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A B S T R A C T   

This work deals with Ni catalysts supported on both mono and binary oxide prepared by a conventional wet 
impregnation method. The catalytic properties of the material were investigated in oxy-steam reforming of 
methane (OSRM) process. The physicochemical properties of the catalysts were extensively studied using 
techniques such as Temperature Programmed Reduction (TPR-H2), Temperature Programmed Desorption of 
Ammonia (TPD-NH3), Brunauer Emmett Teller Method (BET), X-ray Diffraction studies (XRD), Thermal Analysis 
coupled with Mass Spectrometry (TG-DTA-MS), Time of Flight Secondary Ion Mass Spectrometer (ToF-SIMS), X- 
ray Photoelectron Spectroscopy (XPS) and Scanning Electron Microscope with EDX detector (SEM-EDX). The 
catalytic activity results showed that the Ni/CeO2∙La2O3 (2:1) catalyst exhibited superior activity and high 
selectivity towards hydrogen formation in the studied process due to the high content of Ni species present on the 
catalyst surface. The low activity of the Ni catalysts supported on La2O3 or binary oxide with high content of 
lanthanum oxide is related to the strong interaction of NiO with support.   

1. Introduction 

Environmental pollution caused by the overexploitation of fossil 
fuels has resulted in serious problems such as global warming. One 
possible solution to this problem is the production of hydrogen through 
the reforming process of natural gas. The use of hydrogen and fuel cell 
technology, instead of traditional fossil fuels, can lead to reducing 
greenhouse gas emissions to the atmosphere and eliminate smog for-
mation in highly urbanized cities. Fuel cells due to their high efficiency, 
durability and reliability can potentially contribute to the rapid devel-
opment of various industries of the future. One of the main technologies 
used to produce hydrogen is based on steam reforming of methane. The 
main component of natural gas is methane, but it can also contain 
ethane, propane and heavier hydrocarbons as well as nitrogen, oxygen, 
carbon dioxide and sulphur. The technology receiving hydrogen from 
natural gas involves in the first stage the conversion of organic sulphur 

compounds and olefins to hydrogen sulphide and hydrocarbons, and 
removal of hydrogen sulphide. The second stage involves steam 
reforming of methane and higher hydrocarbons, and conversion of 
carbon monoxide with water vapour. These conditions make the pro-
duction of hydrogen by reforming natural gas difficult because the 
process requires prior purification of natural gas from sulphur and ni-
trogen compounds. An alternative technology is based on liquefied 
natural gas (LNG) as a source of hydrogen. During this process, natural 
gas is cleaned mainly from water and carbon dioxide to prevent the 
formation of solid particles, then the gas is cooled to a temperature of 
about − 160 ◦C. As a result, LNG is a very clean containing 87.7 % 
methane, even 99.8 % in some cases, and small fractions of other 
components consisting of light hydrocarbons (ethane, propane, butane) 
and nitrogen. After condensation, very pure, colourless and odourless 
fuel is obtained without toxic and corrosive properties. Purified LNG has 
a volume of about 600 times smaller than in the gaseous state, which 
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makes it more economical to transport. Another advantage of the use of 
LNG as a source of hydrogen is the fact that it is possible to receive 
liquefied natural gas from marginal or waste sources containing rela-
tively low methane content (e.g. mines, landfill, cattle farms), which is 
beneficial for the environment. 

Typical catalysts used in reforming of natural gas are mono- Ni 
[1–4], Pd, Pt, Ru, Rh, Ir [5,6] and bimetallic catalysts, which are a 
mixture of nickel catalyst promoted by precious metals. Considerable 
research efforts have focused on supported VIII Group catalysts for dry 
reforming of methane [7,8]. Good coke resistance and high catalytic 
activity were reported on noble metal catalysts. However, in the view of 
availability and economic consideration, nickel is the most appropriate 
catalyst for this reaction [7–11]. The disadvantage of nickel supported 
catalysts is their short life caused by a strong deactivation of active 
centres due to coke deposition, oxidation and sintering of the metallic 
active phase. The coke deposition is mainly caused by methane 
decomposition and Boudouard reaction. The deposited carbon could 
cover the active centre and consequently result in the deactivation of the 
catalysts. Therefore, in recent years, research efforts focused on 
discovering the appropriate modifiers for conventional nickel supported 
catalysts. Such modification allows obtaining low-cost systems with 
high catalytic activity, selectivity and stability in the high temperature 
processes of reforming of natural gas, which directly reduces the cost of 
running process. Modification focuses on the following aspects: the 
preparation method of support and catalyst [7,12], the nature of support 
[13–16] and the addition of promoters [17]. A typical support for nickel 
catalysts used in the reforming of natural gas is alumina modified with 
Ca, Mg, K, Na and Ba ions [18–20]. This type of modification leads to an 
increase in its basicity, thus reducing the thermal decomposition of 
methane, which is as a major source of coke deposition. Gradual 
dissociative chemisorption of methane leads to the formation of highly 
reactive carbon atom. This is the first step in the formation of synthesis 
gas, and coke formation [21]. Depending on the temperature, pressure, 
contact time and composition of the reaction mixture of process [22] 
and the type of catalyst [23] highly reactive carbon atoms present on the 
surface are subject to rapid gasification of CO, CO2 or CH4. Furthermore, 
polymerization of carbon present on the surface can be transformed into 
amorphous carbon Cβ and graphite Cχ. Carbon can dissolve forming 
metal carbide Cγ, which after recrystallization creates carbon fibres 
[24]. 

One possibility to modify the properties of the support of methane 
reforming catalysts is the introduction of transition metal oxides such as 
CeO2, ZrO2, La2O3 and Cr2O3 into the alumina network [25–27], which 
leads to changes in the capacity of stored oxygen, so-called "oxygen 
storage capacity", influencing the increase in activity and resistance to 
deactivation of the catalysts caused by coke deposition. Zhu et al. [27] 
studied the effect of the addition of La on the activity and stability of the 
Ni/SiO2 catalyst in dry reforming of methane and concluded that the 
addition of La increases the dispersion of NiO and improves the catalytic 
activity. Furthermore, addition of La increases the interaction between 
NiO and SiO2 facilitates the oxidation form of carbon created on the 
surface of the Ni-La/SiO2 system. On the other hand, ZrO2,having 
excellent redox properties, can be a feasible modifier and structural and 
chemical stabilizer of transition Al2O3. It was demonstrated that addi-
tion of ZrO2 into Al2O3 not only enhanced the coking resistance but also 
increased the active nickel surface area, improving catalytic perfor-
mance of supported nickel catalyst in the steam reforming reaction. 
However, it is also known that the chemical and physical properties of 
Al2O3-ZrO2 support might be strongly influenced by calcination tem-
perature. It is expected that the catalytic performance of nickel catalyst 
supported on Al2O3-ZrO2 in the steam reforming of LNG is also strongly 
affected by calcination temperature of the Al2O3-ZrO2 support [28]. The 
Ce-ZrO2 system was also used as a promising support material in 
nickel-based catalyst systems [10,29–31]. Roh et al. [29] compared 
Ni–CeO2, Ni–ZrO2 and Ni–Ce–ZrO2 catalysts in carbon dioxide reform-
ing of methane and reported that both Ni–CeO2 and Ni–Ce–ZrO2 

catalysts exhibited relatively high activity and stability, while the 
Ni-ZrO2 catalyst deactivated in the initial stage of the reaction due to 
coke deposition. Laosiripojana et al. [30] claimed that Ni/Ce-ZrO2 
showed good methane steam reforming performance in comparison to 
Ni/Al2O3 supported catalysts due to the high oxygen storage capacity of 
Ce-ZrO2. Therdthianwong et al. [10] indicated that promotion of 
Ni/Al2O3 catalyst by addition of ZrO2 greatly improved the stability of 
nickel catalysts for dry reforming of methane in terms of coke inhibition 
by enhancing the dissociation of oxygen intermediates, which then react 
with carbonaceous species formed over the metal. 

