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Abstract This paper presents the catalytic properties of mono- and bimetallic

nickel supported catalysts in the oxy-steam reforming of methanol. The physico-

chemical properties of the supported catalysts were studied by various techniques

such as TPR, TPD-NH3, XRD and BET. A significant impact of palladium and the

support composition on the activity and selectivity of nickel catalysts in OSRM was

demonstrated. The highest activity in the oxy-steam reforming of methanol reaction

among all nickel catalysts was shown by the 20% Ni/ZnO�Al2O3 (Zn:Al = 1:1)

catalyst. The acidity results correlate well with the reactivity of the investigated

catalysts. The most active monometallic system showed the highest total acidity and

was the easiest to reduce compared to the rest of the investigated Ni catalysts. The

effect of palladium on the reducibility and reactivity of the nickel supported catalyst

was proven. The activity results carried out in the OSRM reaction showed that such

catalytic material may be potentially applied in fuel cell technology.

Keywords Hydrogen production � Oxy-steam reforming of methanol � ZnO�Al2O3 �
binary oxide � Nickel catalysts � Palladium, bimetallic catalysts

Introduction

The use of fossil fuels has a negative impact on the environment, causing the

emission of harmful oxides into the atmosphere. The emission of harmful gases into

the atmosphere is responsible for the formation of smog and the greenhouse effect

[1], which presents a serious risk to the human health. In addition, sources of fossil

fuels are non-renewable. Their continued exploitation may lead to the depletion of
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their sources. Nowadays, the challenge is to obtain energy from renewable sources.

One of the possible alternatives to fossil fuels is hydrogen [2]. It can be a fuel of the

future because it is an eco-environmentally friendly source of energy. Hydrogen

combustion generates large amounts of heat and the only product of this process is

water vapor. It is worth emphasizing that the sources of hydrogen are practically

inexhaustible. Therefore, the hydrogen production is one of the most promising

technologies to generate energy.

One of the most promising sources of hydrogen is methanol. It is a good raw

material for hydrogen production because it is easily decomposed, which leads to

the formation of a hydrogen-rich mixture. Despite the high toxicity, corrosivity and

destructive impact on the plastics, methanol has many advantages. It is the simplest

alcohol, which has only one carbon in the molecule and is characterized by high

hydrogen to carbon ratio. All of these properties indicate, that the oxy-steam

reforming of methanol process can be potentially applied to hydrogen production at

low temperature (180–330 �C), without a carbon deposit formation [3–6]. The

OSRM is a combination of two processes, namely steam reforming and partial

oxidation of methanol. It is an energetically favorable process because this reaction

runs in the auto-thermal way, without the need to supply any external heat [7–10].

The literature review showed that typical catalytic system using in the oxy-steam

reforming of methanol reaction are monometallic: Ni [10–13], Cu [5, 14, 15], Co,

Fe, Pd [16, 17], Pt, Ru, Ir, Ag, Au and bimetallic: M–CuO/ZnO/Al2O3, where

M = Pt, Pd, Rh, Ru [18, 19] supported catalysts.

Furthermore, nickel supported catalysts are widely used in many other processes

such as oil refining, hydrocracking, hydrogenation or reforming of hydrocarbons.

The active phase of these catalysts is typically metallic nickel supported on various

oxides such as c-Al2O3, a-Al2O3, SiO2, ZrO2, ZnO and CeO2. It is also well known

that the Ni/Al2O3 system is very active in the steam reforming reaction of various

compounds. Additionally, it is well documented in the literature data that nickel

supported catalysts have a high efficiency, good structural and thermal stability

compared to the noble metal based catalysts [20, 21].

All of the above mentioned suggestions indicate that hydrogen production via the

oxy-steam reforming of methanol reaction is a very important topic nowadays.

Therefore, the main goal of this work was to evaluate the effect of support

composition on the catalytic and physicochemical properties of the nickel supported

catalysts in OSRM reaction. Another important aim of the work was to study the

impact of palladium on reactivity of nickel catalysts in OSRM process. In order to

achieve the intended purposes of the work we prepared mono-Ni and bimetallic Pd–

Ni catalysts supported on various binary oxides and tested their reactivity in OSRM

reaction.

454 Reac Kinet Mech Cat (2017) 121:453–472

123



Experimental

Preparation of the catalytic systems

Supports material

Binary oxide ZnO�Al2O3 (Zn:Al = 2:1, 1:1, 1:2, 1:4) systems were prepared by co-

precipitation method. In order to prepare binary oxides with the various molar ratio

of Zn:Al = 2:1, 1:1, 1:2, 1:4, the aqueous solutions of zinc nitrate (1 mol/L) and

aluminum nitrate (1 mol/L) have been mixed in an appropriate amount with

constant stirring at a temperature of 80 �C. Then, in the next step of the synthesis of

the supports, a concentrated ammonia solution was added into a mixture until the

pH of the solution reached a value between 10 and 11. Thereafter, the solution was

stirred for 30 min. In the next step, the resulting precipitate was washed with

deionized water. A purified precipitate was firstly dried at 120 �C for 15 h and

calcined in air atmosphere for 4 h at 400 �C.

