2H2O Al(NO3)3·9H2O C6H8O7 
CZA-NNA Cu(NO3)2·3H2O Zn(NO3)2·6H2O Al(CH3COO)3 C6H8O7 
CZA-NAA Cu(NO3)2·3H2O Zn(CH3COO)2·2H2O Al(CH3COO)3 C6H8O7 
CZA-AAA Cu(CH3COO)2·H2O Zn(CH3COO)2·2H2O Al(CH3COO)3 C6H8O7
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2.3  Catalyst reactions 

Catalysts were evaluated in a continuous-flow, 
fixed-bed reactor. Catalyst of 2.0 g diluted with quartz 
sand (both in 20–40 meshes) was packed into the 
stainless steel tubular reactor. Prior to the activity test, 
all fresh catalysts were reduced under H2 flow at 
270 °C for 1 h under atmospheric pressure. Then, the 
reactor was cooled to 180 °C and the reactant gas flow 
was introduced. The reaction conditions employed in 
the activity test were temperature 260 °C, pressure 
2.0 MPa, gas hourly space velocity (GHSV) 1500 h−1, 
and a molar feed composition of CO/H2=1/2. All 
post-reactor lines and valves were heated to 150 °C to 
prevent product condensation. The effluent products 
were analyzed on-line with a gas chromatograph 
equipped with a thermal detector, in which a  
Porapak-Q column was used to separate reaction 
products. Conversion and selectivity values were 
quoted as the average of three different analyses taken 
after 1 h of stream operation.  

 
 

3  Results and discussion 

3.1  Combustion and decomposition behaviors of 
the precursors  

There are two steps involved in the formation of 
CZA catalysts with the mechanical milling and 
combustion synthesis method. First, complexes of 
metal-citrate were prepared using mechanical milling 
of metal salt and citric acid. Then, CuO/ZnO/Al2O3 
was obtained by the combustion and decomposition 
of the Cu/Zn/Al citrate precursors (Behera et al., 
2004). The combustion and decomposition behaviors 
of the precursors were recorded by TG-DSC. Fig. 1a 
shows that the combustion and thermal decomposi-
tion behavior of CZA-NNN proceeds in three stages. 
In the first stage, the weight loss of about 3.1% in the 
temperature range of 50–148 °C is attributed to the 
vaporization of physically absorbed water. In the 
second stage, the appearance of a weight loss of about 
34.3% in the temperature range of 148–242 °C with a 
sharp exothermic peak around 180 °C is attributed to 
the combustion reaction between citric acid and ni-
trates. Finally, there is a weight loss of about 29.4% 
and a broad and small exothermic peak from 
242–530 °C, which can be ascribed to the decompo-

sition of the residual citric acid. As shown in Fig. 1a, 
the adoption of 450 °C as the calcination temperature 
can ensure a complete decomposition of the catalyst 
precursor. Although the low calcination temperature 
helps to decrease the sintering of copper, the residue 
will reduce the activity of the catalyst. Fig. 1b shows 
that the combustion and thermal decomposition be-
havior of CZA-ANN proceeds in four stages. In the 
second stage, a weight loss of about 17.4% in the 
temperature range of 150–226 °C with a sharp exo-
thermic peak around 172 °C is attributed to the 
combustion reaction between citric acid and nitrates 
(Zn(NO3)2 and Al(NO3)3). The third stage shows an 
endothermic peak at 239 °C and a weight loss of 
28.4%, which can be attributed to the decomposition 
of Cu(CH3COO)2 (Haynes and Lide, 2011). Figs. 1c– 
1e show that the combustion and thermal decompo-
sition behaviors of CZA-NAN, CZA-NNA, and 
CZA-NAA also proceed in four steps. Fig. 1e shows a 
weight loss of about 16.6% in the temperature range 
of 130–210 °C with an exothermic peak around 
157 °C, which is attributed to the combustion reaction 
between citric acid and copper nitrate. From 210 to 
285 °C, there is a weight loss of about 27.1% and an 
endothermic peak around 244 °C, which can be as-
cribed to the decomposition of acetate (Zn(CH3COO)2 
and Al(CH3COO)3). Fig. 1f shows that the combus-
tion and thermal decomposition behavior of CZA- 
AAA proceeds in three stages. In the second stage, a 
weight loss of about 45.3% in the temperature range 
of 190–285 °C with a sharp endothermic peak around 
242 °C is attributed to the decomposition of acetate 
(Cu(CH3COO)2, Zn(CH3COO)2, and Al(CH3COO)3). 
These observations unambiguously reveal that there 
are not combustion reactions between citric acid and 
acetate precursors, because the combustion reaction is 
a redox reaction which uses metal salts as oxidants 
and fuel as reductants (Fumo et al., 1996), and the 
acetate cannot oxidize citric acid. Comparisons of the 
TG-DSC profiles of catalysts prepared using different 
precursor salts reveal that the combustion temperature 
of CZA-NNN is the highest and that of CZA-NAA is 
the lowest. Copper acetate in CZA-ANN and 
CZA-AAA cannot combust with citric acid and needs 
to be decomposed at a higher temperature (239 °C). 
Therefore, the combustion processes depend strongly 
on the type of precursor salts.  
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3.2  Structures of the calcined catalysts  