The main goal of this work is to study the influence of the support 
composition on the catalytic and physicochemical properties of Ni cat-
alysts in oxy-steam reforming of methane. In addition, the optimisation 
of the catalyst composition was carefully studied. In order to achieve the 
objectives of this work, mono-Ni and bimetallic Ag-Ni catalysts sup-
ported on mono- (La2O3, CeO2, ZrO2) and binary oxides CeO2-La2O3 
(1:2, 1:1, 2:1), CeO2-ZrO2 (2:1) and La2O3-ZrO2 (2:1) with various 
content of both oxides were prepared via impregnation method. The 
physicochemical properties of the catalysts were studied using a range of 
analytical techniques and with catalytic activity. 

2. Experimental 

2.1. Supports and catalysts preparation 

Mono-oxides CeO2, La2O3 and ZrO2 were synthesized by precipita-
tion method using ammonia as a precipitation agent. The process of the 
precipitation was carried out at pH = 10, in all cases. The obtained 
hydroxides of La, Ce and Zr metals were then filtrated, washed using 
deionized water and finally dried in an air atmosphere at 120 ◦C for 2 h. 
After that the CeO2 and ZrO2 supports were calcined for 4 h at 400. 
While, La2O3 mono- oxide support was calcined for 4 h at 700 ◦C also in 
an air temperature. Binary oxides systems having molar ratios between 
CeO2 and La2O3 of 0.5, 1 and 2 were prepared by co-precipitation 
method using also ammonia as a precipitation agent. The precipitation 
agent was added into the solution of Ce and La precursors at pH = 10, in 
all cases. The obtained precipitate was then washed with deionized 
water and dried at 120 ◦C in an air atmosphere for 2 h, then calcined at 
700 ◦C for 4 h in the same atmosphere. Whereas, two binary oxides 
La2O3-ZrO2 (2:1) and CeO2⋅ZrO2 (2:1) systems with molar ratio between 
La and Zr and between Ce and Zr were prepared in the same way as 
previous binary oxide systems but the CeO2⋅ZrO2 (2:1) oxide system was 
calcined at 400 ◦C. On the other hand, La2O3-ZrO2 (2:1) was calcined at 
700 ◦C. The monometallic nickel catalysts supported on the mono and 
binary oxides were prepared using conventional impregnation method. 
The NiO oxide was introduced on the catalyst surface using Ni 
(NO3)2∙6H2O precursor. The catalyst supports were impregnated for 12 
h. Then the catalytic materials were dried for 2 h at 80 ◦C in an air at-
mosphere. In the next step, the obtained materials were calcined in an 
air atmosphere for 4 h at 400 ◦C. The Ni loading in the investigated 
catalysts were 5, 10, 20 and 30 % wt., respectively. 

2.2. Characterization of the catalytic material 

The specific surface area of carriers and monometallic catalysts were 
studied by the BET method using ASAP 2020 Micrometrics analyser 
(Surface Area and Porosity Analyzer). The distributions of the pores size 
were determined using BJH method. The reducibility of the catalysts 
and supports was investigated using temperature-programmed- 
reduction technique using automatic AMI-1 apparatus. The reduction 
behaviour of the catalytic material was investigated in the temperature 
range of 25− 900 ◦C. The total acidity measurements were done using 
TPD-NH3 technique. In each experiment about 0.2 g of the catalytic 
material was used. Thermal-conductivity detector (TCD) was applied to 
monitor of the ammonia concentration in the temperature range of 
100–600 ◦C. Phase composition studies of the synthesized materials 
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were performed using a PANalytical X’Pert Pro MPD diffractometer in 
Bragg-Brentano reflecting geometry. Cu Kα radiation was applied in 
each measurement with a PANalytical X’Celerator detector in the range 
of 2 theta 5− 90◦. The phase composition studies of the selected samples 
during the reduction of the catalytic material in a mixture of 5%H2-95% 
Ar in the temperature range of 25− 750 ◦C were done using reaction 
chamber. The morphology and the distribution of the elements on the 
catalyst surface were extensively studied by Scanning Electron Micro-
scope (SEM) (S-4700 HITACHI, Tokyo, Japan), equipped with Energy- 
dispersive detector (EDX) (ThermoNoran, Madison, WI, USA). The car-
bon deposit which is formed during oxy-steam reforming of methane 
process on the catalyst surface was determined using TG-DTA-MS 
technique. Thermogravimetric analysis was performed for spent cata-
lytic material on the SETSYS 16/18 thermal analyser from Setaram 
(France) and quadrupole mass spectrometer Balzers (Germany). The TG- 
DTA-MS experiments were performed in the temperature range of 
30–1000 ◦C using a linear temperature rate of 10 ◦C/min using about 
10− 20 mg in dynamic conditions gas stream - Air (Air Products). The 
XPS spectra were recorded on a Specs SAGE XPS spectrometer using Mg 
Kα radiation source (hν = 1253.6 eV). High resolution spectra were then 
recorded for pertinent photoelectron peaks at a pass energy of 20 eV in 
order to identify the chemical state of each element. All the binding 
energies (BEs) were referenced to the C1s neutral carbon peak at 285 eV. 
The CasaXPS software was used for processing and curve-fitting of the 
high-resolution spectra. The secondary ion mass spectra for the mono-
metallic Ni catalysts supported on mono- and binary oxides were 
recorded using a TOF-SIMS IV mass spectrometer manufactured by Iron- 
Tof GmbH, Muenster, Germany. The instrument is equipped with a Bi 
liquid metal ion gun and high mass resolution time of flight mass 
analyzer. Secondary ion mass spectra were recorded from approximately 
100 μm × 100 μm area of the surface. During measurements, the 
analyzed area was irradiated with the pulses of 25 keV Bi3+ ions at 10 
kHz repetition rate and an average ion current 0.4 pA. The analysis time 
was 30 s giving an ion dose below static limit of 1 × 1013 ions cm− 2. The 
detailed description of the above presented techniques used to study the 
physicochemical properties of the catalytic materials can be found in our 
previous works [32–35]. 

2.3. Catalytic activity tests 

The oxy-steam reforming of methane was performed in a quartz 
micro-reactor at temperatures of 700 ◦C and 900 ◦C and under 

atmospheric pressure. Catalytic activity was measured after reaching a 
stable state of the catalyst system after 30 min of the process. The weight 
of a catalyst test sample was 0.2 g. A volumetric ratio between each 
components of the reaction mixture was following: CH4 : H2O: O2 = 1 : 
2.7 : 0.35. Argon was used as a balance gas. While the total gas flow rate 
of the reaction mixture was 45 cm3/min. The analysis of the gaseous 
reaction mixture composition before and after the reaction was moni-
tored using gas chromatographs equipped with TCD and FID detectors. 

3. Results and discussion 

3.1. Activity tests in oxy-steam reforming of methane process 

Monometallic nickel catalysts supported on both mono and binary 
oxides were tested in oxy-steam reforming of methane and the results 
were expressed as methane conversion values and selectivity to all 
products formed during the process. In addition, the hydrogen yield 
values were also calculated for all investigated catalysts at two studied 
temperatures i.e. 700 and 900 ◦C. The oxy-steam reforming process can 
be expresses using the following Eq. (1) [36]: 

CH4 +
x
2
O2 + (1 − x)H2O→CO + (3 − x)H2 (1) 

From the reaction Eq. (1), it can be easily seen that large amount of 
hydrogen is not produced in this process and the amount of produced 
hydrogen depends on the amount of oxygen introduced into the reaction 
mixture. However, large amount of hydrogen is obtained in the steam 
reforming process of methane (SRM) which is applied in industry. The 
disadvantage of SRM process is the need to use a large amount of heat to 
run the reaction due to the fact that it is a highly endothermic process. 
On the other hand, the autothermal methane reforming process needs 
about half of the heat to conduct the reaction. Controlling the compo-
sition of the reaction mixture (O2 and H2O content) also allows 
obtaining the appropriate CO/H2 ratio in the reaction product [37]. 
Defining appropriate CO to H2 molar ratio opens the possibility to 
generate syngas and using it for various chemical processes including 
Fischer-Tropsch synthesis [32,33,38], methanol [39–43]and higher 
alcohol synthesis, DME production [44–46], etc. 

