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Abstract
The influence of copper content in the monometallic catalysts supported on the 
 CeO2·Al2O3 binary oxide system on their catalytic activity and physicochemi-
cal properties in oxy-steam reforming of methanol was investigated. It was shown 
that activity and selectivity depends on the content of copper, its dispersion on 
the catalysts surface. It was confirmed that optimal copper content was 20 wt% of 
Cu. Copper catalysts with 20 wt% of Cu exhibited the highest methanol conver-
sion and reaction rate value compared to the rest of the investigated catalysts sys-
tems. The kinetic measurements performed in oxy-steam reforming of methanol on 
20%Cu/CeO2·Al2O3 catalysts, showed an activation energy for this system equal Ea 
(OSRM) = 66.56 kJ/mol.

Keywords Reforming of methanol · Hydrogen production · Copper catalysts · 
Binary oxide · CeO2·Al2O3 · Reforming of methanol · OSRM

Introduction

Currently, the depletion of natural fossil fuel resources and rising prices cause that 
humanity around the world are focused their research interest in development of oth-
ers source of energy. One of the possible solutions of this problem is fuel cell tech-
nology powered by hydrogen easily accessible on earth [1]. The use of hydrogen as 
an energy raw material is a hot topic for several years. The development of energy 
technologies using hydrogen leads to the fact that it has become one of the most 
environmentally friendly fuels. The advantage of using hydrogen as a fuel is primar-
ily its pro-ecological nature. The combustion process of hydrogen generates only 
water vapour and nitrogen oxides (in much lower quantities compared to the com-
bustion of fossil fuels). However, when the hydrogen oxidation process is carried out 
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in fuel cells, the only by-product is water vapour. Hydrogen itself can be produced 
potentially from liquid hydrocarbons such as methanol [2, 3], ethanol [4], dimethyl 
ether [5] and others. However, the most preferred is methanol, which offers many 
advantages in the hydrogen production because of the following reasons [6, 7]:

• Methanol is the simplest alcohol with a high carbon to hydrogen ratio (1:4);
• Lack of C–C bond in the methanol molecule;
• It is easily reformed;
• It can be obtained from biomass.

All of these properties make that methanol can become an energy carrier in the 
future [8]. Hydrogen can produced via steam reforming of methanol, partial oxida-
tion of methanol or using the combination of these two processes in one act of reac-
tion named oxy-steam reforming of methanol (OSRM) according to the following 
equation (Eq. 1):

The oxy-steam reforming of methanol reaction can be carried out in the auto-
thermal way. That is why from the application point of view oxy-steam reforming 
process is energetically favourable because it does not require any external heat 
when it is run. Typical catalysts used in oxy-steam reforming process are mono-
metallic copper [9] or nickel [10] and bimetallic M-Cu copper supported catalysts 
(where M = Ru, Rh, Pd, Ir) [11–13]. Cerium oxide are widely used as an additive to 
the catalyst support and an essential component of the automotive three-way con-
verter (TWC) [14]. It is also well known as a modifier affecting on the catalyst reac-
tivity.  CeO2 improves the degree of metal dispersion of the active phase and the 
redox behaviour of the supported catalysts systems. Cerium oxide based catalysts 
are also characterized by the strong metal-carrier interactions and high oxygen trans-
fer capacity [15–17]. In addition, copper supported catalysts owned high catalytic 
activity and selectivity to the main products in reforming of methanol processes. 
Chang et al. [18]. reported that cerium oxide increased the reducibility of the cata-
lyst, but not influence on reactivity results in OSRM process. It was also found that 
 CeO2 did not suppress CO formation in the presence of  O2. It is well known from 
the literature review that copper based catalysts are used in reforming of methanol 
processes [19–22], CO oxidation [23–25], water gas shift reaction (WGS) [26–30], 
methanol synthesis [31–33] and hydrogenation of furfural process [34, 35]. All these 
suggestions confirm that it is worth determining the catalytic and physicochemical 
properties of copper catalysts supported on alumina-ceria binary oxide in the metha-
nol reforming process.

