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Abstract

Steam reforming of methanol is one of the promising processes for on-board
hydrogen production used in fuel cell applications. Due to the time and energy
consuming issues associated with conventional synthesis methods, in this paper a 
quick, facile, and effective microwave-assisted solution combustion method was
applied for fabrication of copper-based nanocatalysts to convert methanol to
hydrogen. For this purpose, a series of nanocatalysts with different sorbitol/nitrates
ratios were synthesized by the microwave-assisted combustion method. Their
physicochemical properties were studied by XRD, FESEM, EDX, BET and 
FTIR analyses. It was found that enhancement of the sorbitol/nitrates ratio led
to an increase of CuO dispersion and specific surface area, as well as smaller,
nanometric and homogeneously dispersed particles. These significant characteristic
properties, especially achieved by the CZA(S/N=3) nanocatalyst, resulted
in high methanol conversion and hydrogen selectivity even at low temperatures.
This effective performance was accompanied by negligible CO production
as an undesired by-product as well as poison in fuel cell applications. 
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1. Introduction

Nowadays, fuel cell technology has become a 
promising alternative for conventional internal 
combustion engines. The fast growth of fuel cell 
applications depends on their interesting advantages 
such as low environmental impact, feed flexibility, 
silently operation and high efficiency [1, 2]. Hydrogen

is the main feed of fuel cell systems, but it comes 
with some safety issues associated with utilization 
of this technology for vehicles. So, considering that 
hydrogen cannot be stored in the car’s tank, the best 
solution may be on-board hydrogen production [3]. 
Several studies have focused on proposing a suitable 
fuel, including methanol, ethanol, dimethyl ether, and 
etc., for production of on-board hydrogen. Among
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them, methanol has attracted the most attention 
due to its interesting benefits [4-9]. High H/C ratio, 
lower sulfur content, no C-C bond and commercially 
large scale production from different sources can be 
counted as some of methanol main advantages [10]. 
Methanol can be converted to hydrogen through four 
pathways, namely methanol decomposition (MD), 
partial oxidation of methanol (POM), steam reforming 
of methanol (SRM) and auto thermal reforming of 
methanol (ATRM). Among these, steam reforming 
of methanol has good potential for production of 
on-board hydrogen at low temperatures with low 
CO content [11]. SRM can be demonstrated by the 
following main reactions:

                                                                                  (R1)

                                                                               (R2)

                                                                               (R3)

The first reaction is the SRM reaction for production 
of hydrogen. Other side reactions, such as methanol 
decomposition (R2) and reverse water gas shift 
reaction (R3,) can occur during the SRM process as 
the main routes of CO production. Carbon monoxide 
is the undesired product of SRM, and is known as the 
poison for anodic catalyst of the fuel cells. Copper 
based catalysts are the most investigated catalysts for 
the SRM process because of their high conversion and 
hydrogen selectivity [12-15].
Many different synthesis methods have been studied 
for fabrication of copper based catalysts. The most 
common ones are co-precipitation and impregnation 
techniques [11, 16, 17]. However, these methods 
have very time and energy consuming steps including 
filtration, washing, drying and calcination [18]. One 
of the interesting and novel techniques for preparation 
of nanocatalysts is the solution combustion synthesis 
method (SCS). In contrast, this method is simple, 
rapid andis more energy saving [19, 20]. SCS is, 
in fact, an exothermically redox reaction between

an organic fuel and an oxidizer agent (nitrate ions) 
which produces a huge volume of combustion gases. 
Different parameters such as fuel type, fuel/oxidizer 
ratio, atmosphere and pH can affect the quality of the 
resulting catalysts [21-23]. Various fuels, such as urea, 
glycine, oxalyldihydrazide, carbohydrazide, ethylene 
glycol and citric acid, have been suggested for SCS 
[24, 25].
Sorbitol (C6H14O6) is a sugar alcohol mostly made 
from corn syrup with various medical applications. 
The reduction property of sorbitol as well as its 
hydrocarbon structure nominates it as a suitable fuel 
candidate for the SCS method. However, fewer studies 
have been performed on its influence for preparation 
of nanocatalysts by solution combustion method [26-
30]. Therefore in this paper, the effect of sorbitol as 
the fuel for fabrication of CuO-ZnO-Al2O3 (CZA) 
nanocatalysts via the solution combustion method was 
investigated. Furthermore, to decrease   synthesis time 
a microwave oven was used instead of a conventional 
furnace for preparation of the nanocatalysts. In 
addition, the influence of the sorbitol/nitrates ratio 
on the physicochemical characteristic and catalytic 
properties of the prepared nanocatalysts was studied. 
For this purpose, a series of CZA nanocatalysts were 
synthesized by the SCS method. Their physicochemical 
properties were analyzed by XRD, FESEM, EDX, 
BET and FTIR techniques. The catalytic performance 
of these nanocatalysts was tested in a laboratory 
catalytic apparatus designed for SRM reaction.