Preparation of monometallic and bimetallic catalysts

Monometallic nickel catalysts supported on various supports ZnO�Al2O3

(Zn:Al = 2:1, 1:1, 1:2, 1:4) were prepared by the wet aqueous impregnation

method. A nickel nitrate (V) was used as a precursor of NiO phase. Then the

prepared catalysts were dried for 2 h in air atmosphere at 120 �C and finally

calcined for 4 h at the same atmosphere at 400 �C. Bimetallic supported catalysts

were prepared by a subsequent impregnation method. The palladium phase was

introduced on the surface of the monometallic nickel catalyst from palladium nitrate

(V) solution. In the next step, the obtained catalysts were dried for 2 h in air at

120 �C, and afterwards they were calcined for 4 h at 400 �C also in air. The nickel

content was 20 wt% in all cases, whereas the palladium content in the bimetallic

systems was 0.5 and 2 wt%, respectively.

Characterization of the catalytic material

Specific surface area measurements

The specific surface area measurements of supported catalysts were determined by

the BET method based on low temperature (77 K) nitrogen adsorption in a

Sorptomatic 1900 Carlo-Erba apparatus. The pore size distributions were deter-

mined based on BJH method.

Temperature programmed reduction (TPR-H2)

Temperature programmed reduction measurements were performed in order to

study the reducibility of the prepared catalysts. The reduction behavior for all

systems was studied in the temperature range of 25–900 �C with a heating rate of
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10 �C min-1. Each measurement was carried out using an automated apparatus

AMI-1. In each test, about 0.1 g of catalyst was placed in a microreactor and was

reduced in a mixture of 5% hydrogen in argon stream (5% H2–95% Ar) with a

volumetric flow rate of 40 cm3 min-1. A thermal conductivity (TCD) detector was

used to monitor of hydrogen consumption.

Temperature programmed desorption of ammonia

The acidity of the catalysts was studied using TPD-NH3 system. The TPD-NH3

measurements were performed in the temperature range 100–600 �C with a linear

heating rate of 25 �C min-1. The measurements for each catalytic material were

carried out after removal of physically adsorbed ammonia.

XRD

X-ray diffraction patterns were collected using a PANalytical X’Pert Pro MPD

diffractometer. Cu Ka radiation (k = 154.05 pm) was used in each measurements.

Data were recorded in 2h angle range of 10�–90�.

Catalytic evaluation of the prepared catalytic systems

The activity of the catalysts were tested in the oxy-steam reforming of methanol

(OSRM) using a flow quartz reactor under atmospheric pressure. The OSRM

process was carried out at two temperatures 250 and 300 �C. In each test, about

0.2 g of catalyst was placed in the reactor. Then the catalytic system was reduced in

a mixture of 5% H2–95% Ar at 300 �C for 1 h. The composition of the reaction

mixture in each test was as follows: H2O/CH3OH/O2 = 1/1/0.4 (molar ratio) and

the GHSV was 26,700 h-1 (calculated at ambient temperature and under

atmospheric pressure). The total flow of the reaction mixture was 31.5 ml/min

(6% of CH3OH). Argon gas was used as a balance gas. Catalytic activity tests were

carried out after stabilizing the system, in the reaction mixture for 2 h. The analysis

of the products formed during the reaction was carried out using GC systems (A

precise description of chromatographic analysis was presented in our previous work

[8]).

The selectivity to hydrogen, carbon monoxide, carbon dioxide and DME in

OSRM was calculated using Eqs. 1–4. The methanol conversion results were

calculated based on Eq. 5.

SH2
%ð Þ ¼ nH2�outð Þ

P
products of the reaction

� 100 ð1Þ

SCO %ð Þ ¼ nCOoutð Þ
P

products of the reaction
� 100 ð2Þ
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SCO2
%ð Þ ¼ nCO2�outð Þ

P
products of the reaction

� 100 ð3Þ

SDME %ð Þ ¼ nDMEoutð Þ
P

products of the reaction
� 100 ð4Þ

Conv:CH3OH ¼ nin
1 CH3OH � nout

2 CH3OH

nin
1 CH3OH

� 100 ð5Þ

Here, nH2-out is the mole of H2 in the feed out, nCO2-out is the mole of CO2 in the

feed out, nCOout is the mole of CO in the feed out, nDMEout is the mole of DME

in the feed out, n1
in CH3OH, n2

out CH3OH is the mole of CH3OH in the feed in and in

the feed out.