Based on our previous studies, we decided to prepare monometallic copper cat-
alysts instead of well-known bimetallic systems due to the fact that monometallic 
copper catalysts are much cheaper and are in some cases characterized by higher 
activity and selectivity in the investigated process [11]. In addition, we chose binary 
oxide as a carrier of our catalytic systems composed of aluminum and cerium oxides 
with the following composition  CeO2·Al2O3. We selected the Ce:Al ratio equal 1:2 
in the carrier because of the fact that binary systems containing higher content of 

(1)CH3OH(g) + 0.75 H2O(g) + 0.125 O2(g) → 2.75 H2(g) + CO2(g)ΔH
◦

298
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 Al2O3 exhibited higher specific surface area and activity in the studied oxy-steam 
reforming of methanol process compared to the catalyst with low content of  Al2O3. 
In the present work, we decided to prepare monometallic copper catalysts supported 
on binary oxide  CeO2·Al2O3 containing various content of Cu by conventional wet 
impregnation method. Prepared catalytic materials were extensively studied by vari-
ous techniques such as: TPR-H2, TPD-NH3, XRD, SEM–EDS, BET, CO chemisorp-
tion techniques. We also described the correlation between the physicochemical and 
catalytic properties of copper catalysts in oxy-steam reforming of methanol process. 
In addition, the kinetics studies performed in oxy-steam reforming of methanol pro-
cess were presented in the manuscript.

Experimental

Preparation of the catalytic material

Supports

Binary oxide  CeO2·Al2O3 system were prepared by co-precipitation method. In 
order to prepare binary oxides the following molar ratio of Ce:Al = 1:2 were used. 
Aqueous solutions of 1 mol/L cerium nitrate and 1 mol/L aluminium nitrate were 
mixed in appreciate quantity under vigorous stirring at 80  °C. A concentrated 
ammonia solution was then added by dropwise addition until the pH reached values 
between 10 and 11. Then the mixture was stirred for another 30 min. The result-
ing fine precipitate was then washed two times in deionised water and then dried at 
120 °C for 15 h and calcined for 4 h at 400 °C in air atmosphere.

Catalysts preparation

Copper supported catalysts Cu/CeO2·Al2O3 were prepared by wet aqueous impreg-
nation method. Metal phase Cu was introduced on the binary oxide by wet impreg-
nation method using aqueous solutions of copper nitrate (V). Impregnation lasted 
12 h. Copper loading on the catalyst surface was 5, 20, 40 and 60 wt%. The obtained 
supported catalysts were then dried for 2 h at 120 °C and calcined for 4 h in an air 
atmosphere at 400 °C.

Characterisation methods

Specific surface area (BET method)

The specific surface area and porosity of supports and catalysts were determined by 
the BET based on low temperature (− 196 °C) nitrogen adsorption in a Micromerit-
ics ASAP 2020 apparatus.
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Temperature programmed reduction (TPR‑H2)

The TPR-H2 measurements were carried out in an automatic TPR system AMI-1 in 
the temperature range of 25–900 °C with a linear heating rate of 10 °C  min−1. Sam-
ples (weight about 0.1 g) were reduced in hydrogen stream (5%  H2–95% Ar) with a 
volumetric flow rate of 40 cm3  min−1. Hydrogen consumption was monitored during 
the measurements by a thermal conductivity detector (TCD detector).

Temperature programmed desorption (TPD‑NH3)

The TPD-NH3 measurements were carried out in a quartz microreactor using  NH3 
as a probe molecule. The  NH3 was adsorbed on the samples surface at 50  °C for 
30 min after the purification process of the catalyst surface performed in a flowing 
He stream at 600 °C for 60 min. The temperature programmed desorption of  NH3 
was carried out in the temperature range 100–600 °C using a linear growth of tem-
perature (25 °C  min−1) using a thermal-conductivity detector. Before each experi-
ment physically adsorbed ammonia has been removed from the catalytic material 
surface.

X‑ray diffraction (XRD) measurements

Room temperature powder X-ray diffraction patterns were collected using a 
PANalyticalX’Pert Pro MPD diffractometer in Bragg–Brentano reflecting geom-
etry. Copper Cu  Kα radiation from a sealed tube was used. Data was collected in 
the range 5–90° 2Θ with a step of 0.0167° and exposure per step of 27 s. Due to the 
fact that raw diffraction data contain some noise, the background during the analysis 
was subtracted using Sonneveld and Visser algorithm. The data was then smoothed 
using cubic polynomial.

All calculations were done using X‘PertHighScore Plus computer software.