2. Materials and methods

2.1. Materials

Copper nitrate trihydrate (Cu(NO3)2.3H2O, Merck, 
extra pure), zinc nitrate hexahydrate (Zn(NO3)2.6H2O, 
Merck, extra pure), aluminium nitrate nonahydrate 
(Al(NO3)3.9H2O, Merck, extra pure) and sorbitol 
(C6H14O6, Merck) were used as the nitrate precursors 
and the fuel for the solution combustion synthesis 
method. All the materials were used with no further 
purification.

3 2 2 2 2983 49.7( )CH OH H O H CO H kJ mol+ → + ∆ =

3 2 2982 90.7( )CH OH CO H H kJ mol→ + ∆ =

2 2 2 298 41.2( )CO H CO H O H kJ mol+ → + ∆ =



Fig. 2. Schematic stages for microwave assisted 
solution combustion synthesis of copper based 
nanocatalyst.

2.3. Nanocatalysts characterization techniques

The synthesized nanocatalysts were characterized by 
various analyses to discover their physicochemical
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2.2. Nanocatalysts preparation and procedure

As can be seen in Figure 1, the synthesis methodology 
can be divided into three sections: precursor 
preparation, combustion synthesis, and catalyst 
forming. Furthermore, Figure 2 depicts the synthesis 
of CuO-ZnO-Al2O3 catalysts by the microwave-
assisted solution combustion method. At first, an 
aqueous solution of nitrate precursors with the proper 
molar ratio was prepared. The sorbitol powder was 
added to the nitrate solution and was mixed for 45 
minutes. In the combustion synthesis section, the 
resulting mixture was heated at 80˚C to evaporate the 
excess water and to form a black blue viscous gel. 
Then, the gel was put in a microwave oven where it 
started to boil and smoke and finally ignited suddenly 
in less than 3 minutes. The synthesized catalysts 
were foamy and porous due to the huge amount of 
gases released during the combustion synthesis. The 
prepared catalysts were finally shaped to be easily 
loaded in the reactor.

Fig. 1. Preparation steps of a copper based nanocatalyst via microwave assisted solution combustion synthesis.
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properties. X-ray diffraction analysis were applied 
to study the crystalline structure of the prepared 
nanocatalysts by a D-5000 Siemens diffractometer 
using Cu Kα radiation coupled to an X-ray tube works 
at 30 kV and 40 mA. The crystallite size of samples 
was calculated from XRD patterns by the Scherrer 
equation [31]. The morphology of the fabricated 
samples was investigated by Field Emission Scanning 
Electron Microscopy (FESEM) on a HITACHI S-4160 
analyzer. A Quantachrome ChemBET 3000 analyser 
using N2 adsorption and Brunauer-Emmett-Teller 
(BET) equation was used to measure the specific 
surface area. An energy dispersive X-ray analyzer 
(VEGA II, TESCAN) was used to analyze the surface 
elemental existence and dispersion of nanocatalysts. 
The Fourier Transform Infrared Spectroscopy (FTIR, 
Unicam 4000) using KBr plate was applied to identify 
the functional groups of nanocatalysts.

2.4. Experimental setup for catalytic performance 
test

As schematically illustrated in Figure 3, the catalytic 
performance of synthesized nanocatalysts was

evaluated in a laboratory experimental setup. This 
experimental system was designed and used for the 
steam methanol reforming process at atmospheric 
pressure. The feed containing methanol and water, 
with a constant methanol/water ratio of 1.5, was 
kept in a saturator. It was introduced to a fixed bed 
reactor by an argon stream with a constant flow rate 
controlled by a mass flow controller. The SRM reactor 
is U-shape (5mm i.d.) and loaded with 400 mg of 
shaped nanocatalysts (cylinders with a height of 5 
mm and a diameter of 3 mm). The loaded reactor was 
placed in an electrical furnace to apply the required 
heat of the endothermic reforming reaction. The SRM 
reaction was carried out in a temperature range of 
160-300ºC and steady state conditions. The gas hourly 
space velocity was set on 10000 cm3/g.h. The feed 
and product compositions were analysed by a gas 
chromatograph (GC Chrom, Teif Gostar Faraz, Iran). 
This system was equipped with a PLOT-U column as 
well as TCD and FID detectors. The conversion and 
selectivity of products were calculated as follows:

                                                                                  (1)3 3
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Fig. 3. Experimental setup for steam methanol reforming.
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                                                                                   (2)

                                                                                  (3)

                                                                                  (4)

Where Fi is the molar flow rate of component i in the 
gaseous effluent.

3. Results and discussions

3.1. Nanocatalysts characterization

3.1.1. XRD analysis

The results of the crystallography analysis of 
prepared nanocatalysts are represented in Figure 4 
and Table 1. The figure illustrates the XRD patterns of
CuO-ZnO-Al2O3 nanocatalysts with different fuel/
nitrate ratios at 2θ=20-90º. At first glance, the formation 
of a monoclinic phase of CuO and a hexagonal phase 
of ZnO can be clearly identified. Significant peaks 
of CuO (JCPDS 01-080-1268) were centered at 2θ= 
35.5, 38.8, 48.8 and 68.2º [32]. Furthermore, peaks 
identified at 2θ=31.7, 34.4, 36.2, 47.5, 56.5 and 62.8º 
can be attributed to ZnO crystal (JCPDS 01-076-0704) 
[33]. No detectable peaks can be nominated for Al2O3 
due to its amorphous phase and highly dispersed. It

should be mentioned that, the enhancement of the 
sorbitol/oxidizer ratio resulted in a decrease of CuO 
and ZnO crystallinity. This phenomenon led to highly 
dispersed CuO and ZnO species in the prepared 
nanocatalysts. This was confirmed by the crystallite 
size results achieved by

Fig. 4. XRD patterns of copper based nanocatalysts synthesized 

via the microwave assisted solution combustion method with 

various ratio of sorbitol/oxidizer: (a) CZA (S/N=1), (b) CZA 

(S/N=2) and (c) CZA (S/N=3). 

the Scherrer equation and listed in Table 1. This table 
shows that an increase of the sorbitol/nitrate ratio 
caused a decrease in the CuO and ZnO crystallite size. 
However, this reduction was more sever for zinc oxide 
crystals. The relative crystallinity also approved the
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Nanocatalyst
Sorbitol/Oxidizer

(molar)

BET

(m2/g)

Relative Crystallinitya Crystallite sizeb (nm)

CuO ZnO Al2O3 CuOc ZnOd Al2O3
e

CZA (S/N=1) 1 33.1 100 100 - 23.4 31 -
CZA (S/N=2) 2 37.2 92.9 89.7 - 23.3 31.8 -
CZA (S/N=3) 3 63.4 75.7 44.8 - 17.4 19.9 -

a. Relative crystallinity: XRD relative peak intensity.
b. Crystallite size estimated by Scherre's equation.
c. Crystallite phase: monoclinic (JCPDS: 01-080-1268, 2θ = 35.5, 35.6, 38.8, 38.9, 48.8, 61.6, 68.2)
d. Crystallite phase: hexagonal (JCPDS: 01-076-0704, 2θ = 31.7, 34.4, 36.2, 47.5, 56.5, 62.8, 67.9, 69.0)
e. Crystallite phase: cubic (JCPDS: 00-004-0880, 2θ = 37.4, 39.7, 42.8, 45.8, 67.3)

Table 1. Specific surface area and crystallographic properties of synthesized copper based nanocatalysts.



decrease in crystallinity of the CuO and ZnO species.  
Therefore, as expected from the formed CuO crystals, 
CZA(S/N=3) might show higher catalytic activity in 
the steam methanol reforming reaction.  