The reactivity results for both Ni catalysts supported on mono- and 
binary oxides are given in Table 1. The activity results obtained for 
monometallic Ni catalysts supported on mono- oxides showed that the 
most active was the 5%Ni/CeO2 catalyst having 100 % methane 

Table 1 
The catalytic activity results obtained in oxy-steam reforming of methane.  

Catalyst Temperature 
(◦C) 

CH4 conversion (%) H2 selectivity (%) CO selectivity (%) CO2 selectivity (%) nH2/nCO 

5%Ni/La2O3 
700 ◦C 39 0 0 54 0 
900 ◦C 100 58 39 3 1.5 

5%Ni/CeO2 
700 ◦C 99.9 61 34 5 1.8 
900 ◦C 100 61 36 3 1.7 

5%Ni/ZrO2 
700 ◦C 88 63 31 6 2 
900 ◦C 91 61 35 4 1.7 

5% Ni/CeO2⋅ZrO2 (2:1) 700 ◦C 97 65 31 4 2.1 
900 ◦C 100 62 34 4 1.8 

5% Ni/La2O3⋅ZrO2 (2:1) 700 ◦C 28 0 0 66 0 
900 ◦C 100 61 35 4 1.8 

5%Ni/CeO2-La2O3 (2:1) 
700 ◦C 99 64 31 5 2.1 
900 ◦C 100 63 33 4 1.9 

5%Ni/CeO2-La2O3 (1:1) 
700 ◦C 98 64 30 6 2.1 
900 ◦C 100 62 35 3 1.7 

5%Ni/CeO2-La2O3 (1:2) 700 ◦C 43 0 1 46 0 
900 ◦C 100 61 34 5 1.8 

10%Ni/CeO2-La2O3 (2:1) 
700 ◦C 96 64 31 5 2.0 
900 ◦C 100 61 36 3 1.7 

20 %Ni/CeO2-La2O3 (2:1) 
700 ◦C 97 65 31 4 2.1 
900 ◦C 100 62 35 3 1.8 

30 %Ni/CeO2-La2O3 (2:1) 
700 ◦C 96 59 35 6 1.7 
900 ◦C 100 57 40 3 1.4  
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conversion and high hydrogen selectivity of 61 % at both temperatures. 
The 5%Ni/La2O3 catalyst exhibited 39 % of methane conversion at 700 
◦C and did not show hydrogen formation during the process. The rest of 
the product formed at 700 ◦C were CO2 (54 %) and other organic 
products (46 %). It is also worth mentioning that 5%Ni/CeO2 catalyst 
showed also high H2/CO molar ratios of 1.8 and 1.7 at 700 and 900 ◦C, 
respectively. On the other hand, the catalytic activity measurements 
performed for the 5%Ni/ZrO2 systems showed 88 and 91 % of CH4 
conversion at 700 and 900 ◦C, respectively. In addition, this system 
showed also the highest hydrogen selectivity and high H2/CO molar 
ratio (2 at 700 ◦C and 1.7 at 900 ◦C) at both temperatures compared to 
the rest of the catalytic systems supported on mono- oxides carriers. 

In the next part of the activity evaluation of the nickel catalysts, the 

influence of the support composition of the binary oxide carriers on the 
catalytic activity of Ni systems in the oxy-steam reforming of methane 
process was studied. In order to optimize the catalyst support compo-
sition, we tested in the oxy-steam reforming of methane process Ni 
catalysts supported on various binary oxide supports such as CeO2⋅ZrO2 
(2:1), La2O3⋅ZrO2 (2:1) and CeO2-La2O3 (2:1). The catalytic results 
performed for the remaining Ni catalysts showed that the 5%Ni/ 
La2O3⋅ZrO2 (2:1) catalyst, which contain the highest La2O3 content, 
showed the lowest CH4 conversion and high selectivity to CO2 at 700 ◦C 
(66 %). In addition, it should be noted that hydrogen and CO were not 
formed on this catalytic material during the investigated process at 700 
◦C. The other products formed in the reaction were organic compounds 
(34 %). However, for the other Ni systems supported on CeO2⋅ZrO2 (2:1) 

Fig. 1. TG measurements performed for spent 5%Ni/La2O3, B) 5%Ni/CeO2 C) 5%Ni/CeO2∙La2O3 (1:2) D) 5%Ni/CeO2
• La2O3 (2:1) catalysts E) Ms profile of CO2 

emitted during heating process of the spent catalysts performed in an air atmosphere up to 700 ◦C. 
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and CeO2∙La2O3 (2:1) the high CH4 conversion and selectivity towards 
hydrogen formation values were confirmed at both temperatures. Due to 
the fact that the 5%Ni/CeO2-La2O3 (2:1) catalyst showed the highest 
methane conversion value at 700 ◦C and also the highest H2/CO molar 
ratio, further catalytic investigations were carried out using catalytic 
carriers containing various content of CeO2 and La2O3 oxides. Therefore, 
in the next step, the influence of the carrier composition on the catalytic 
properties of Ni catalysts was studied in the OSRM process. The catalytic 
activity tests performed in the OSRM reaction of Ni catalysts supported 
on binary oxides containing various CeO2 and La2O3 oxides showed that 
methane conversion increases with increasing the CeO2 content in the 
catalytic system at 700 ◦C. However, at 900 ◦C, the CH4 conversion for 
all investigated catalyst was 100 % in all cases. The lowest CH4 con-
version value was 43 % for the 5%Ni/CeO2-La2O3 (1:2) system, while for 
the 5%Ni catalysts supported on CeO2-La2O3 (1:1) and CeO2-La2O3 (2:1) 
the methane conversion was 98 and 99 %, respectively. In addition, the 
H2/CO molar ratio increased with increasing of the CeO2 content with 
the value determined for the 5%Ni/CeO2-La2O3 (2:1) system being 2.1 
and 1.9 at 700 and 900 ◦C, respectively. 

Next, the influence of Ni content on the catalytic reactivity of the 
CeO2-La2O3 (2:1) system was investigated. The catalytic systems con-
taining 10, 20 and 30 wt. % of Ni exhibited the same values of CH4 
conversions at both 700 and 900 ◦C. All Ni systems with high loading of 
nickel showed high methane conversion above 96 %. It is also worth 
emphasizing that in the case of catalysts containing 10 and 20 wt.% of 
nickel, the highest selectivity and efficiency towards hydrogen forma-
tion were observed. In addition, small amount of CO2 formation was also 
observed for these catalysts. It should be mentioned that the highest H2/ 
CO ratio was observed for nickel the 20 %Ni/CeO2-La2O3 (2:1) catalyst 
of 2.1 and 1.8 at 700 and 900 ◦C, respectively. The molar ratio of H2/CO 
is very important if we want to use the syngas (CO-H2) mixture for 
further chemical processes. The molar ratio of H2/CO equal to 2 is 
typically used for Fischer-Tropsch synthesis to generate hydrocarbons 
[32–34,38,47] and in methanol synthesis [43,48–51]. In addition, the 
hydrogen formation via reforming process [35,52–59] may also be used 
to power solid oxide fuel cells in order to generate electricity. 