CO chemisorption measurements

Carbon monoxide chemisorption analyses were carried out in a Micromeritics 
ASAP 2020 apparatus. Prior to CO chemisorptions, all catalysts were reduced in situ 
at 300 °C in the 5%  H2–95% Ar mixture for 2 h. After the reduction, the samples 
were cooled to 35 °C under helium stream. The chemisorbed carbon monoxide was 
analyzed at 35 °C using the adsorption–backsorption isotherm method.

Catalytic activity tests

The oxy-steam reforming of methanol (OSRM) was performed using a flow micro-
reactor under atmospheric pressure. The reaction was carried out in the tempera-
ture range 90–200 °C. HPLC grade methanol (Aldrich, water ~ 0.03 wt%) was used 
in each catalytic test. The catalyst load was 0.2 g and the stream composition was: 
 H2O/CH3OH/O2 = 1/1/0.4 (molar ratio) and the GHSV was 26,700 h−1 (calculated at 



861

1 3

Reaction Kinetics, Mechanisms and Catalysis (2019) 127:857–874 

ambient temperature and under atmospheric pressure). The total flow rate was kept 
at 31.5 ml/min. Argon was used as the balance gas. The steady-state activity meas-
urements at each temperature were taken after at least 2 h on stream. The analysis 
of the organic products (methanol, methane, methyl formate, dimethyl ether (DME), 
formaldehyde) was carried out by an on-line gas chromatograph equipped with a 
FID detector and 10% Carbowax 1500 on Graphpac column. The CO,  CH4 and  CO2 
concentrations were followed by a gas chromatograph equipped with a TCD detec-
tor (150 °C, 60 mA), and Carbopshere 60/80 (50 °C) column. The hydrogen con-
centration was measured by GC equipped with TCD detector (120 °C, 60 mA) and 
molecular sieve 5a (120 °C) column. Material balances on carbon were calculated to 
verify the obtained results. The selectivity towards the formation of hydrogen, car-
bon monoxide, carbon dioxide and DME in OSRM were calculated using Eqs. 1–4 
and the conversion of methanol using Eq. 5:

Here, n  CH3OH and n  H2 is the molar flow rate of  CH3OH and  H2, respectively.

here  nH2-out—mole of  H2 in the feed out,  nCO2-out—mole of  CO2 in the feed out, 
 nCOout—mole of CO in the feed out,  nDMEout—mole of DME in the feed out, 
n1

inCH3OH, nin
1
CH3OH, n

in
2
CH3OHn2

out  CH3OH—mole of  CH3OH in the feed in 
and in the feed out, Methane, formaldehyde and methyl formate formation were 
not observed during the reaction. Only carbon monoxide and dimethyl ether were 
formed during the reaction as intermediates.

The kinetic studies were performed for the selected catalysts using micro-fixed 
bed reactor operating at low conversions of methanol in order to limit the diffusion 
process and changes of the reactants during an investigated experiment. The kinetics 
measurements were done below 10% of the methanol conversion value. The reaction 
products contain only  H2,  CO2, and CO compounds in the eluent gas independently 
on the reaction temperature. These results confirm that only steam and partial oxida-
tion of methanol processes took place in the investigated temperatures. Activation 
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energy in OSRM process was determined for the selected catalysts. The reaction rate 
in OSRM process was calculated based on the equation presented below

Here F0—flow rate of methanol, X
CH3OH

—is the methanol conversion, W—catalyst 
weight, r  CH3OH—reaction rate of methanol. The appropriate transformation of the 
above presented equation gives the assumption, that the reaction rate is equal: 
(−r

CH3OH
) =

dX
CH3OH

d

(

W

F0

) .

Results and discussion

The values of specific surface area, monolayer capacity and average pore radius for 
 CeO2·Al2O3 and various Cu/CeO2·Al2O3 (metal loading = 5, 20, 40 and 60 wt%) 
catalysts are presented in Table 1. The obtained results showed that the investigated 
catalysts had specific surface area in the range of 30–170 m2/g. The highest value of 
SSA and monolayer capacity owned binary oxide support  (CeO2·Al2O3). Introduc-
tion of copper oxide onto the support surface result in decrease of the specific sur-
face area. The specific surface area decreases parallel with increase of copper con-
tent in the investigated catalysts. This phenomenon is explained by blocking of the 
support pore by the metal oxide created during the preparation step of the catalyst. 
The value of the monolayer capacity for 5% Cu/CeO2·Al2O3, 20% Cu/CeO2·Al2O3 
and 40% Cu/CeO2·Al2O3 are in the range 20.7–28.9 cm3/g.