Results and discussion

The specific surface area of the catalytic materials

The specified values of the catalyst surface area (SSA), monolayer capacity and

average pore radius for monometallic nickel supported catalysts are given in

Table 1 and Fig. 1. The specific surface area measurements performed for

monometallic nickel catalysts showed that the SSA value increases in parallel with

the increase of aluminum content in the catalytic system. The highest value of SSA

equal to 246 m2/g was found for the nickel catalyst supported on binary oxide with

the highest content of Al. Similar behavior was observed in the case of the

monolayer capacity value. In contrast, zinc oxide had the lowest surface area

(3.4 m2/g) compared to the rest catalytic systems. The specific surface area

measurements showed that catalyst (20% Ni/ZnO�Al2O3, in which Zn:Al = 2:1)

containing the largest amount of zinc had the lowest value of SSA compared to the

others Ni supported catalysts. The specific surface area measurements performed for

bimetallic supported catalysts showed that addition of a small amount of palladium

(0.5 or 2 wt%) into 20% Ni/ZnO�Al2O3 catalyst (Zn:Al = 1:1) causes a slight

Table 1 BET surface area, monolayer capacity and average pore radius of mono- and bimetallic nickel

catalysts supported on binary oxide calcined in air atmosphere at 400 �C for 4 h

Material BET surface

area (m2/g)

Monolayer

capacity (cm3/g)

Average pore

radius (nm)

20% Ni/ZnO�Al2O3 (Zn:Al = 2:1) 108 24.7 2.5

20% Ni/ZnO�Al2O3 (Zn:Al = 1:1) 123 28.3 1.9

20% Ni/ZnO�Al2O3 (Zn:Al = 1:2) 231 53.2 1.9

20% Ni/ZnO�Al2O3 (Zn:Al = 1:4) 246 56.4 1.9

0.5% Pd–20% Ni/(Zn:Al = 1:1) 106 24.4 2.6

2% Pd–20% Ni/(Zn:Al = 1:1) 104 23.9 2.6
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decrease of the SSA value. The results of specific surface area performed for

bimetallic supported catalysts showed that both catalytic systems had practically the

same values of SSA. On the other hand, specific surface area measurements carried

out for all catalysts showed that the value of the average pore radius are practically

the same for all monometallic nickel systems (see Fig. 1.). Concerning the average

pore size, the results indicate that all nickel supported catalysts have an average pore

size of about 1.9 nm. Only nickel catalyst with the highest content of zinc showed

the average pore size about 2.5 nm. The introduction of palladium into nickel

supported catalyst resulted in a slight increase in the average pore size obtained for

the bimetallic catalysts. The obtained results showed that the average pore size of

bimetallic catalysts was about 2.6 nm (see Fig. 2).

Influence of the Al content and palladium on the reducibility of Ni catalysts

The catalysts reducibility was determined using temperature programmed reduction

(TPR-H2). In order to explain the interaction between NiO and support components,

the reduction studies for monometallic nickel catalysts supported on Al2O3 or ZnO

were carried out. The reduction profiles recorded for monometallic nickel catalysts

supported on monoxide are shown in Fig. 3. The hydrogen consumption profile

recorded for the 20%Ni/ZnO catalyst showed three partially resolved reduction

peaks. The first reduction effect with the maximum of hydrogen consumption rate at

about 420 �C, was assigned to the free NiO species reduction. The next peak with

Fig. 1 Pore radius distributions for monometallic nickel supported catalysts calcined at 400 �C in air
atmosphere for 4 h
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the maximum at about 480 �C is attributed to the reduction of NiO interacted with

the support. The last reduction stage located in the temperature range 560–820 �C is

connected with the reduction of NiO strongly interacted with support surface. The
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Fig. 2 Pore radius distributions for bimetallic palladium–nickel Pd–Ni/ZnO�Al2O3 (Zn:Al = 1:1)
supported catalysts calcined at 400 �C in air atmosphere for 4 h

Fig. 3 TPR profiles of monometallic 20% Ni/ZnO and 20% Ni/Al2O3 catalysts calcined in air
atmosphere for 4 h at 400 �C
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reduction study performed for the 20%Ni/Al2O3 catalyst showed that this system is

reduced in three stages. The first peak located in the temperature range 350–460 �C
is assigned to the reduction of free NiO species. The second effect with the

maximum of hydrogen consumption at about 740 �C is assigned to the reduction of

NiO species strongly interacted with support. The last reduction peak with the

maximum of about 800 �C is attributed to the reduction of NiAl2O4 spinel structure.

In conclusion, the reduction study carried out for nickel catalyst supported on

aluminum oxide it can be concluded, that most of the NiO is in the strong

interactions with the carrier. The proof of this statement is the presence of the two

unresolved reduction peaks located at high temperature range. In addition, the high

temperature reduction stage situated above 800 �C confirmed the formation of

NiAl2O4 structure during preparation step of the 20%Ni/Al2O3 catalyst.

In the next part of the reduction studies, we performed the H2-TPR measurements

for monometallic and bimetallic catalysts supported on various binary oxides. The

TPR profiles recorded for monometallic nickel and bimetallic 0.5%Pd–20%Ni/

ZnO�Al2O3 (Zn:Al = 1:1) or 2%Pd–20%Ni/ZnO�Al2O3 (Zn:Al = 1:1) catalysts are

shown in Figs. 4 and 5, respectively.