3.2. Thermal analysis of the spent catalytic systems 

In the next part of this work, the carbon deposit formation during the 
process was studied for the selected Ni catalysts supported on both 
mono- and binary oxide systems using TG-MS analysis. The results of the 
TG-MS measurements are given on Fig. 1. Fig. 1E shows the MS spectra 
of CO2 formed during the thermal treatment in an air atmosphere of the 
spent Ni catalysts. The TG results obtained for monometallic Ni catalysts 
supported on monoxide CeO2 and La2O3 show a decrease in sample 
weight in the case of the Ni/La2O3 of 4.29 %. This loss of weight is 
related to the oxidation of carbon deposit which is formed on the cata-
lyst surface during the process. Also, during the heating of the sample 
two effects on TG curve at about 380 and 520 ◦C were observed. These 
two weight loss effects are assigned to the oxidation of the two form of 
carbon created on the surface of the catalyst. At lower temperature 
range, the effect is related to the oxidation process of amorphous carbon 
[60,61]. While the higher temperature effect is assigned to the oxidation 
of graphite carbon (Cγ) [35,62,63]. On the contrary, the thermal anal-
ysis of the 5%Ni/CeO2 system showed only small effect on TG curve at 
about 380 ◦C assigned to the oxidation of the amorphous carbon. The 
later led to only slight decrease in sample weight of less than 0.5 %. This 
means that during the investigated process only small quantity of carbon 
is deposited on the surface of the catalyst. It is also worth noting that for 
this catalyst no other form of carbon deposited on the catalyst surface 
was observed. In the next step of the TG-MS measurements, thermal 
analysis of the monometallic systems supported on the binary oxide 
containing CeO2 and La2O3 oxides with the molar ratios of 1:2 and 2:1 
were carried out. The TG-MS analysis showed that in the case of the Ni 
catalysts supported on binary oxides the same thermal behaviour was 

observed. The analysis confirmed that for catalysts supported on the 
CeO2-La2O3 (2:1) system only small decomposition effect was observed 
on the TG curve assigned to the oxidation process of amorphous carbon. 
This result agrees well with the thermal analysis of the 5%Ni/CeO2 
system. However, the TG curve recorded for the catalyst supported on 
5%Ni/CeO2-La2O3 (1:2) was similar to the TG profile of 5%Ni/La2O3 on 
which two decomposition stages were visible. These TG effects were 
assigned to the oxidation steps of two forms of carbon species namely 
amorphous and graphite carbon formed on the catalyst surface. The 
confirmation of the decomposition process of 5%Ni/ CeO2-La2O3 (1:2) 
system is the MS spectrum recorded for this catalyst which showed also 
two effects attributed to CO2 formed during the oxidation process of two 
kind of carbon formed on the catalyst surface. 

3.3. Influence of the catalyst composition on the specific surface area of 
the catalytic material 

Specific surface area (SSA) measurements and pore size distribution 
of supports and monometallic nickel supported catalysts were measured 
using the N2 adsorption-desorption method (Table 2). 

The specific surface area measurements performed for all catalytic 
systems showed that the highest specific surface area of 109.6 m2/g had 
the ZrO2 system. On the other hand, the CeO2 and La2O3 systems 
exhibited lower values of SSA of 20.1 and 0.4 m2/g, respectively. 
Additionally, the binary oxide system which contains ZrO2 oxide 
exhibited the highest SSA value of 41.6 m2/g. The lowest SSA value 5.3 
m2/g showed La2O3-ZrO2 (2:1) system. While the rest of the binary 
oxides systems exhibited very similar SSA values in the range 14.8–25.2 
m2/g. Introduction of NiO phase on both mono- and binary oxides 
support surfaces results in decrease in those values which is related to 
blocking of the support pores by the NiO phase. Only in the case of the 
Ni/La2O3 system a slight increase of the specific surface area was 
observed. It is also worth emphasizing that increasing the Ni content in 
the case of the nickel catalysts supported on the CeO2⋅La2O3 (2:1) to 20 
and 30 wt. % results in increase of the SSA values to 30.2 and 40.7 m2/g, 
respectively. This phenomenon can be explained by the fact that the NiO 
introduced to the carrier systems generates additional pores and in-
creases the surface roughness on the support surface. According to 
Brunauer, five different adsorption isotherms can be distinguished for 

Table 2 
The specific surface area, monolayer capacity and average pore radius for the 
supports and monometallic Ni supported catalysts calcined in an air atmosphere 
at 400 ◦C for 4 h.  

Materials 
(calcination temperature ◦C) 

BET 
surface 
area 
(m2/g) 

Monolayer 
capacity 
(cm3/g) 

Average 
pore radius 
(nm) 

CeO2 (400 ◦C) 20.1 0.1 9.8 
La2O3 (700 ◦C) 0.4 0.002 19.9 
ZrO2 (400 ◦C) 109.6 0.26 3.4 
CeO2⋅ZrO2 (2:1) (400 ◦C) 47.9 0.09 3.1 
La2O3⋅ZrO2 (2:1) (700 ◦C) 5.3 0.03 11.3 
CeO2⋅La2O3 (2:1) (700 ◦C) 20.6 0.07 5.3 
CeO2⋅La2O3 (1:1) (700 ◦C) 25.2 0.14 8.3 
CeO2⋅La2O3 (1:2) (700 ◦C) 14.8 0.07 6.3 
5% Ni/CeO2 (400 ◦C) 17.5 0.08 9.5 
5% Ni/La2O3 (400 ◦C) 9.1 0.05 9.1 
5% Ni/ZrO2 (400 ◦C) 94.4 0.20 3.5 
5% Ni/CeO2⋅ZrO2 (2:1) (400 ◦C) 41.6 0.09 3.2 
5% Ni/La2O3⋅ZrO2 (2:1) (400 ◦C) 4.3 0.03 9.1 
5% Ni/CeO2⋅La2O3 (2:1) (400 ◦C) 22.7 0.08 5.6 
5% Ni/CeO2⋅La2O3 (1:1) (400 ◦C) 25.5 0.12 7.5 
5% Ni/CeO2⋅La2O3 (1:2) (400 ◦C) 19.7 0.08 5.7 
10% Ni/CeO2⋅La2O3 (2:1)(400 ◦C) 21.0 0.07 5.9 
20 % Ni/CeO2⋅La2O3 (2:1) (400 ◦C) 30.2 0.09 5.4 
30 % Ni/CeO2⋅La2O3 (2:1) (400 ◦C) 40.7 0.15 6.8  
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the gases and vapours of a material [64]. The adsorption/desorption 
isotherms obtained for catalytic materials are given in Fig. 2. All of the 
studied catalysts and supports belonged to the isotherm of type II. The 
type II isotherms are very common in the case of physical adsorption and 
are associated with the formation of an adsorption multi-molecular layer 
on the surface of a solid material. The results of the SSA measurements 
clearly indicate that all prepared systems are mesoporous and have pore 
diameters between 2 nm and 50 nm. As an overall trend, systems which 

had the highest SSA values also had the smallest pore diameters and had 
the highest monolayer capacity. 

3.4. Phase composition studies of monometallic Ni supported catalysts 

The phase composition studies of supports and monometallic Ni 

Fig. 2. The BET adsorption-desorption isotherms for supported and monometallic catalysts calcined at 400 ◦C in an air temperature for 4 h.  

Fig. 4. XRD analysis of the binary oxides calcined in an air atmosphere for 4 h 
at 400 ◦C (CeO2-ZrO2 (2:1)) and at 700 ◦C (CeO2-La2O3 (2:1), La2O3- 
ZrO2 (2:1)). 

Fig. 3. XRD analysis of the mono- oxide after calcination in an air atmosphere 
for 4 h at 400 ◦C (ZrO2 and CeO2) and at 700 ◦C in the case of La2O3 system. 
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catalysts were studied and the results are shown on Figs. 2–5, respec-
tively. Fig. 2 presents the phase composition of the monoxide calcined at 
400 or 700 ◦C. As we can see from Fig. 3 that CeO2 and La2O3 oxides 
consisted of only one phase, namely La2O3 and CeO2 [65]. In contrast, in 
the case of the ZrO2 oxide system, two crystallographic phases i.e. 
tetragonal and monoclinic can be easily distinguished in the XRD curve 
[66]. 