The BET surface areas derived from nitrogen 
physisorption are summarized in Table 2. Catalysts 
prepared with aluminum acetate have larger surface 
areas than those obtained with aluminum nitrate 
where the same Cu/Zn precursor salts are used. 
Comparisons of the catalysts prepared with different 
copper salts and the same Zn/Al precursor salts reveal 
that the catalyst prepared using copper nitrate as a 
starting material has a larger surface area than the 
catalyst derived from copper acetate. The effects of 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
the zinc salts on the surface areas of catalysts are 
opposite to those of copper salts. The maximum sur-
face area is 67.4 m2/g for CZA-NAA and the mini-
mum surface area is 19.7 m2/g for CZA-ANN. As 
mentioned above in the TG-DSC analysis, the com-
bustion temperature of CZA-NAA is the lowest, and 
copper acetate in CZA-ANN cannot combust with 
citric acid and needs to be decomposed at higher 
temperatures. Lower combustion temperatures will 
result in higher surface area.  

Fig. 1  TG-DSC of the Cu/Zn/Al mixed precursors 
(a) CZA-NNN; (b) CZA-ANN; (c) CZA-NAN; (d) CZA-NNA; (e) CZA-NAA; (f) CZA-AAA 
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In order to inspect the reproducibility of surface 
areas of the catalysts, the CZA-NNN and CZA-ANN 
were prepared, again using the mechanical milling 
and combustion synthesis method. The surface areas 
of CZA-NNN and CZA-ANN are 32.9 and 19.6 m2/g, 
respectively. Surface areas changed little during the 
second synthesis of catalysts, so the reproducibility of 
surface areas of the catalysts is good. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 shows the surface morphology of calcined 
catalysts. The samples obtained using aluminum ni-
trate afforded the massive agglomerates apparently 
larger than those samples prepared using aluminum 
acetate when the same Cu/Zn precursor salts were 
used. Tsubaki et al. (2010) reported that aluminum 
nitrate acted as the binder for zeolite membrane 
growth. In this experiment, aluminum nitrate may 
have promoted the growth of particles as binders 
during the preparation process of the catalyst. 
Moreover, as mentioned in the above TG-DSC anal-
ysis, the decomposition temperature of copper salts in 
catalysts prepared by aluminum nitrate under the 
same conditions is higher, and the high combustion 
temperature leads to sintering of particles. In contrast, 
the particles of calcined CZA-NNA and CZA-NAA 
prepared using aluminum acetate as a starting ma-
terial are disk-like, and the distribution of the main 
particles for both catalysts seems to be uniform, with 
an average size of <300 nm. Grunwaldt et al. (2000) 
found that the morphology of copper particles was 
disk-like due to the strong interaction between Cu and 
ZnO. Comparisons of the catalysts prepared with 
different copper salts and the same Zn/Al precursor  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2  Physicochemical properties of Cu/ZnO/Al2O3 
catalysts prepared using the mechanical milling and 
combustion synthesis method 