The TPR-H2 profiles recorded for nickel catalysts supported on binary oxide

supports containing the highest content of zinc (Zn:Al = 2:1 or 1:1) showed three

reduction stages. The first two reduction effects are connected with the reduction of

two kinds of NiO species reduction. The first reduction effects visible on the TPR

profiles for both catalysts in the temperature range 150–300 �C are assigned to the

unbounded NiO species reduction, while the second TPR peaks, which are

connected with the reduction of NiO species strongly interacted with support

Fig. 4 TPR profiles of monometallic 20% Ni/ZnO�Al2O3 catalysts containing various Zn:Al ratio
calcined in air atmosphere for 4 h at 400 �C
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surface were located in the temperature range 300–600 �C. The last high

temperature reduction stages visible for both systems on the TPR profiles above

700 �C are assigned to the reduction of the spinel structure NiAl2O4. Analogous

TPR measurements were done for monometallic nickel catalysts supported on

binary oxide with higher content of aluminum (Zn:Al = 1:2 or 1:4) and the results

are given in Fig. 4. TPR profiles recorded for those catalysts showed the same

reduction stages that were observed for the previous investigated nickel supported

catalysts. The only difference which was observed on their TPR profiles was a shift

of the visible hydrogen consumption peaks towards higher temperature range, as

well as the change of their interrelation. In the case of those systems, we observed

lower intensity of the hydrogen consumption peaks compared to the systems

containing higher content of zinc. The high temperature hydrogen consumption

peaks attributed to the spinel structure reduction observed for nickel catalysts with

higher contents of aluminum showed higher intensity compared to the systems with

lower content of Al. Furthermore, it is worth noting that these systems showed the

lower intensity of the reduction stages recorded on the TPR profiles. These results

suggest that in these systems, a spinel structure NiAl2O4 is formed, which is not

completely reduced up to temperature of 900 �C.

Kobayashi et al. [22] studied the reducibility of Ni/c-Al2O3 containing different

amounts of the nickel oxide phase. They reported that for the catalytic systems with

the low nickel content they observed high temperature effect connected with the

reduction of nickel aluminate phase. The increase of the Ni content caused the shifts

of the observed TPR effect towards lower temperature range, which indicates some

interaction between NiO and c-Al2O3. Pairojpiriyakul et al. [20] investigated the

Fig. 5 TPR profiles of bimetallic 0.5%Pd–20%Ni/ZnO�Al2O3 (Zn:Al = 1:1) and 2%Pd–20%Ni/
ZnO�Al2O3 (Zn:Al = 1:1) catalysts calcined in air atmosphere for 4 h at 400 �C
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reducibility of 10%Ni/c-Al2O3 and 10%Ni/a-Al2O3 catalysts by the temperature

programmed reduction technique. The H2-TPR profile recorded for 10% Ni/c-Al2O3

showed two unresolved reduction stages located in the temperature range

300–650 �C with a maximum consumption of hydrogen at 400 and 600 �C. The

TPR profile recorded for 10% Ni/a-Al2O3 showed reduction peaks visible in the

temperature range 300–550 �C with the maximum of the observed effects situated at

about 400 and 520 �C. The peaks observed on the TPR profile at low temperature

range 300–450 �C are associated with a reduction of a pure crystalline NiO phase

[23]. In the case of the Ni/c-Al2O3 catalyst, the authors observed the high

temperature effect at about 550 �C assigned to the NiAl2O4 spinel structure

reduction [24]. These results agree well with our measurements. NiAl2O4 structure

is formed during synthesis of the catalytic systems. The reduction property of Ni

catalysts were also studied by Ding et al. [25]. The authors also observed a high

temperature effect on the TPR profiles of Ni catalysts attributed to the reduction of

spinel NiAl2O4 structure. Richardson et al. [26]. have reported that during the heat

treatment and the impregnation step of the support may take place incorporation of

Al3? to the structure of NiO or mutual migration of ions leading to the formation of

NiAl2O4 spinel structure.

Nieva et al. [27] investigated the reducibility of Ni/a-Al2O3 and Ni/ZnAl2O4

catalysts, respectively. They observed one reduction stage in the case of Ni/a-Al2O3

catalyst. This reduction stage is connected with the reduction of unbonded NiO

species with the maximum of hydrogen consumption peak visible around

390–400 �C. In the case of the nickel catalyst supported on spinel structure, the

authors observed a large reduction effect in the temperature range 400–700 �C with

a maximum consumption of hydrogen peak around 575 �C. The position of this

reduction stage confirmed strong interaction of Ni2? with the spinel ZnAl2O4

structure.

The reduction studies of bimetallic catalysts were also carried out in this work.