Further, XRD studies were carried out for various binary oxide sys-
tems CeO2-ZrO2(2:1), CeO2-La2O3 (2:1) and La2O3-ZrO2 (2:1) calcined 
in an air atmosphere for 4 h at 400, 700 and 700 ◦C. Fig. 4 presents the 
diffraction curve recorded for La2O3-ZrO2 (2:1) system. The XRD curve 
of this binary oxide confirmed rather amorphous state of the sample. The 
only reflexes which were visible were the diffraction peaks assigned to 
lanthanum and zirconium oxide phases. On the other hand, in the case of 
the binary oxide system CeO2-La2O3 (2:1) only diffraction peaks 
assigned to CeO2 system were visible on XRD curve. It is also worth 
mentioning the small shifts of the observed reflexes in the XRD curves 
compared to the diffraction peaks coming from CeO2 system. The shifts 
of these diffraction reflexes can be explained by the solid solution for-
mation between the two mentioned oxides. In comparison, in the XRD 
curve of CeO2-ZrO2 (2:1), two crystallographic phases can be distin-
guished, namely, CeO2 and ZrO2 [67]. Biswas et al. [65] also studied the 
phase composition of the CeO2–ZrO2 mixed oxide and reported the lack 
of diffraction peaks for ZrO2 in the XRD pattern recorded for mixed 
oxide system suggesting the incorporation of ZrO2 into CeO2 lattice to 
form a solid solution. The diffractions peaks observed for binary oxide 
systems in the XRD pattern shifts towards higher 2 theta values with 
increase in ZrO2 content. In the next part of the phase composition 
studies, the influence of the La2O3 content in CeO2-La2O3 binary oxides 
systems was investigated. The phase composition studies of these binary 
oxide systems showed that increasing of the La2O3 content in the binary 
oxides system results in shifts of the diffraction peaks toward lower 2 
theta angle compared to the reflexes of pure CeO2 systems. In addition, 
in the case of the binary oxide system CeO2-La2O3 (1:1), wide diffraction 
peaks assigned to CeO2 can be observed. Widening of the diffraction 
peaks and the lack of La2O3 [65] phase is associated with the formation 
of solid solutions between two oxides forming binary oxide. Further 
increase of the lanthanum oxide content in binary oxide system 
(CeO2-La2O3 (1:2)) caused also a shift in the XRD reflexes towards lower 
range of 2 Theta angle together with the occurrence of an additional 
phase attributed to La2O3 phase. 

Fig. 6 presents the phase composition studies of Ni catalysts sup-
ported on La2O3, ZrO2, CeO2 mono- oxides calcined in an air atmosphere 
at 400 ◦C for 4 h. The detailed analysis of the phase composition of 5% 

Ni/CeO2 showed the occurrence of NiO and CeO2 phases in the XRD 
curve. Whereas, the diffraction curve of 5%Ni/ZrO2 system confirmed 
the presence of the same m-ZrO2 and t-ZrO2 crystallographic phases. In 
addition, a NiO phase was also observed in the diffraction curve recor-
ded for the Ni/ZrO2 system. However, the phase composition studies of 
the Ni/La2O3 system confirmed the occurrence of NiO, La2O2CO3 [68, 
69], La(OH)3 [69], La2O3 [69] oxidic phases. 

In a next step, an analogous phase composition analysis was carried 
out for nickel catalysts supported on various binary oxides (Fig. 7 and 8). 
The XRD analysis performed for 5%Ni/CeO2-ZrO2 system confirmed an 
amorphous state of the sample and the presence of broad and low in-
tensity peaks assigned to CeO2, ZrO2 and NiO oxidic phases. The XRD 
studies of 5%Ni/CeO2-La2O3 showed the presence of a CeO2 phase on 
the diffraction curve. The lack of a La2O3 phase may be connected with 
the solid solution formation between these two oxides forming one 
catalytic system. Furthermore, NiO phase was not detected in the 
diffraction curve which can be explained by too small crystallites of this 
phase or by the formation of LaNiO3 phase, however, diffraction peaks 
for such phase was not detected. In the next step of the phase compo-
sition studies, the influence of La2O3 content on the investigated Ni 

Fig. 7. XRD analysis of the various Ni catalysts supported on various binary 
oxides CeO2-ZrO2, (2:1), CeO2-La2O3 (2:1) and CeO2-ZrO2(2:1) calcined in an 
air atmosphere for 4 h at 400 ◦C. 

Fig. 5. XRD analysis of the various binary oxides CeO2-La2O3 with various 
molar ratio between CeO2 and La2O3 oxides equal 2:1, 1:1 and 1:2 calcined in 
an air atmosphere for 4 h at 700 ◦C. 

Fig. 6. XRD analysis of the various Ni catalysts supported on various mono- 
oxides CeO2, ZrO2 and La2O3 calcined in an air atmosphere for 4 h at 400 ◦C. 
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catalysts supported on various CeO2∙La2O3 systems were studied. The 
analysis of the Ni catalysts supported on these oxides showed that the 
increase of the La2O3 in the catalytic systems results in occurrence of an 
additional crystallographic phases visible in the XRD curve recorded for 
the system with the highest content of La2O3. The detailed analysis of 
the XRD curve recorded for this system confirmed the presence of La 
(OH)3, LaNiO3, La2O3, CeO2 and NiO phases. The occurrence of LaNiO3 
phase in the diffraction curve recorded for these catalysts confirmed the 
interaction between an active NiO phase and the component of the 
support. The formation of this phase during the preparation of the cat-
alytic material indicates the low activity of this system in the investi-
gated process. The main reason of such catalytic behaviour is explained 
by the limited number of active centres on the surface. Nickel forms a 
LaNiO3 compound, making it less available on the surface. This explains 
the lowest activity compared to the rest of the Ni catalysts supported on 
binary oxide containing CeO2 and La2O3 oxides. 

3.5. Acidity measurements for the reduced catalysts systems performed 
using TPD-NH3 method 

The acid-based properties of the catalytic systems were studied by 
temperature programmed desorption of ammonia. This technique is 
very useful to study the electron acceptor-donor properties. The free pair 
of electrons located in the nitrogen atom is useful to investigate the 
electron properties of catalytic materials and can provide valuable in-
formation about the acid-based properties of the material being tested. 
The TPD-NH3 measurements were done for supports and monometallic 
Ni catalysts and the results are shown in Table 3. The acidity measure-
ments performed for supports showed that in the case of mono- oxides 
the most acidic was the CeO2 system. While, La2O3 and ZrO2 exhibited 
total acidity of 0.15 and 0.10 mmol/g, respectively. The acidic property 
measurements performed for binary oxide confirmed also that the 
CeO2⋅La2O3 (1:1) system showed the highest total acidity compared to 
the rest of the binary oxide supports. The lowest acidity had the 
La2O3⋅ZrO2 (2:1) material. The rest of the binary oxide systems were 
characterized by intermediate acidity values. Introduction of Ni on the 
catalyst surface of the mono- oxides results in increasing of the total 
acidity. In the case of all Ni catalysts supported on mono- oxides, 
addition of metallic Ni on the support surface generates additional acidic 
centres and leads to an increase the total acidity. Catalysts supported on 
binary oxide systems showed similar tendency as the catalysts supported 
on monoxides. In all cases, increase of total acidic values were also 
detected. Moreover, increasing the nickel content in the catalyst systems 
resulted in the same effect. However, the highest total acidity was 
observed for the Ni catalysts containing 20 wt. % of Ni. It is also worth 
mentioning that the 20 %Ni/CeO2⋅La2O3 (2:1) system exhibited also the 
highest activity. This means that the acid-based properties of the cata-
lytic material play an important role in the oxy-steam reforming process 
of methane (Tables 2 and 3). 

3.6. Reduction behaviour of nickel catalysts supported on mono and 
binary oxides 

The reduction properties of the prepared catalytic systems were 
studied using Temperature-Programmed Reduction technique and the 
results are given in Figs. 9–11. Fig. 9 presents the reduction studies 
recorded for catalytic carriers. The TPR-H2 curve of CeO2 showed two 
wide reduction stages. The first wide reduction effect located in the 
temperature range of 350− 550 ◦C is connected with the reduction of 
different cerium oxo-species present on the catalytic material surface 
(CeO2→ CeO2− x). The high temperature effect situated above 650 ◦C is 
attributed to the reduction of bulk CeO2 [70–72]. 

Table 3 
Temperature programmed decomposition of ammonia measurements for sup-
ports calcined in an air atmosphere at appropriate temperature and mono-
metallic Ni supported catalysts reduced in hydrogen stream at 500 ◦C.  