Catalyst 
SBET 

(m2/g) 
dCu 

(nm) 
Dispersion 

(%) 
SCu 

(m2/g) 
CZA-NNN 32.6 37.1 3.7 25.0 

CZA-ANN 19.7  3.4 23.0 

CZA-NAN 37.6  5.6 37.9 

CZA-NNA 62.6  6.1 41.3 

CZA-NAA 67.4 30.7 7.0 47.4 

CZA-AAA 27.3  3.6 24.4 

SBET is the BET specific surface area; dCu is the particle size of 
Cu determined after reduction by the in-situ XRD data based on 
Scherrer’s equation. The exposed metallic copper surface area 
(SCu) and dispersion in the reduced catalyst were determined by 
N2O chemisorption at 50 °C  using the procedure described in 
(Gervasini and Bennici, 2005; Yuan et al., 2011) 

 

Fig. 2  SEM images of the catalysts prepared using the mechanical milling and combustion synthesis method 
(a) CZA-NNN; (b) CZA-ANN; (c) CZA-NAN; (d) CZA-NNA; (e) CZA-NAA; (f) CZA-AAA 

(d) 

500 nm 

(e)

500 nm 
1.00 μm 

(f) 

(a)

1.00 μm 

(c)

1.00 μm 

(b)

1.00 μm 
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salts reveal that the catalyst prepared using copper 
nitrate as a starting material forms smaller particles 
than the catalyst derived from copper acetate. The 
effects of the zinc salts on the particle size of catalysts 
are opposite to those of copper salts. Therefore, SEM 
images of these catalysts suggest that copper nitrate, 
zinc acetate, and aluminum acetate are more effective 
than copper acetate, zinc nitrate, and aluminum ni-
trate in terms of the mechanical milling and combus-
tion synthesis of Cu/ZnO/Al2O3 catalysts with high 
component distribution and small particle size. These 
results are in accordance with their surface areas. 

SEM images of single particle of calcined cata-
lysts show a clear change in morphology. As shown in 
the inserts of Figs. 2a–2c and 2f, CZA-NNN, 
CZA-ANN, CZA-NAN, and CZA-AAA exhibit a 
solid brick-like morphology with large particle size 
and are nonporous, which is consistent with their 
small surface areas. When aluminum acetate was used, 
the petal-like morphology for CZA-NNA (Fig. 2d) 
and the honeycomb morphology for CZA-NAA 
(Fig. 2e) with plenty of pore channels were observed, 
which was consistent with their large surface areas. 

Fig. 3 compares the XRD patterns of calcined 
catalysts obtained by mechanical milling and com-
bustion synthesis method. It can be seen that the dif-
fraction lines of CuO (JCPDS 44-0706) appear at 2θ 
of 32.6°, 35.6°, 38.8°, and 48.9°. The diffraction lines 
of the ZnO phase (JCPDS 36-1451) are observed at 2θ 
of 31.8°, 34.5°, and 36.3°. The diffraction peaks of 
ZnO and CuO are not finely resolved. The broad ref-
lections indicate that part of the Cu may be dissolved 
in the Zn matrix or the CuO phase is in intimate con-
tact with ZnO (Venugopal et al., 2009). No diffraction 
peaks of the Al2O3 phase can be observed in the cal-
cined catalysts. This is due to the fact that Al2O3 is 
present in small quantities and/or in amorphous state. 

XRD patterns of CZA-NNN and CZA-NAA 
catalysts after reduction are shown in Fig. 4. The 
diffraction peaks of CuO in fresh calcined CZA-NNN 
and CZA-NAA catalysts disappear after reduction 
and only the metallic copper (2θ=43.1° and 50.2°) 
and ZnO phases can be seen for the two catalysts. 
Average copper metal crystallite sizes were calcu-
lated using Scherrer’s equation from the full width 
half maximum of Cu (111) diffraction lines. The 
copper particle size of CZA-NAA (30.7 nm) is 
smaller than that of CZA-NNN (37.1 nm). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The SCu in reduced catalysts were determined 

using N2O oxidation followed by H2 titration as de-
scribed in Gervasini and Bennici (2005) and Yuan et 
al. (2011); these data are summarized in Table 2. The 
SCu of these reduced catalysts are in the range of 
23.0–47.4 m2/g. The catalysts prepared with alumi-
num acetate have a larger SCu than the catalysts de-
rived from aluminum nitrate under the same Cu/Zn 
precursor salts. The catalysts obtained with zinc ace-
tate have a larger SCu than catalysts derived from zinc 
nitrate where the same Cu/Al precursor salts were 
used. The SCu of the catalyst obtained with copper 
nitrate is larger than that of the catalyst derived from 
copper acetate. CZA-NAA has the largest SCu 
(47.4 m2/g), which can be explained by the low de-
composition temperature of copper salt.  