In the meantime, in the case of the 60% Cu/CeO2·Al2O3 catalyst, the value of 
monolayer capacity was significantly lower compared to the rest of the copper sup-
ported catalysts. The pore size distribution of support  (CeO2·Al2O3) and monome-
tallic copper supported Cu/CeO2·Al2O3 (metal loading = 5, 20, 40 and 60 wt%) cata-
lysts is presented in Fig. 1. The average pore size results showed that binary oxide 
support  (CeO2·Al2O3) and 20% Cu/CeO2·Al2O3 catalyst have an average pore size of 
about 2.1 nm. Whereas, the monometallic copper supported catalysts systems con-
taining 5 wt% and 40 wt% of copper have an average pore size equal to 7 and 8 nm, 
respectively.

It is worth mentioning that these catalytic systems are characterized by inhomo-
geneous pore size. On the other hand, in the case of 60% Cu/CeO2·Al2O3 catalyst, 

−dF = F
0
dX

CH3OH
= (−r

CH3OH
)dW

Table 1  BET surface area, 
monolayer capacity and 
average pore radius results for 
various Cu/CeO2·Al2O3 (metal 
loading = 5, 20, 40 and 60 
wt%) catalysts calcined in air 
atmosphere at 400 °C for 4 h

Material BET surface 
area  (m2/g)

Monolayer 
capacity 
 (cm3/g)

Average 
pore radius 
(nm)

CeO2·Al2O3 170 40 2.1
5% Cu/CeO2·Al2O3 126 28.9 7
20% Cu/CeO2·Al2O3 101 23.3 2.1
40% Cu/CeO2·Al2O3 90 20.7 8
60% Cu/CeO2·Al2O3 30 7.0 –
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we can observe a three types of pore sizes distribution. This means that in the case 
of this system the average pore size cannot be directly determine. Chemisorption 
measurements and the results of the kinetic studies were given in Table  2. The 
results of dispersion degree of metallic copper and crystallites size for copper cata-
lysts are given in the same table. As mentioned before, the introduction of copper 
ions onto the binary oxide  CeO2·Al2O3 results in decrease the value of specific sur-
face area for investigated catalysts (see Table 1). The decrease of the specific sur-
face area (BET) can be explained by the presence of larger crystallites of the copper 
oxide formed during preparation step, which are reduced during activation process 
to metallic copper. These results were confirmed by the metallic copper dispersion 
degree obtained on catalysts surface of the investigated catalysts. The results clearly 
showed that the catalyst containing 40 wt% of Cu exhibited the highest crystallite 
size equal about 818 nm. The highest copper dispersion degree exhibited (2.14%) 
5%Cu/CeO2·Al2O3 catalyst (see Table 2).

The catalytic properties of the investigated catalysts in OSRM were also 
investigated in this work. For the purpose of comparative activity of the tested 
catalysts, we determined the reaction rate and activation energy in the conver-
sion range below 10%. Recently, much attention has been devoted to the deter-
mination of important catalyst performance metrics include the activity, selectiv-
ity and deactivation of the catalyst. All these values make it possible to compare 
the catalysts tested in the same reaction [36]. In the literature, data concerning 
the catalytic studies, various expression of the catalyst yield can be found which 
are widely used to compare the catalysts reactivity. The most commonly used 
are reaction rate, reaction rate constant, turnover frequency (TOF) and turnover 

Fig. 1  Pore radius distributions for monometallic Cu/CeO2·Al2O3 (metal loading = 5, 20, 40 and 60 wt%) 
catalysts calcined at 400 °C in air atmosphere for 4 h
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number (TON) values are often used in catalysis research in order to express the 
catalytic performance [37, 38]. In particular the values of TOF and TON, are cal-
culated based on simplifications that have a huge impact on the received their 
values. For example of the TOF and TON numbers are even used interchange-
ably [37]. However, from the point of view of expressing catalytic efficiency, 
they should have different meanings [38]. In the extreme case, the TOF value is 
even considered as a rate-constant, because of the fact that the rate of reaction 
(r = TOF × [Cat]) depends on the catalyst concentration [37]. The TOF number 
depends on the concentration of the reactants or the products formed in the pro-
cess, thus being closer to the reaction rate and not to the constant rate, as reported 
by Kozuch and Martin [37]. Actually, TOFs number is a widely used term related 
to the catalytic center in relation to the term “rate of reaction”, which is closely 
related to the product formation or consumption of substrate.