Catalytic systems Total 
acidity 
(mmol/g) 
100− 600 
◦C 

Weak 
centers 
(mmol/g) 
100− 300 
◦C 

Medium 
centers  
(mmol/g) 
300− 450 
◦C 

Strong 
centers 
(mmol/g) 
450− 600 
◦C 

CeO2 0.17 0.04 0.04 0.09 
La2O3 0.15 0.02 0.11 0.02 
ZrO2 0.10 0.05 0.04 0.01 
CeO2⋅ZrO2 (2:1) 0.14 0.11 0.02 0.01 
La2O3⋅ZrO2 (2:1) 0.02 0.01 – 0.01 
CeO2⋅La2O3 (2:1) 0.19 0.01 0.12 0.06 
CeO2⋅La2O3 (1:1) 2.15 0.46 0.86 0.83 
CeO2⋅La2O3 (1:2) 0.23 0.02 0.11 0.10 
5 % Ni/CeO2 0.23 0.07 0.03 0.13 
5 % Ni/La2O3 0.29 0.01 0.23 0.05 
5 % Ni/ZrO2 0.14 0.11 0.01 0.02 
5 % Ni/CeO2⋅ZrO2 (2:1) 0.27 0.04 0.15 0.08 
5 % Ni/La2O3⋅ZrO2 (2:1) 0.06 0.01 0.01 0.04 
5 % Ni/CeO2⋅La2O3 (2:1) – – – – 
5 % Ni/CeO2⋅La2O3 (1:1) 0.14 0 0.11 0.03 
5 % Ni/CeO2⋅La2O3 (1:2) 1.13 0.17 0.59 0.37 
10 % Ni/CeO2⋅La2O3 (2:1) 0.76 0.28 0.29 0.19 
20 % Ni/CeO2⋅La2O3 (2:1) 0.49 0.22 0.18 0.09 
30 % Ni/CeO2⋅La2O3 (2:1) 2.62 0.72 0.89 1.01  

Fig. 8. XRD analysis of the various 5%Ni catalysts supported on various binary 
oxides CeO2-La2O3(1:2), CeO2-La2O3 (1:1) and CeO2-La2O3(2:1) calcined in an 
air atmosphere for 4 h at 400 ◦C. 

Fig. 9. Temperature programmed reduction studies of CeO2 and binary oxide 
systems containing various content of CeO2 and La2O3 oxides calcined in an air 
atmosphere for 4 h at 700 ◦C. 
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In the case of the binary oxide systems with high content of 
lanthanum oxide, two reduction stages were observed. The first reduc-
tion stage in the temperature range of 400− 600 ◦C is connected with the 
reduction of Ce oxy-species present on the surface of the support ma-
terial. The second, high temperature reduction stage is related to the 
reduction of bulk CeO2 and reduction of cerium oxide due to strong 
interaction with La2O3. The reduction of the CeO2-La2O3 (2:1) oxide 
systems showed also that this material is reduced in two stages con-
nected with the Ce oxy-species and bulk CeO2 reduction species [67]. It 
is also worth to note that the total amount of hydrogen consumed during 
the reduction process increased with increasing cerium oxide (CeO2) 
content. This behaviour can be explained by the higher oxygen mobility. 

The reduction behaviour of monometallic Ni catalysts supported on 
La2O3, ZrO2 and CeO2 supports is given in Fig. 10. The TPR-H2 profile 
recorded for 5%Ni/La2O3 showed two reduction stages connected with 
the reduction of free NiO species [73] and NiLaO3 phase [69]. The 
reduction profile of the 5%Ni/ZrO2 system had three reduction stages 
assigned to the reduction of NiO species interacting with the support 
surface. The various interactions between NiO species and support were 
confirmed by the ToF-SIMS measurements. The ion mass spectra 
recorded for these systems confirmed the formation of specific positive 
ions on the surface of the catalysts confirming the specific interactions 
between the remaining species. In the case of the 5%Ni catalysts 

supported on CeO2 support, four effects can be seen in the TPR-H2 
profile. The first two reduction stages are assigned to the reduction of 
free and interacted with support NiO species. The next two stages are 
connected with the reduction of Ce oxy-species present on the surface of 
the support material and the reduction of bulk CeO2 to CeO2-x species. 

In the next reduction studies, the reducibility of nickel catalysts 
supported on 5%Ni/CeO2∙ZrO2 (2:1), 5%Ni/La2O3∙ZrO2 (2:1) and 5% 
Ni/ CeO2∙La2O3 (2:1) was investigated and the results are given on 
Fig. 11. the TPR-H2 profile of 5%Ni/CeO2∙ZrO2 (2:1) presents three 
hydrogen consumption peaks assigned to the two forms of NiO species 
and CeO2 bulk reduction. The reduction study performed for the 5%Ni/ 
La2O3∙ZrO2 (2:1) catalyst also showed three reduction stages in the 
TPR-H2 profile. The reduction curve of this system also presents the 
reduction of two forms of NiO species and additional reduction step in 
the temperature range between 650− 750 ◦C which is probably con-
nected with the reduction of NiO strongly interacted with the support. 
The analogical measurements carried out for 5%Ni/ CeO2∙La2O3 (2:1) 
showed also three reduction stages assigned to the same oxide species 
reduction as for 5%Ni/La2O3∙ZrO2. The only difference was the fact that 
the high temperature reduction stage observed for this system was also 
attributed to the reduction of bulk CeO2. Next, the nickel catalysts 
supported on binary oxide systems containing various content of CeO2 
and La2O3 oxides were studied (Fig. 12). TPR profile recorded for 5%Ni/ 
CeO2∙La2O3 (1:2) shows four reduction stages in the TPR-H2 reduction 
profile. The first two reduction stages were assigned to free and strongly 
interacted with support NiO species. The next two reduction stages were 
assigned to the Ce oxy-species and bulk CeO2 reduction stages. The last 
reduction stage can be related with the reduction of LaNiO3 compound. 
Increasing of the CeO2 content in the investigated systems did not cause 
changes in the reduction behaviour of the Ni catalysts. The only differ-
ence is assigned to increasing of the intensity of the observed reduction 
effects. This tendency can be explained by the fact that the NiO and 
CeO2-x species are more easily available for the reducing agent 
compared to Ni catalysts supported on the carriers with high content of 
lanthanum oxide. In addition, the higher content of CeO2 species on the 
catalyst surface facilitates the formation of a solid solution between the 
oxides forming the carrier system. 

The effect of the Ni content on the reducibility of the Ni catalyst was 
investigated by temperature -programmed reduction technique and the 
results are presented in Fig. 13. The obtained results show that 
increasing of the Ni content to 10 wt. % in the catalytic systems did not 
change the reduction behaviour. Increasing of the Ni content to 20 wt. % 
and 30 wt. % leads to occurrence of additional effect in the TPR profile 
located in the temperature range of 280− 330 ◦C assigned to the 

Fig. 10. Temperature programmed reduction studies of 5%Ni catalysts sup-
ported on mono- oxide CeO2, ZrO2 and La2O3 oxides calcined in an air atmo-
sphere for 4 h at 400 ◦C. 

Fig. 12. Temperature programmed reduction studies of 5%Ni catalysts sup-
ported on binary oxide systems containing various content of CeO2 and La2O3 
oxides calcined in an air atmosphere for 4 h at 400 ◦C. 

Fig. 11. Temperature programmed reduction studies of 5%Ni catalysts sup-
ported on various binary oxide systems CeO2∙La2O3, La2O3∙ZrO2 and 
CeO2∙ZrO2 calcined in an air atmosphere for 4 h at 400 ◦C. 
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reduction of NiO species having specific interaction with the CeO2∙-
La2O3 (2:1) support. 

In order to confirm the postulated mechanism of the reduction of Ni 
nickel catalysts supported on various supports (CeO2∙La2O3, 
La2O3∙ZrO2 and CeO2∙ZrO2) XRD in situ reduction measurements in 
hydrogen were done and the results are given in Figs. 14–16. Fig. 14 
presents the reduction of the 5%Ni/CeO2∙La2O3 (2:1) system. The re-
sults obtained during the reduction process confirmed the reduction 
mechanism of the 5%Ni/CeO2∙La2O3 (2:1) catalyst. At final reduction 
temperature of 800 ◦C, the metallic Ni, CeO2 and CeO1.66 phases were 
observed in the diffractogram which suggests the total reduction of NiO 
oxide and partial reduction of CeO2 bulk to non-stochiometric CeO2-x 
oxide. It should be also mentioned that the shifts of the diffraction peaks 
assigned to CeO2 oxide phase towards high 2 theta angle may indicate 
solid solution formation between the CeO2 and La2O3 oxides. 