TPR profiles of bimetallic 0.5% Pd–20% Ni/ZnO�Al2O3 (Zn:Al = 1:1) and 2% Pd–

20% Ni/ZnO�Al2O3 (Zn:Al = 1:1) catalysts exhibit similar reduction behavior to

those found for the above monometallic nickel supported catalysts. At the low

temperature range, we observed for both bimetallic catalysts reduction peaks

situated at about 100 �C, which were assigned to the reduction of Pd2? to Pd0. It is

also worth emphasizing that bimetallic systems showed the first reduction effects

connected with the reduction of unbonded NiO at lower temperature compared to

the monometallic catalysts. This shift indicates that the addition of Pd into the

nickel catalyst facilitates the reduction of NiO species, because of spillover

phenomenon [3, 9, 19, 28–31]. The reduction peaks located at higher temperature

were also observed for both systems and are assigned to the reduction of NiO

interacted with support. The last reduction stages observed for bimetallic catalysts

above 600 �C are assigned to the reduction of NiAl2O4 spinel structure (see Fig. 5).

Xu et al. [32] studied the reduction behavior of Pd/ZnO/Al2O3 catalyst. The TPR

profiles recorded for this catalyst also showed a reduction peak in the temperature

range 25–100 �C, which is attributed to the reduction of Pd2? ? Pd0. The reduction

behavior of Pd–Ni/Al2O3 catalysts was studied in the work [33] and it was shown

that addition of palladium into nickel catalyst facilitates its reduction. The
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reducibility of the bimetallic Pd–Ni catalysts supported on aluminum oxide was also

studied by Lakhapatri et al. [34]. The authors reported that introduction of

palladium into nickel supported catalyst decreases the formation of spinel NiAl2O4

structure and improves the stability of the catalyst as confirmed by our results.

The effect of Zn on the acidity of the nickel supported catalysts

The temperature programmed desorption of ammonia was used to define the acidity

and the distribution of acidic centers on the catalyst surface [35, 36]. The

distribution of acid centers on the catalyst surface was calculated based on the

surface under the peaks at an appropriate temperature range and the obtaining

results are given in Table 2. TPD-NH3 measurements were carried out to determine

the influence of the Zn content in the investigated catalysts on the surface acidity.

The acidity measurements were conducted over mono and bimetallic catalysts in

order to correlate the results of the acidity with their reactivity in OSRM process. It

is well known in the literature data [24] that the acidic centers of the catalyst

stabilize the intermediates created during the reaction. The TPD-NH3 results have

confirmed that three kinds of acid centers, namely: weak acid, medium-strong and

strong acid sites were detected for all investigated catalysts. The results of acidity of

the monometallic catalysts calcined at 400 �C in air atmosphere for 4 h shows that

20% Ni/ZnO�Al2O3 (Zn:Al = 1:1) and 20% Ni/ZnO�Al2O3 systems (Zn:Al = 1:2)

had the highest acidity. The lowest value of the total acidity showed nickel catalyst

with the highest content of Al. The results of acidity showed that the systems with

an average content of Al had the highest value of total acidity. It is worth

Table 2 The amount of NH3 adsorbed on mono- and bimetallic nickel catalysts calcined in air atmo-

sphere at 400 �C for 4 h

Catalysts Total

acidity

(mmol/g)

Weak

centers

(mmol/g)

Medium

centers

(mmol/g)

Strong

centers

(mmol/g)

180–600 �C 180–300 �C 300–450 �C 450–600 �C

Monometallic 20% Ni/ZnO�Al2O3

(Zn:Al = 2:1)

0.79 0.2 0.29 0.3

20% Ni/ZnO�Al2O3

(Zn:Al = 1:1)

1.03 0.17 0.38 0.48

20% Ni/ZnO�Al2O3

(Zn:Al = 1:2)

1.02 0.19 0.37 0.46

20% Ni/ZnO�Al2O3

(Zn:Al = 1:4)

0.27 0.09 0.16 0.02

Bimetallic 0.5% Pd–20% Ni/

ZnO�Al2O3

(Zn:Al = 1:1)

0.17 0.002 0.05 0.12

2% Pd–20% Ni/

ZnO�Al2O3

(Zn:Al = 1:1)

0.34 0.05 0.05 0.24

Reac Kinet Mech Cat (2017) 121:453–472 463

123



emphasizing that the catalyst which exhibited the highest total acidity and had the

largest amount of strong acid sites on the catalyst surface was the most active

catalyst at 300 �C in OSRM reaction. On the other hand, the system which had the

lowest amount of weak acid sites exhibited the highest activity at low temperature

of the reaction (250 �C). In the case of the bimetallic Pd–Ni catalysts the results of

the acidity showed that the addition of the noble metal into nickel catalyst caused

decrease of their total acidity compared to the Ni/ZnO�Al2O3 (Zn:Al = 1:1)

supported catalyst. The acidity measurements performed for all catalysts showed

that the results of the acidity correlate well with the composition of the obtained

catalysts. The catalysts which contain the highest content of the spinel structure

phases such as ZnAl2O4 or NiAl2O4 exhibited the highest acidity (see next

paragraph).

This statement explains the highest total acidity and the highest number of the

strong acid sites for Ni/ZnO�Al2O3 (Zn:Al = 1:1) and Ni/ZnO�Al2O3 (Zn:Al = 1:2)

catalysts. In addition, the introduction of palladium into Ni catalysts decreases of

the NiAl2O4 spinel structure formation, which has been reported by Lakhapatri et al.