As reported in (Zhang and Gao, 2004; Guo et al., 
2010), the structure of catalysts prepared via com-
bustion was mainly determined by their combustion 
temperature. It is well known that low combustion 

Fig. 3  XRD patterns of CuO/ZnO/Al2O3 catalysts 
prepared with different precursors  
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Fig. 4  XRD patterns of the CZA-NNN and CZA-NAA 
catalysts after reduction 
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temperatures will result in small particle sizes, large 
surface area, and large exposed Cu surface area. The 
combustion temperature of CZA-NNN is the highest 
and that of CZA-NAA is the lowest. The small surface 
area and the small Cu surface area of CZA-ANN and 
CZA-AAA can be attributed to the higher decomposi-
tion temperature of copper acetate, which cannot 
combust with citric acid and need to be decomposed at 
higher temperatures. We conclude that surface area, 
particle size, and Cu surface area of prepared catalysts 
depend strongly on the type of precursor salts.  

3.3  Reducibility of catalyst  

As shown in Fig. 5, the reduction profiles of all 
samples prepared with different precursor salts with 
the mechanical milling and combustion synthesis 
method exhibit two peaks of H2 consumption below 
300 °C; these are denoted as α and β peaks and at-
tributed to the reduction of two different types of CuO 
phase. The low temperature peak (α peak) is attri-
buted to the reduction of highly dispersed CuO that 
strongly interacting with ZnO and Al2O3, whereas the 
peak appearing at the higher temperature (β peak) is 
due to the reduction of bulk CuO (Gunter et al., 2001; 
Wang et al., 2007). Copper oxide species in CZA 
catalysts were reduced at much lower temperatures 
compared with pure bulk CuO which was reported to 
be reduced at 340 °C (Wang et al., 2007). These re-
sults indicate that ZnO and Al2O3 can promote the 
dispersion of copper oxide and enhance the reduci-
bility of copper phase (Zhang et al., 2006). Catalysts 
prepared via aluminum acetate display a lower re-
duction temperature than catalysts prepared via alu-
minum nitrate when the same Cu/Zn precursor salts 
were used, and catalysts prepared via zinc acetate 
have a lower reduction temperature than catalysts 
prepared via zinc nitrate when the same Cu/Al pre-
cursor salts are used. The effects of the copper salts on 
the reducibility of the catalyst are opposite to those of 
the aluminum salts. These results are consistent with 
the decomposition temperature of precursor salts. The 
CZA-ANN catalyst has the highest reduction peaks at 
223 °C with a shoulder peak at 266 °C. The 
CZA-NAA catalyst displays the lowest reduction 
peak at 191 °C with a shoulder peak at 241 °C, which 
indicates the presence of small CuO particles and a 
high CuO dispersion. These results also correlate well 
with the exposed metallic copper surface area. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6 shows in-situ XRD spectra of the H2 re-

duction process of CZA-NNN and CZA-NAA under 
H2/Ar (volumn ratio 1:10) flow at 30 ml/min. As 
shown in Fig. 6a, the intensity of the diffraction lines 
of CuO in CZA-NNN decreased gradually from 
190 °C to 250 °C, which indicates that the size of CuO 
particles decreased as the reduction of CuO started. 
When the temperature exceeded 280 °C, the diffrac-
tion lines of CuO disappeared and the diffraction lines 
of Cu appeared. The intensity of the diffraction lines 
of CuO in CZA-NAA decreased gradually from 
180 °C to 250 °C and the diffraction lines of Cu ap-
peared at 250 °C. These results indicate that CZA- 
NAA has lower reduction temperature compared with 
CZA-NNN, which is consistent with the TPR results. 
Thus, Cu particle size is correlated with the induction 
factor for the reduction process. The Cu (111) dif-
fraction lines (2θ=43.1°) of CZA-NNN and CZA- 
NAA shift slightly at a lower angle compared with the 
Cu (111) diffraction line (2θ=43.3°) of pure Cu, 
which suggests that part of the Zn may be dissolved in 
the Cu matrix (Liu et al., 2011). 