3.1.2. FESEM analysis

Figure 5 illustrates the surface morphology of the 
prepared nanocatalysts. The nanometric particles 
of the synthesized nanocatalysts can be proved by 
FESEM images. Moreover, enhancement of the 
sorbitol/oxidizer ratio led to smaller particles which 
might facilitate the accessibility of reactants to 
active sites. The homogeneity of particles increased 
by increasing as the fuel/nitrates ratio increased due 
to less agglomerates being formed. According to
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FESEM images, it can be supposed that the CZA(S/
N=3), with highly homogeneous and small particles, 
might show higher activity than other samples in the 
steam methanol reforming process. To statistically 
represent the particle size distribution of the CZA(S/
N=3) nanocatalyst, its surface particle size distribution 
histogram was calculated by ImageJ software [34] and 
is depicted in Figure 6. The narrow size distribution 
of the CZA(S/N=3) sample between 10-60 nm can be 
identified in this figure. The average surface particle 
size is about 24.6 nm which proves the nanometer 
structure of the synthesized catalyst.

3.1.3. EDX analysis

The EDX dot-mapping results of the fabricated 

Fig. 5. FESEM images of copper based nanocatalysts synthesized via the microwave assisted solution combustion method 

with various ratio of sorbitol/oxidizer: (a) CZA (S/N=1), (b) CZA (S/N=2) and (c) CZA (S/N=3).
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is about 41% higher than the CZA(S/N=2) sample. 
So, we expected that the CZA(S/N=3) nanocatalyst
would shows higher catalytic activity than CZA(S/
N=1) and CZA(S/N=2) nanocatalysts. 

3.1.5. FTIR analysis

The FTIR spectra illustrated in Figure 8 address 
the functional groups of synthesized nanocatalysts. 
Observation of the spectra reveals that all the 
samples have nearly similar significant peaks due to 
their same functional groups. From the literature we 
know metal oxides lead to stretching frequencies in 
the range of 430-700 cm-1 [35]. More precisely, the 
bands at 430 and 495 cm-1 can be assigned to Cu-O 
and Zn-O species, respectively [36]. Also, Al-O 
stretching vibration can be identified by the peak near 
700 cm-1 [37]. The inter layer water molecules [38-
40] and hydroxide group [41-43] might be left over 
from the synthesis steps exhibited in bands at 1580 
and 3450 cm-1, respectively. Sorbitol consists of 
hydrogen and carbon atoms which can produce carbon 
dioxide during its reaction with nitrates or thermally 
decomposition. Therefore,finding carbonated species 
formed by adsorbed CO2 on the nanocatalysts surface 
appearing at 1390 cm-1 was expected [44-46].

nanocatalysts with different fuel/nitrates ratios are 
depicted in Figure 7. The presence of all elements 
used in the preparation of nanocatalysts, especially 
aluminium which was not identified from other 
analyses, was the main result obtained from the EDX 
spectra. Moreover, the surface composition of the 
final nanocatalysts and their primary gel was similar 
which proved no material loss during the synthesis 
route occurred. As can be seen from the EDX spectra, 
dispersion of Cu and Zn species was well performed 
in the CZA(S/N=3) nanocatalyst. Therefore, the EDX 
results helped to predict that the CZA(S/N=3) might 
show higher catalytic performance due to its suitable 
characterization.

3.1.4. BET analysis

The catalytic performance of the nanocatalyst as a 
surface adsorption mechanism is highly dependent   on 
specific surface area. In this paper, the specific surface 
area of the fabricated nanocatalysts was calculated by 
the Brunauer–Emmett–Teller analysis (BET) as listed 
in Table 1. Increase in the sorbitol/nitrates ratio led 
to enhancement of the surface area especially for the 
CZA(S/N=2) and CZA(S/N=3) nanocatalysts.
A comparison of these nanocatalysts showed that the 
specific surface area of the CZA(S/N=3) nanocatalyst

Figure 6. Surface particle size distribution histogram of the copper based nanocatalyst synthesized via the microwave 

assisted solution combustion method with a sorbitol/oxidizer ratio of 3: CZA (S/N=3).
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Fig. 7. EDX analysis of copper based nanocatalysts synthesized via the microwave assisted solution combustion method with 

various ratio of sorbitol/oxidizer: (a) CZA (S/N=1), (b) CZA (S/N=2) and (c) CZA (S/N=3).
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Fig. 8. FTIR spectra of copper based nanocatalysts synthesized 

via the microwave assisted solution combustion method with 

various ratio of sorbitol/oxidizer: (a) CZA (S/N=1), (b) CZA 

(S/N=2) and (c) CZA (S/N=3).