Lente [38] reported that TOFs value should be considered as an additional tool 
using for characterizing activity of the catalysts although they do not fit to the con-
cept of chemical kinetics [38]. He reported that it is not possible to reliably present 
the rate law with one physical property (e.g. TOF or TON number). In addition, he 
emphasized that the use of TOF does not take into account the stoichiometric coef-
ficients contained in the chemical equation and also does not include non-catalyzed 
route. The author notes that in order to express the efficiency of the reaction using 
a given catalyst using the TOF value, it is also necessary to specify the degree of 
conversion at which the given number was obtained. Author suggests that it is more 
understandable and accurate to give a constant rate of reaction and reaction rate 
instead of using the TOF values [38].

Kozuch and Martin [37] have reported that TOF value may gives kinetic informa-
tion as opposed to TON which provide stoichiometric information about the cata-
lytic process. The authors of the work [37] have claimed that “Turnover number 
(TON) expresses the maximum yield of products available from the catalytic center. 
Due to the fact that the reactivity of the investigated catalyst in selected reaction 
should be given by determining the rate law of the investigated process [38]. In 
chemical kinetics, the variables are concentrations, not activity. Concentrations of 
reacting reagents are required, but their values are not standard [39]. The authors 
[38, 39] declared also that the TOF values should be also expressed at saturation 
together with the concentration value. The authors also note that important infor-
mation when comparing catalyst performance should be accurate information on 
the conditions of the reaction in which the specified reaction yield was achieved. 
Expressing the efficiency of the catalyst as TON or TOF, we should also provide 
information on how these values were obtained and provide a description of their 
calculation of the number of active sites, using a certain transparent and reproduci-
ble method. Summarizing the above mentioned suggestions, in order to compare the 
catalytic yield of various catalysts it is extremely important, that the obtained values 
represent intrinsic rates and selectivities. It is also important, that the obtained val-
ues of TOF and TON and selectivities be accurate, reproducible and the calculated 
without any restrictions on mass or heat transfer. In addition, the obtained values 
should apply to a wide range of conversions [37–39]. Based on the above sugges-
tions, we decided to compare the performance of the catalysts by calculating for 
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these systems the reaction rate and activation energy values determined at low con-
version to avoid diffusion limitation.

The results obtained for all tested catalysts showed that the system containing 20 
wt% of Cu had the highest value of reaction rate and the lowest value of activation 
energy. This result explain the highest activity of 20%Cu/CeO2·Al2O3 catalyst in the 
oxy-steam reforming of methanol reaction compared to the other investigated sys-
tems. In the case of the copper catalysts with lower (5%) and higher (40%) of copper 
loading we detected lower methanol conversion and together with higher activation 
energy and lower reaction rate at the investigated reaction temperature (see Table 2).

It is well known that the oxy-steam reforming of methanol reaction took place not 
only on the metallic Cu but also on  Cu+ ions species [39]. The amount of the copper 
species present on the catalyst surface determines the catalytic activity of the pre-
pared copper catalysts in many various reactions especially in the case of methanol 
synthesis and its conversion to hydrogen. That is why the proper catalyst activation 
is an important process to achieve the high active copper catalysts. In this work, we 
activated the catalysts in a mixture of 5%H2–95%Ar prior to the catalytic activity 
tests. It is well known that the quantity of the metallic copper and  Cu2O on the cata-
lyst surface and their relationship is very important from the catalytic point of view. 
Therefore, the reduction behaviour of binary oxide carrier and monometallic copper 
catalysts was also investigated in this work. The temperature programmed reduction 
measurements were used to determine the reduction behaviour of monometallic cop-
per supported catalysts. The TPR-H2 technique is also a powerful technique which is 
used to study the interaction between the active phase component and binary oxide 
support of the prepared catalysts. To better understand the reduction properties of 
monometallic catalysts first we studied the reducibility of  CeO2·Al2O3 support. The 
reduction profiles of  CeO2·Al2O3 support and monometallic copper Cu/CeO2·Al2O3 
(metal loading = 5, 20, 40 and 60 wt%) catalysts are shown in Fig. 2.  H2-TPR pro-
file recorded for  CeO2·Al2O3 support showed the reduction effects in a wide tem-
perature range, which are assigned with different oxide species reduction present on 
the surface and with the reduction of the bulk  CeO2. The reduction profile recorded 
for the binary oxide support showed the reduction effects in the temperature range 
400–600  °C, which are associated with a reduction of the surface oxygen species 
from the cerium (IV) oxide according to the following scheme:  CeO2 → CeO2−x. 
The high temperature effect located at about 900 °C was assigned to the reduction 
of bulk  CeO2 to  Ce2O3 oxide [40]. These results agree well with the reduction meas-
urements reported by Nevanperä et  al. [41]. Authors observed the same reduction 
stages as in our case. While, in the work [42] authors also reported about the low 
and the high temperature reduction stages. The low temperature reduction effect 
they assigned to the reduction of surface oxygen species from the cerium (IV) oxide. 
The high hydrogen consumption peak located at about 850  °C is associated with 
the reduction of bulk  CeO2 oxide. Then in the next part of the reducibility studies 
we were also investigated the reduction of monometallic copper supported catalysts. 
The reducibility studies were presented in Fig. 2.