3.4  Catalytic performance  

The catalytic activities of these catalysts for CO 
hydrogenation to methanol and DME are presented in 
Table 3. The CZA-NAA catalyst exhibits the best 
activity (60.0% conversion rate of CO) and selectivity 
of methanol and DME reaches 10.2% and 59.0%, 
respectively, possibly because it has the largest sur-
face area and the largest copper surface area. The 
conversion of CO decreases to 47.5% and 21.1% over 
CZA-NNA and CZA-NNN. CZA-ANN shows the 
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Fig. 5  H2-TPR profiles of CuO/ZnO/Al2O3 catalysts 
prepared with different precursors 
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lowest activity with a 17.6% CO conversion, 21.7% 
selectivity of methanol, and 17.7% selectivity of 
DME due to its small surface area and small exposed 
copper surface area. These results indicate that: (1) 
the catalytic activity of the catalysts prepared by 
aluminum acetate is higher than that of the catalysts 
prepared with aluminum nitrate when the same Cu/Zn 
precursor salts are used; (2) the effect of zinc salt on 
the catalytic activity of catalysts is similar to that of 
aluminum salt; and, (3) the effect of copper salt on the 
catalytic activity of catalysts is opposite to that of 
aluminum salt. These results correlate well with their 
physicochemical properties. Table 3 shows that the 
catalytic activities of catalysts prepared with copper 
nitrate are higher than those of catalysts obtained with 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

copper acetate, which indicates that catalysts pre-
pared using the combustion synthesis method have 
higher activity due to the lower decomposition tem-
perature of copper salt. 

The stability of the most efficient CZA-NAA 
catalyst for CO hydrogenation to produce methanol 
and DME was measured over a 120-h period, during 
which time the reactor operated continuously under 
the test conditions. As shown in Fig. 7, the CO con-
version rate and the selectivity for methanol and DME 
decreased by less than 4% and 2% from their initially 
stabilized values, respectively. It is clear that the 
CZA-NAA sample prepared by the mechanical mil-
ling and combustion synthesis method exhibits a 
stable catalytic performance in the whole test period.  

Table 3  CO hydrogenation performance of CuO/ZnO/Al2O3 catalysts prepared using mechanical milling and 
combustion synthesis 

Catalyst 
CO conversion rate 

(%) 

Selectivity (%) 

Methanol DME CO2 CH4 C2H6 

CZA-NNN 21.1 12.1 17.6 45.2 16.2 8.9 

CZA-ANN 17.6 21.7 17.7 35.6 17.3 7.7 

CZA-NAN 23.8 28.1 26.0 28.1 10.6 7.2 

CZA-NNA 47.5 11.6 58.9 23.0   4.1 2.4 

CZA-NAA 60.0 10.2 59.0 24.3   3.8 2.7 

CZA-AAA 19.6 39.2   5.6 33.4 13.9 7.9 

Reaction conditions: molar feed composition of H2:CO=2:1, temperature of 260 °C, pressure of 2.0 MPa, and GHSV of 1500 h−1 

 

Fig. 6  In-situ XRD of the calcined CZA-NNN catalyst (a) and CZA-NAA catalyst (b) at different temperatures
in H2/N2 (volume ratio 1:10) flow at 30 ml/min 
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4  Conclusions  
 
A series of Cu/ZnO/Al2O3 catalysts were pre-

pared using citric acid as fuel and different copper, 
zinc, and aluminum salts as precursor salts via the 
mechanical milling and combustion synthesis method. 
The combustion processes and physicochemical 
properties of catalysts depended strongly on the type 
of precursor salts and the decomposition temperature 
of copper salt. Cu/ZnO/Al2O3 catalysts prepared us-
ing Al acetate and Cu nitrate have larger surface area, 
larger exposed Cu metal surface area, and lower re-
duction temperature due to the low decomposition 
temperature of copper salt; these catalysts exhibited 
the highest activity for CO hydrogenation. Mechani-
cal milling and combustion synthesis based on dry 
precursor salts provides an attractive method for the 
environmentally friendly and energy-efficient fabri-
cation of Cu/ZnO/Al2O3 catalysts that are highly ef-
fective in the production of methanol and DME from 
CO hydrogenation. 
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