In the case of the 5%Ni/CeO2∙ZrO2 system, the reduction studies 
performed using XRD in situ technique also confirmed the reduction 
behaviour described above and based on the TPR-H2 measurements (see 

Fig. 15). The XRD curves recorded for this system clearly indicate that 
the formation of Ni starts at 150 ◦C and confirm the low temperature 
reduction effects recorded in the TPR profile. The XRD curve recorded at 
850 ◦C gives evidence that solid compounds or alloys between active the 
phase and support components did not form during the reduction 
process. 

Fig. 16 presents the phase composition studies recorded for the 5% 
Ni/La2O3∙ZrO2 (2:1) catalyst during its reduction. The obtained XRD 
results confirmed the solid solution formation during the reduction 
process performed at high temperature which is associated with the 
formation of La2Zr2O7 compound. The formation of these compound 
during the preparation step of the binary oxide cannot be ruled out. The 
formation of diffraction peaks at lower temperature is possible and it is a 
result of the insertion of Zr4+ into the La3+ forming a solid solution 
which is undetectable by the XRD method at lower temperature because 
of too small of crystallite size [74]. In addition, no other phases were 
detected in the diffraction curves during the reduction process. The 
obtained in situ XRD results agree well with the TPR-H2 measurements 
obtained for this catalyst. It was also shown that any other phases be-
sides NiO species are not reduced during the heating process in a 
hydrogen mixture. 

3.7. XPS investigation of the interaction between active phase and carrier 
component 

The XPS measurements were performed for calcined and reduced 
samples in order to study the oxidation state of Ni and the interaction 
between active phase and support components. The high resolution La 
3d5/2 and Ni 2p3/2 XPS spectra and the corresponding fits for calcined 
and reduced catalysts are displayed in Fig. 17. The Ni 2p3/2 core-level 
spectra of Ni catalysts calcined in an air atmosphere at 400 ◦C and 
reduced in a mixture of 5%H2-95%Ar mixture at 500 ◦C are presented in 
Fig. 17B and D, respectively. The characteristic peaks in the binding 
energy region (BE) of 845− 869 eV can be distinguished. The peaks 
positioned at about 852.6, 853.7–853.9 and 855.6 eV are assigned to 
metallic Ni◦, NiO and Ni2+ species, respectively [75,76]. In the case of 
the 5%Ni/CeO2-La2O3 and 5%Ni/CeO2-ZrO2 calcined catalysts mainly 
NiO and Ni2+ spices can be observed in the recorded XPS spectra 
(Fig. 17B). In the case of 5%Ni/La2O3-ZrO2, two peaks at about 857 eV 
and 859 eV are visible which are assigned to oxidized of Ni2+ interacted 
with La3+ or Zr4+ species [77]. The presence of strong interactions be-
tween Ni and Zr or Ni and La species is also supported by the phase 
composition studies (see XRD analysis) and ToF-SIMS measurements. In 
comparison, the binding energy profiles of reduced samples presented in 

Fig. 14. XRD in situ measurements recorded for 5%Ni/CeO2∙La2O3 (2:1) 
catalyst during the reduction process performed in hydrogen stream in the 
temperature range 50-800 ◦C. 

Fig. 15. XRD in situ measurements recorded for 5%Ni/CeO2∙ZrO2 (2:1) cata-
lyst during the reduction process performed in hydrogen stream in the tem-
perature range 50-800 ◦C. 

Fig. 13. Influence of the Ni content on the reduction behaviour of Ni catalysts 
supported on binary oxide system CeO2∙La2O3 (2:1) system calcined in an air 
atmosphere for 4 h at 400 ◦C. 
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Fig. 17D confirm the reduction state of the investigated samples. The 
reduced catalysts shows characteristics XPS bands which can be attrib-
uted to Ni◦ (852.6 eV) and Ni2+ (855.6 eV) species present on the 
catalyst surface. 

The characteristic band positioned at 852.6 eV is assigned to metallic 
Ni. While, for the investigated Ni containing samples, we observed the 
slight shifts of the specific band to lower binding energies (852 eV). This 
suggests interaction of Ni species with the support components. In 
addition, for all reduced samples, a band located at 855.6 eV was visible. 
The presence of this band confirms the presence of Ni2+ species on the 
catalyst surface confirming the interaction with the support components 
[77]. The presence of this band is easily explained by the TPR-H2 
measurements. The reduction behaviour of the investigated samples 
showed that the reduction temperature (500 ◦C) which was used to 
reduce the catalytic systems is insufficient to obtain completely reduced 
systems (see reduction behavior of the investigated samples). On the 
same Fig. 17, also La 3d5/2 photoelectron spectra’s were presented for 
both calcined and reduced 5%Ni/CeO2-La2O3 2:1 and 5%Ni/La2O3-ZrO2 
2:1 catalysts. The spectra recorded for calcined samples shows two peaks 
for 5%Ni/CeO2-La2O3 2:1 indicating multiplet characteristics for the 
La3+ species of La2O3. The magnitude of the present multiplet splitting 
in the XPS spectra and the intensity ratio of each multiplet-split 
component allows for diagnostics of the chemical component which is 
present on the investigated surface [78]. The slope situated near the 
peak with the maximum intensity at about 538 eV suggesting the spe-
cific interaction between La3+ species with support components. On the 
other hand, in the case of the 5%Ni/La2O3-ZrO2 2:1 system, an addi-
tional peak is visible at around 842 eV. This peak corresponds to the 
interactions of La3+ species with Zr or Ni. It is also worth mentioning 
that in the case of the Ni catalysts supported on La2O3-ZrO2 support, the 
highest intensity peaks related to La3+ species interacted with Ni2+ and 
Zr4+ can be found. 

3.8. Morphology studies of the catalytic material by ToF-SIMS technique 

In order to study the special interactions between the active phase 
and support component and between components of the support, ToF- 
SIMS measurements were performed for spent catalysts. The results of 
these measurements are given on Tables 4 and 5. Table 4 shows the ToF- 
SIMS results for monometallic Ni systems supported on La2O3-ZrO2 
(2:1), CeO2-ZrO2 (2:1) and CeO2-La2O3 (2:1) binary oxides. Positive ions 

such as Ni+, NiO+ and NiOH+ were detected for all three systems, the 
only difference being in the intensities of the bands. The highest in-
tensity of these ions was observed in the case of the Ni catalysts sup-
ported on CeO2-ZrO2 (2:1) and CeO2-La2O3 (2:1) which means that the 
highest number of Ni species is expected on the catalyst surface. It is also 
worth mentioning that these catalysts exhibited higher activity in the 
studied temperature compared to the systems supported on 5Ni/La2O3- 
ZrO2 (2:1). 

In addition to these ions, NiCe+, NiCeO+, NiLaO+, NiLaOH+ ions 
were also detected on the surface of the catalytic system. The presence of 
these ions confirms the interaction of the Ni species with the support 
components and the formation of NiLaO3 compound in the case of the 
LaNiO3 catalyst and nickel catalysts supported on CeO2∙La2O3 (1:2) 
binary oxide. These systems exhibited the lowest activity compared to 
other catalysts supported on the same oxides which had different molar 
ratio between the main components of the carrier. The formation of this 
compound may be the main reason for the low activity of this system in 
the process of oxy-steam reforming of methane. Other positive ions such 
as LaZr+, LaZrO+, LaCe+ were also detected on the surface of the 
investigated catalysts. The occurrence of these ions indicates the inter-
action between La and Zr and between La and Ce. These interactions 
confirm the formation of a compound La2Zr2O7 during reduction of the 
5%Ni/La2O3∙ZrO2 (2:1) catalyst. 