TPR profile of 5% Cu/CeO2·Al2O3 catalyst showed two unresolved reduc-
tion effects located in the temperature range 180–300  °C, which can be assigned 
to the two-steps reduction of copper(II) oxide to metallic copper via intermediate 
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 Cu2O. However, the temperature range of reduction profiles located on the TPR 
curve recorded for this system may indicate also that these reduction effects can 
be also associated with the reduction of small and large CuO species located on 
support surface. The higher temperature reduction effects are also connected with 
a reduction of the surface oxygen species from the cerium (IV) oxide  CeO2 to 
superficial  CeO2-x species. While, the high temperature reduction peak situated at 
about 900 °C is assigned to the reduction of bulk  CeO2 to  Ce2O3 [43]. The other 
authors [44] also studied the reducibility of Cu/CeO2 systems and reported about 
the possible reduction of support. They have suggested such action on the basis of 
 H2 uptake by reduction of calcined CuO/CeO2 system. They conclude that much 
higher  H2 uptake is assigned to spillover of hydrogen onto the support causing by 
small particles resulting in a reduction of both copper oxide and the surface of the 
 CeO2 [45].  H2-TPR profiles recorded for other investigated copper catalysts exhib-
ited similar reduction behaviour as for monometallic catalyst with the lowest cop-
per content. First two unresolved reduction peaks located at low temperature range 
(180–380  °C) are assigned to the reduction of CuO crystallite species to metallic 
copper through intermediate  Cu2O species. Whereas, the high temperature reduc-
tion effects are connected with a reduction of  CeO2 → CeO2−x (400–600  °C) and 
 CeO2 → Ce2O3 (850 °C–900 °C) species and were visible for copper catalysts with 
higher copper loading. Furthermore, the reduction effects observed for 40% Cu/
CeO2·Al2O3 and 60% Cu/CeO2·Al2O3 are shifted towards higher temperature range. 
Turco et al. [46]. studied the reducibility of copper supported catalysts and reported 
about two-stage reduction of the copper(II) oxide according to the following scheme 
 Cu2+ → Cu+ → Cu0. However, the size and shape of these peaks indicated that this 
hydrogen consumption peaks may be also assigned to the reduction of two crystal-
lites size of the copper(II) oxide [47]. Agrell et al. [48]. studied also the reduction 

Fig. 2  TPR profiles of  CeO2·Al2O3 support and Cu/CeO2·Al2O3 (metal loading = 5, 20, 40 and 60 wt%) 
catalysts calcined in air atmosphere for 4 h at 400 °C
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of various cooper supported catalysts. They also reported about the reduction effect 
with maximum of hydrogen consumption peak at 240 °C associated with the reduc-
tion of CuO crystallites. The presences of two reduction peaks they are connected 
with reduction of different crystallites size of CuO.

It is well known in the literature [47] that in the OSRM process the acid centers 
plays an important role because of the fact that they take a part in a stabilising pro-
cess of the intermediates formed during the reaction. The total acidity and the dis-
tribution of acidic centers on the catalyst surface was determined by the temperature 
programmed desorption of ammonia (TPD-NH3) measurements. Table  3 presents 
the distribution of acid centers on the catalyst surface, which was estimated based 
on the surface under the peaks at an appropriate temperature range. The performed 
TPD-NH3 measurements confirmed the presence of three types of acid centers; 
weak, medium and strong which were detected for all investigated catalyst systems. 
The value of the total acidity calculated for  CeO2·Al2O3 support was 0.33 mmol/g. 
It is also worth noticing that the highest total acidity showed copper catalyst with 
the lowest copper loading. The results clearly show that the value of a total acidity 
decreases with increasing of the copper content in the examined supported catalysts. 
It is worth emphasizing that the catalysts with the higher content of Cu equal 20, 40 
and 60 wt% in the investigated catalysts exhibited total acidity equal 0.23, 0.19 and 
0.18 mmol of desorbed ammonia per gram of the catalyst, respectively. While, cop-
per catalyst 5% Cu/CeO2·Al2O3 showed additionally the highest quantity of weak 
and medium centers present on the catalyst surface compared to the other catalyst 
systems. Only carrier material exhibited higher quantity of the strong acid centres 
on its surface.