[34]. This result explains the decrease of the total acidity in the case of the

bimetallic catalysts compared to the Ni/ZnO�Al2O3 (Zn:Al = 1:1) system. In

addition, the introduction 2 wt% of Pd caused an increase of the total acidity

compared to the 0.5%Pd–20%Ni catalyst. It was also proven that this system

exhibited higher activity in the studied reaction what can be explained by a greater

amount of the strong acid centers present on the catalyst surface compared to the

bimetallic catalyst with a lower content of Pd.

Phase composition studies

X-ray diffraction studies were used to determine the phase composition of each

catalytic system and the interaction between an active phase components and the

support. Fig. 6 shows X-ray diffraction curves for nickel supported catalysts

calcined in air atmosphere at 400 �C for 4 h. The XRD diffractograms recorded for

Ni catalysts supported on ZnO�Al2O3 (Zn:Al = 2:1) showed the occurrence of

following crystallographic phases: NiO, ZnO and ZnAl2O4. The analysis of the

XRD patterns recorded for other monometallic nickel catalysts showed only the

presence of diffraction peaks attributed to the spinel ZnAl2O4 structure phase. The

lack of the diffraction peaks originating from NiO indicates the formation of

NiAl2O4, which took place during the preparation step of the investigated catalytic

systems. It is well documented in the literature that ZnAl2O4 and NiAl2O4 spinel

phases are isostructural. That is why the distinction of these phases from each other

by XRD technique is rather impossible due to the fact that reflexes assigned to both

structures occur in the same position of the 2h angle [37]. Battiston et al. [38]

investigated the phase composition of the ZnAl2O4 structure, which was used in

photocatalysis. The XRD pattern recorded for this system shows diffraction peaks

attributed to the crystallographic phase ZnAl2O4 positioned at 2h angle: 31.2�,
36.75�, 44.7�, 49.1�, 55.6�, 59.3� and 65.3�. Yang et al. [39] studied the properties

of Ni–Ce/Al2O3 catalysts used in the steam reforming of methane and other

hydrocarbons. They observed that the diffractogram recorded for this catalyst
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showed the presence of diffraction peaks attributed to the NiO phase positioned at

2h = 37.2�, 43.3�, 62.9�. In our previous work [40, 41], we studied the

physicochemical properties of Cu/ZnAl2O4 catalysts. We reported that during the

preparation of the copper supported catalysts we confirmed the spinel CuAl2O4

structure formation. In addition, we also did not see this phase in the XRD patterns,

but we confirmed the formation of it by temperature programmed reduction. We

have seen the high temperature reduction stage on the TPR profile recorded for

copper catalysts and the occurrence of this stage is assigned to copper aluminate

structure reduction.

We also investigated the phase composition of 10%Ni catalysts supported on

Al2O3 [29]. We did not observe the diffraction peaks originating from the spinel

structure on the XRD curve, but we detected the high temperature reduction peak on

the TPR profile recorded for this system, which was assigned to the NiAl2O4

reduction. Salhi et al. [42] studied NiAl2O4 and Ni/NiAl2O4 catalysts in the steam

reforming of methane. They prepared catalysts via the sol–gel method and calcined

these systems at 725, 800 and 900 �C. They studied the phase composition of such

systems and reported that for NiAl2O4 they observed only spinel structure phase on

the XRD curve. In the case of the Ni/NiAl2O4 catalysts, they detected both spinel

structure and NiO phases on the diffraction curves recorded for these supported

catalysts. Zhang et al. [43] studied various nickel supported catalysts and they

reported that the effect of the Ni/Al ratio is very important from the reduction point

of view of NiO species. They reported about three different interactions of nickel

oxide with the carrier. The low temperature reduction stage is connected with

unbound NiO species reduction [44, 45]. The next hydrogen consumption effect

located in the temperature range 550–675 �C is assigned to the NiO in strong

Fig. 6 XRD patterns of monometallic nickel supported catalysts calcined in an air atmosphere at 400 �C
for 4 h
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interactions with the support [46]. Furthermore, the high temperature effect is

attributed to the NiAl2O4 reduction located in the temperature range 800–900 �C.

Catalytic evaluation of the catalysts

The catalytic activity of monometallic 20% Ni catalysts supported on various binary

oxides in OSRM was investigated in this work. The results of the catalytic activity

tests performed for monometallic and bimetallic catalysts are given in Figs. 7 and 8,

respectively. The catalytic tests were performed at two temperature 250 and 300 �C
and the results were expressed as methanol conversion and selectivity to each

product. Before of each catalytic test, the catalytic system was previously reduced at

300 �C for 1 h in a mixture of 5% H2–95% Ar. The methanol conversion results for

monometallic supported catalysts are given in Fig. 7.