Analogical measurements were done for the 5%Ni/CeO2-La2O3 (1:2), 
5%Ni/CeO2-La2O3 (1:1) and 5%Ni/CeO2-La2O3 (1:1) catalysts. ToF- 
SIMS studies were carried out in order to explain the differences in the 
interactions between the individual components of the catalyst. For this 
purpose, spectra were collected for other ions that give greater possi-
bilities for comparative studies. The ToF-SIMS measurements showed 
the presence of Ni+, NiLaO2

+, NiCeO2H+, Ce+, CeOH+, La+ and LaO+ on 
the catalysts surface. Once again, for the most active catalysts in oxy- 
steam reforming of methane process (5%Ni/CeO2-La2O3(2:1)) the in-
tensities of the specific ions containing nickel such as Ni+, NiLaO2

+, 
NiCeO2H+ were the highest. As one could anticipate, the highest in-
tensities for La+, LaO+ were observed for the catalysts with the highest 
La content. 

3.9. SEM-EDS measurements of monometallic Ni catalysts 

SEM-EDS measurements of monometallic nickel catalysts supported 
on mono- and binary oxides carriers were carried out and the results are 

Fig. 16. XRD in situ measurements recorded for 5%Ni/La2O3∙ZrO2 (2:1) catalyst during the reduction process performed in hydrogen stream in the temperature 
range 50-800 ◦C. 
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given in Figs. 18 and 19. Scanning electron microscopy with energy 
dispersive detector is a useful technique to determining the morphology 
and to study the composition of the catalytic material. SEM images 
collected for the monometallic Ni catalysts supported on the CeO2, ZrO2, 
La2O3 and binary oxides being a combination of these oxides clearly 
confirm the composition of the investigated catalysts. In the case of the 
Ni catalysts supported on monoxides, elements such as Zr, La and Ce 
were observed for some Ni catalysts dependent on their composition. Ni 
was detected on all catalyst surfaces. It is also worth mentioning that in 
the case of Ni/ZrO2 catalysts, the Ni dispersion is not homogenous on the 
surface (see Fig. 18). A different result was obtained for other catalysts 
supported onto monoxide systems for which a rather homogeneous 
distribution of nickel was found on the surface. On the other hand, in the 

case of the nickel catalysts supported on binary oxides, confirmation of 
the main components of the nickel catalysts were detected on the sur-
face. For all catalysts supported on binary oxides homogenous disper-
sion of Ni was found. 

4. Conclusions 

Monometallic Ni catalysts were prepared via impregnation method 
and tested in oxy-steam reforming of methane process. Reactivity 
measurements performed for the Ni catalysts supported on mono- and 
binary oxides showed that the supported on binary oxide carriers 
exhibited higher activity. The most active catalyst among of all Ni sys-
tems was the 5%Ni/CeO2∙La2O3 (2:1) system which exhibited high 

Fig. 17. (A) La 3d5/2 XPS spectra of Ni 
catalysts (5%Ni/CeO2-La2O3 2:1 and 5% 
Ni/La2O3-ZrO2 2:1) calcined in an air 
atmosphere at 400 ◦C, (B) Ni 2p XPS 
spectra of catalysts (5%Ni/CeO2-ZrO2 
2:1, 5%Ni/CeO2-La2O3 2:1 and 5%Ni/ 
La2O3-ZrO2 2:1) calcined in an air at-
mosphere at 400 ◦C, (C) La 3d5/2 XPS 
spectra of Ni reduced (5%Ni/CeO2- 
La2O3 2:1 and 5%Ni/La2O3-ZrO2 2:1) 
catalysts at 500 ◦C in a mixture of 5% 
H2-95 %Ar, (D) Ni 2p XPS spectra of 
reduced (5%Ni/CeO2-ZrO2 2:1, 5%Ni/ 
CeO2-La2O3 2:1 and 5%Ni/La2O3-ZrO2 
2:1) catalysts at 500 ◦C in a mixture of 
5%H2-95 %Ar.   
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methane conversion of 97 % and 100 % at 700 and 900 ◦C, respectively. 
This catalyst showed also high selectivity towards hydrogen formation 
and high molar ratio of H2/CO in the outlet gas mixture. The catalytic 
activity tests showed that increasing the amount of lanthanum in the 
catalytic systems leads to decrease in the activity of the nickel catalyst as 
a result of LaNiO3 compound formation. The presence of this compound 
was confirmed by the XRD and ToF-SIMS measurements. In addition, the 
ToF-SIMS measurements performed for the Ni catalysts confirmed the 
formation of interaction between active phase and support component. 
The catalysts developed in this work may become the basis for the 
development of new industrial catalyst used in the process of methane 
reforming and may also contribute to the development of new tech-
nologies based on natural gas as a source of hydrogen. Creation of new 
energy production technologies based on natural gas or biogas are 

attractive alternatives to fossil fuels. The study confirms the validity of 
hydrogen production via reforming of methane. The results presented in 
this paper may also contribute to the development of various types of 
new materials based on binary oxide, which can be useful in a range of 
industrial applications. 
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Table 4 
TOF–SIMS results obtained for spent 5%Ni catalysts supported on various binary 
oxide systems.  

5Ni/La2O3-ZrO2 (2:1) 5Ni/CeO2-ZrO2(2:1) 5Ni/CeO2-La2O3(2:1) 

Ion 
(mass 
number) 

Number 
of 
counts 

Ion 
(mass 
number) 

Number 
of 
counts 

Ion 
(mass 
number) 

Number 
of 
counts 

Niþ (59) 37766 Niþ (59) 64525 Niþ (59) 49138 
NiOþ (75) – NiOþ (75) 333 NiOþ (75) 310 
NiOHþ (76) 1856 NiOHþ

(76) 
4773 NiOHþ (76) 3195   

Ceþ (140) 28172 Ceþ (140) 23681   
CeOþ

(156) 
568842 CeOþ (156) 205020   

CeOHþ

(157) 
24384 CeOHþ

(157) 
15029   

NiCeþ

(199) 
403 NiCeþ (199) –   

NiCeOþ

(215) 
– NiCeOþ

(215) 
655 

Zrþ (91) 3702 Zrþ (91) 4275   
ZrOþ (107) 7015 ZrOþ

(107) 
11448   

ZrOHþ (108) 4280 ZrOHþ

(108) 
5654   

Laþ (139) 36613   Laþ (139) 18961 
LaOþ (155) 393983   LaOþ (155) 363091 
LaOHþ (156) 27589   LaOHþ (156) 205020 
NiLaOþ

(214) 
–   NiLaOþ

(214) 
489 

NiLaOHþ

(2015) 
1093   NiLaOHþ

(2015) 
–     

LaCeþ (279) 433 
LaZrþ (230) 3419     
LaZrOþ

(246) 
1903      

Fig. 18. SEM-EDS measurements for monometallic Ni catalysts supported on 
monoxides (CeO2, ZrO2, La2O3) calcined at 400 ◦C in an air atmosphere for 4 h. 

Table 5 
TOF–SIMS results obtained for spent 5%Ni catalysts supported on various CeO2∙La2O3 (where CeO2 : La2O3 = 1:2, 1:1, 2:1) binary oxide systems.  

5Ni/CeO2-La2O3 (1:2) 5Ni/CeO2-La2O3 (1:1) 5Ni/CeO2-La2O3(2:1) 

Ion 
(mass number) 

Number 
of counts 

Ion 
(mass number) 

Number 
of counts 

Ion 
(mass number) 

Number 
of counts 

Niþ (59) 20310 Niþ (59) 23073 Niþ (59) 49138 
NiLaO2

þ (230) 1472 NiLaO2
þ (230) 1442 NiLaO2

þ (230) 3514 
NiCeO2Hþ (232) 1170 NiCeO2Hþ (232) 1228 NiCeO2Hþ (232) 2655 
Ceþ (140) 33628 Ceþ (140) 19808 Ceþ (140) 23681 
CeOHþ (157) 14048 CeOHþ (157) 11602 CeOHþ (157) 15029 
Laþ (139) 36663 Laþ (139) 17694 Laþ (139) 18961 
LaOþ (155) 342036 LaOþ (155) 261709 LaOþ (155) 363091  
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