The phase composition studies were also performed for investigated material in 
this work. The X-ray diffraction technique were recorded for various monometallic 
copper supported catalysts Cu/CeO2·Al2O3 (metal loading = 5, 20, 40 and 60 wt%) 
and in order to determine the possible interaction which may take place between 
an active phase component of the catalyst and the  CeO2·Al2O3 support. The XRD 
curves recorded for copper supported catalysts showed the occurrence of crystal-
lographic phases such as: CuO,  CeO2 and γ-Al2O3. The detailed analysis of the 
recorded XRD patterns showed the occurrence of the diffraction peaks attributed to 

Table 3  The amount of  NH3 desorbed from the surface of Cu/CeO2·Al2O3 catalysts (Cu loading = 5, 20, 
40 and 60 wt%) calcined in air atmosphere at 400 °C for 4 h calculated based on the surface under the 
TPD-NH3 profile recorded for each system

Catalysts Total acidity 
(mmol/g)

Weak centers 
(mmol/g)

Medium cent-
ers (mmol/g)

Strong centers 
(mmol/g)

180–600 °C 180–300 °C 300–450 °C 450–600 °C

CeO2·Al2O3 0.33 0.10 0.10 0.13
5% Cu/CeO2·Al2O3 0.54 0.19 0.25 0.10
20% Cu/CeO2·Al2O3 0.23 0.11 0.09 0.03
40% Cu/CeO2·Al2O3 0.19 0.09 0.08 0.02
60% Cu/CeO2·Al2O3 0.18 0.09 0.07 0.02
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the crystallographic phases assigned to  CeO2 (positioned at 2θ angle: 28.6°, 33.3°, 
47.6°, 56.5°); CuO (positioned at 2θ angle: 33.3°, 35.6°, 38.8°, 48.8°, 53.5°, 58.4°, 
61.6°) and γ-Al2O3 (positioned at 2θ angle: 46.4°) (see Fig. 3) phases. The lack of 
diffraction peaks which could be assigned to CuO phase is explained by the limit 
of the XRD technique detection [44]. In the case of this system the CuO particles 
are highly dispersed on  CeO2·Al2O3 support and they are too small to detect by the 
diffractometer. This means that crystallites of CuO should be below 5  nm which 
are present on the catalyst surface and are not visible on diffraction pattern [12]. 
On the XRD diffraction curve of the catalyst system containing 20 wt% of Cu, the 
peaks corresponding to CuO phase are observed and their intensity increases with 
the increase of copper loading, which is consistent with the literature data [49, 50].

The catalytic activity and selectivity to the obtained products in the oxy-
steam reforming of methanol process were also studied in this work in order to 
correlate their reactivity with their physicochemical properties (see Table 4 and 
Fig. 4). In addition, the kinetics studies were also performed for monometallic 
catalysts with a conversion rate of up to 10%. The activity results expressed as 
methanol conversion and selectivity to the all products obtained for monometal-
lic supported catalysts showed that the highest methanol conversion at 160 and 
200 °C were obtained for copper supported catalysts containing 20 wt% of Cu. 
The increase or decrease of the copper content in the investigative catalysts did 
not improve the activity of the copper based catalyst (see Fig. 4). The results of 
the catalytic activity showed that the selectivity to hydrogen generation is higher 
for the catalysts tested at 200 °C. The only difference was observed for catalyst 
containing the highest copper content in the investigative systems, which exhib-
ited higher hydrogen production rate at lower temperature of the process. It is 
very interesting, that the activity results obtained for monometallic supported 
catalysts confirmed that for all catalysts any CO formation as a by-product of 