Activity measurements carried out in OSRM reaction for monometallic systems

showed that the highest methanol conversion at 250 �C exhibited 20% Ni/

ZnO�Al2O3 catalyst (Zn:Al = 1:4). On the other hand, at a temperature of 300 �C,

the most active was 20% Ni/ZnO�Al2O3 system (Zn:Al = 1:1). Fig. 8 presents the

catalytic activity results obtained for bimetallic 0.5% Pd–20%Ni/ZnO�Al2O3

(Zn:Al = 1:4) and 2% Pd–20% Ni/ZnO�Al2O3 (Zn:Al = 1:4) catalysts. The

activity results obtained in OSRM process for bimetallic supported catalysts

showed that promotion of monometallic nickel catalyst improves the methanol

conversion values at both studied temperatures of the reaction (see Fig. 8).

Fig. 7 The effect of support composition on the methanol conversion value in the oxy-steam reforming
of methanol over monometallic nickel supported catalysts. Reaction conditions: weight of
catalyst = 0.1 g, H2O/CH3OH/O2 ratio in the feed = 1/1/0.4, temperature = 250 and 300 �C,
atmospheric pressure, GHSV = 26,700 h-1
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The results of the activity tests for bimetallic catalysts indicate that both systems

are very active in the studied temperatures. The improvement of the catalytic

activity is explained by the increase of the methanol adsorption during the oxy-

steam reforming of methanol process after palladium promotion of nickel catalyst.

Another important factor which influences the activity of the bimetallic catalysts in

OSRM process is the facilitation of the reducibility of Ni catalysts by the addition of

palladium [19]. Additionally, the bimetallic 2%Pd–20% Ni/ZnO�Al2O3

(Zn:Al = 1:1) catalyst had a larger number of strong acid sites on its surface as

compared to a catalyst with a lower content of palladium, what can explain the

observed activity results.

The catalytic activity tests carried out for all systems in OSRM at 250 �C allow

to present the reactivity of the catalysts by the following row: 2%Pd–20% Ni/

ZnO�Al2O3 (Zn:Al = 1:1)[ 0.5–20% Ni/ZnO�Al2O3 (Zn:Al = 1:1)[ 20% Ni/

ZnO�Al2O3 (Zn:Al = 1:4)[ 20% Ni/ZnO�Al2O3 (Zn:Al = 1:1) & 20% Ni/

ZnO�Al2O3 (Zn:Al = 1:2)[ 20% Ni/ZnO�Al2O3 (Zn:Al = 2:1). The series of the

catalytic activities for all catalysts at 300 �C can be described in the following

order: 2%Pd–20% Ni/ZnO�Al2O3 (Zn:Al = 1:1) & 0.5–20% Ni/ZnO�Al2O3

(Zn:Al = 1:1) & 20% Ni/ZnO�Al2O3 (Zn:Al = 1:1)[ 20% Ni/ZnO�Al2O3

(Zn:Al = 1:4)[ 20% Ni/ZnO�Al2O3 (Zn:Al = 2:1)[ 20% Ni/ZnO�Al2O3

(Zn:Al = 1:2).

The methanol conversion values showed that the increase of the OSRM reaction

temperature from 250 to 300 �C has influence on the catalytic activity. All systems

showed the highest methanol conversion at higher temperature. It is also worth

emphasizing that the most active system at both temperatures was 2% Pd–20% Ni/

Fig. 8 The influence of the palladium on the catalytic performance of nickel catalyst in the oxy-steam
reforming of methanol reaction. Reaction conditions: weight of catalyst = 0.1 g, H2O/CH3OH/O2 ratio in
the feed = 1/1/0.4, temperature = 250 and 300 �C, atmospheric pressure, GHSV = 26,700 h-1
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ZnO�Al2O3 (Zn:Al = 1:1) system. The methanol conversion values of bimetallic

catalysts confirmed also that catalyst which exhibited higher total acidity was more

active catalyst and had the higher amount of a strong acid sites on the catalyst

surface compared to the 0.5% Pd–20% Ni/ZnO�Al2O3 (Zn:Al = 1:1) catalyst. These

results indicate that the acid centers play crucial role during the oxy-steam

reforming of methanol reaction. It was also proven that among of all monometallic

catalyst systems the highest active in the investigated process at 300 �C was the

system which was characterized by the highest total acidity. This result confirmed

that this system showed the most stabilizing effect of the intermediate formed on the

catalyst surface during the reaction and agree well with the work [7]. Hereijgers

et al. [47] also reported that the acidic centers which are present on the catalysts

surface play important role during the reaction and explain the activity of the

studied system in the oxidation of methanol to hydrogen. The selectivity results

towards hydrogen, carbon monoxide, carbon dioxide and dimethyl ether formation

at both temperatures 250 and 300 �C are also evaluated in this work and the results

are presented in Table 3. The selectivity results obtained for Ni supported catalysts

showed that the increase of the Al content in the catalytic system causes the

decrease of the selectivity towards hydrogen production. The highest selectivity to