3.2. Catalytic performance study toward methanol 
steam reforming

3.2.1. Methanol conversion

The methanol conversion results shown in Figure 9 
were used to investigate the role of the fuel/nitrate ratio 
on catalytic activity. It can be seen that enhancement 
of the sorbitol/oxidizer ratio led to an increase in the 
methanol conversion. This difference is remarkable 
at low temperatures where the role of nanocatalysts 
plays a major role in the decrease of activation energy. 
However, this significant performance of CZA(S/
N=3) nanocatalyst was predictable due to its suitable 
physicochemical properties such as high surface 
area, homogenously small particles, narrow particle 
size distribution and dispersed copper particles. It is 
worth noting that the methanol conversion difference 
between CZA(S/N=3) and CZA(S/N=2) nanocatalysts 
is almost twice the difference between CZA(S/N=1) 
and CZA(S/N=2) nanocatalysts. At high temperatures, 
the role of nanocatalysts has been moderated due 
to supplying of the required heat of reaction by the

Fig. 9. Influence of the sorbitol/oxidizer ratio on methanol 

conversion over the microwave assisted solution combustion 

synthesised nanocatalysts: CZA (S/N=1), CZA (S/N=2) and 

CZA (S/N=3).

external heat source. Therefore, all the nanocatalysts 
achieved 100%  methanol conversion at 280ºC.

3.2.2. Products selectivity

Figure 10 illustrates the effect of the fuel/nitrates 
ratio of the fabricated nanocatalysts on SRM products 
selectivity. The figure demonstrates that all the samples 
have suitable performance for production of hydrogen 
as the main desired product. On the other hand, due 
to the utilization of produced hydrogen in fuel cell 
systems, the product stream must have the minimum 
amount of carbon monoxide as the undesired SRM 
product and the poison for fuel cell systems. So, it can 
be concluded that the CZA(S/N=3) sample   produced 
a minimum amount of CO, which makes it more 
suitable for fuel cell applications. The endothermic 
reverse water gas shift reaction is the main side 
reaction for production of CO in the SRM process. 
The literature proved that enhancement of reaction 
temperature results in an increase of CO production 
[47, 48]. Therefore, it can be seen that for all samples 
the amount of CO increased as the temperature rose. 
However, in this case the reverse water gas shift 
reaction is not the only reason for production of CO. 
From the well-known SRM formate mechanism, 
we know that methanol decomposition can be taken
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place during SRM [49]. This means that CO can be 
produced via the methanol decomposition reaction. 
However, Karelovic and Ruiz  concluded that the 
active copper sites of methanol decomposition and 
reverse water gas shift reaction are different in size 
[50]. The reverse water gas shift reaction can occur on 
smaller copper sites than the methanol decomposition 
reaction. So, due to the wide particle size distribution 
of CZA(S/N=1) and CZA(S/N=2) samples, it can 
be inferred that CO can be produced through both 
reactions. Regarding the CZA(S/N=3) nanocatalyst, 
because of its narrow particle size distribution the 
only pathway for CO production is the reverse water 
gas shift reaction.

3.2.3. Time on stream performance

CZA(S/N=3), which showed higher methanol 
conversion and low CO production, was selected to 
examine its stability during the SRM reaction. The 
time on stream performance results are shown in 
Figure 11.  As can be seen, the methanol conversion

over CZA(S/N=3) nanocatalyst did not change 
significantly for 1200 min. In addition, during the 
reaction the selectivity of products, especially CO, as 
the undesired product did not vary significantly. So, it 
can be concluded that the fabricated nanocatalysts can 
be an effective choice for production of hydrogen with 
a small amount of CO from the SRM reaction.

Fig. 11. Time on stream performance of CuO-ZnO-Al2O3 

nanocatalyst synthesised with a sorbitol/oxidizer ratio of

3: CZA (S/N=3).

Fig. 10. Influence of the sorbitol/oxidizer ratio on products selectivity over microwave assisted solution combustion synthesised 

nanocatalysts: (a) CZA (S/N=1), (b) CZA (S/N=2) and (c) CZA (S/N=3).
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4. Conclusions

The characteristic analyses of the synthesized 
nanocatalysts demonstrated that increasing the 
sorbitol/nitrates ratio decreased the particle size, and 
consequently increased the specific surface area. Also, 
higher amount of fuel for preparation of nanocatalysts 
in the SCS method decreased the crystallinity of CuO 
and ZnO crystals, but enhanced their dispersion. 
Therefore, the CZA(S/N=3) sample which showed 
better physicochemical properties reached higher 
methanol conversion and hydrogen selectivity.
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