Fig. 3  XRD patterns of Cu/CeO2·Al2O3 (metal loading = 5, 20, 40 and 60 wt%) catalysts calcined in an 
air atmosphere at 400 °C for 4 h
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the process was not observed. This tendency is very important from the appli-
cation point of view of the use of these types of catalysts in fuel cell technol-
ogy. In addition, we should remember that the lack of the CO in the effluent 
gas can be related also with the limitation of the TCD detector [8]. The reac-
tivity results showed that at 200  °C the catalysts containing 5 and 20 wt% of 
Cu were comparable high active and showed above 95% of methanol conver-
sion and high selectivity towards hydrogen generation above 68%. While, in the 

Table 4  Activity and selectivity results in the oxy-steam reforming of methanol over monometallic cop-
per catalysts supported on binary oxide system

Reaction condition: weight of catalyst = 0.2 g,  H2O/CH3OH/O2 molar ratio in the feed gas = 1/1/0.4, reac-
tion temperature = 160 and 200 °C, atmospheric pressure, GHSV = 26,700 h−1

Catalyst Tempera-
ture (°C)

CH3OH con-
version (%)

H2 selec-
tivity (%)

CO selec-
tivity (%)

CO2 selec-
tivity (%)

DME 
selectivity 
(%)

5% Cu/CeO2·Al2O3 160 47.5 57.1 0 42.9 0
200 97.7 69.1 0 30.6 0.3

20% Cu/CeO2·Al2O3 160 60.8 23.3 0 76.7 0
200 99.6 68.2 0 31.7 0.1

40% Cu/CeO2·Al2O3 160 11.4 51.1 0 48.9 0
200 87.9 65.7 0 33.8 0.5

60% Cu/CeO2·Al2O3 160 0.1 75 0 25 0
200 9.6 28.5 0 71.5 0

Fig. 4  The methanol conversion in the oxy-steam reforming of methanol over Cu/CeO2·Al2O3 catalysts 
(metal loading = 5, 20, 40 and 60 wt%). Reaction condition: weight of catalyst = 0.1 g,  H2O/CH3OH/O2 
molar ratio in the reaction mixture = 1/1/0.4, temperature of the reaction 160 and 200 °C. The catalytic 
teste were performed under atmospheric pressure (GHSV = 26,700 h−1)
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case of the monometallic copper catalysts with higher copper content (40 and 
60% wt of Cu) the catalytic activity performed in OSRM showed that metha-
nol conversion decreases at both temperatures. This decrease of the methanol 
conversion is significant especially in the case of the catalyst with the highest 
copper content (60 wt% of Cu) in the system, reaching the value of about 10% 
at 200 °C. The results of the activity measurements gave clear evidence that the 
only by-product in this process was dimethyl ether which was formed in small 
quantities. Analogical catalytic measurements in OSRM process over copper 
catalysts supported on  CeO2 were investigated by Udani and co-workers [44]. 
They reported that methanol conversion and CO selectivity in the investigated 
process increased parallel with growth of the metal content in the studied system 
up to 70 atom %. Above this value methanol conversion decrease and the light-
off temperature for all catalysts was 180 °C. In our work the highest methanol 
conversion values were obtained for copper catalysts supported on binary oxide 
at 200 °C. The same light-off temperature for copper catalysts was reported by 
Perez-Hernández et al. [51]. 

Conclusions

In this work monometallic catalysts supported on binary oxide  CeO2–Al2O3 were 
prepared by impregnation method and tested in oxy-steam reforming of metha-
nol process. The catalytic activity tests performed in OSRM reaction showed that 
the most active system was 20%/CeO2–Al2O3 which exhibited 99.6% of methanol 
conversion and 68.2% selectivity to hydrogen formation. It is worth to emphasize 
that any of the studied catalysts did not exhibited the CO formation during OSRM 
process. This result also confirms the potential of usage of the copper catalysts 
system supported on binary oxide in Fuel cell technology to generate electric-
ity. In addition, it is also important that the most active 20%/CeO2–Al2O3 system 
exhibited also the lowest value of energy activation and the highest reaction rate 
in OSRM process compared to the rest of the catalysts. It should be also noticed 
that at 200 °C the catalysts containing 5 and 20 wt% of Cu exhibited comparable 
activity above 95% of methanol conversion and high selectivity towards hydrogen 
generation above 68%. In addition, 20%/CeO2–Al2O3 system showed also high 
specific surface area and total acidity compared to the catalysts with high copper 
loading (40 and 60 wt% of Cu).
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