hydrogen formation among all nickel supported catalysts was exhibited by the 20%

Ni/ZnO�Al2O3 (Zn:Al = 1:1) system, while the lowest selectivity to hydrogen was

found for the 20% Ni/ZnO�Al2O3 (Zn:Al = 1:4) catalyst. The promotion of a nickel

catalysts by palladium improves the selectivity to hydrogen formation at both

temperatures of the reaction. An important result is the lack of carbon monoxide

formation as a by-product of the reaction carried out over 20% Ni/ZnO�Al2O3

(Zn:Al = 1:1) and 20% Ni/ZnO�Al2O3 (Zn:Al = 2:1) catalysts. This is a very

important result from the application point of view. CO is very strong poison of the

electrodes used in fuel cells technology. It is also worth emphasizing that the limit

of detection of CO compound by TCD detector is in the range of 5–50 ng. Based on

the above information, we cannot rule out the formation of carbon monoxide in an

amount below the detection of the TCD detector [9, 48]. The highest activity of

monometallic Ni catalyst in the OSRM reaction at 300 �C was 20% Ni/ZnO�Al2O3

(Zn:Al = 1:1) system. In the case of this system, only CO2 and H2 products were

observed in the final product. In addition, at a lower temperature, this catalyst

showed the same product formation. The addition of palladium to the most active

monometallic nickel supported catalyst 20% Ni/ZnO�Al2O3 (Zn:Al = 1:1)

improves the selectivity towards hydrogen formation at both studied temperatures.

It is also worth mentioning that palladium promotion improves the selectivity

towards CO formation during the reaction. Summarizing the activity results, it can

be concluded that the observed results can be related with the total acidity,

reducibility and the composition of the catalyst. The obtained results also confirm

the dependence of the catalytic activity on the number of the strong acid sites

present on the catalyst surface. The monometallic catalytic system which had the

highest quantity of the strong acid sites exhibited the highest activity in OSRM

reaction. In addition, the most active bimetallic catalysts were the easiest reduced

catalysts. These findings also correlate well with the results obtained by Pérez-

Hernández et al. [12]. The authors of the work [12] reported that the activities of the
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nickel supported catalysts were related with their specific surface area, the

composition of the support, their reducibility as well as with the quantity of metallic

centers present on the catalyst surface.

Conclusions

The production of hydrogen via OSRM reaction was effectively carried out on the

investigated mono- and bimetallic nickel catalysts supported on various ZnO�Al2O3

systems. The reactivity results obtained for the investigated catalysts depend

strongly on the support composition. In addition, the promotion effect of palladium

on the catalytic activity and selectivity towards hydrogen production of nickel

supported catalysts in OSRM was proven. We have demonstrated that the activity

and selectivity in the investigated reaction depends on the acidity (especially strong

acid centers) and reducibility of the studied systems. It was also confirmed that

palladium addition facilitates the reducibility of the nickel supported catalysts. The

results obtained within the work indicate that nickel and palladium–nickel supported

catalysts may be potentially applied in fuel cells technology. The prepared catalysts

can potentially be used as an anode material for a solid oxide fuel cell (SOFC)

technology.
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21. Zhao X, LÜ Y, Liao W, Jin M, Suo Z (2015) Hydrogen production from steam reforming of ethylene

glycol over supported nickel catalysts. J Fuel Chem Technol 43:581–588

22. Kobayashi Y, Horiguchi J, Kobayashi S, Yamazaki Y, Omata K, Nagao D, Konno M, Yamada M

(2011) Effect of NiO content in mesoporous NiO–Al2O3 catalysts for high pressure partial oxidation

of methane to syngas. Appl Catal A 395:129–137

23. Li G, Hu L, Hill JM (2006) Comparison of reducibility and stability of alumina-supported Ni

catalysts prepared by impregnation and co-precipitation. Appl Catal A 301:16–24

24. Kim P, Kim Y, Kim H, Song IK, Yi J (2004) Synthesis and characterization of mesoporous alumina

with nickel incorporated for use in the partial oxidation of methane into synthesis gas. Appl Catal A

272:157–166

25. Ding C, Liu W, Wang J, Liu P, Zhang K, Gao X, Ding G, Liu S, Han Y, Ma X (2015) One step

synthesis of mesoporous NiO–Al2O3 catalyst for partial oxidation of methane to syngas: the role of

calcination temperature. Fuel 162:148–154

Reac Kinet Mech Cat (2017) 121:453–472 471

123



26. Richardson JT, Lei M, Turk B, Forster K, Twigg MV (1994) Reduction of model steam reforming

catalysts: NiO/a-Al2O3. Appl Catal A 110:217–237

27. Nieva MA, Villaverde MM, Monzón A, Garetto TF, Marchi AJ (2014) Steam-methane reforming at

low temperature on nickel-based catalysts. Chem Eng J 235:158–166

28. Maniecki TP, Bawolak K, Mierczynski P, Jozwiak W (2009) Development of stable and highly

active bimetallic Ni–Au catalysts supported on binary oxides CrAl(3)O(6) for POM reaction. Catal

Lett 128:401–404

29. Maniecki TP, Stadnichenko A, Maniukiewicz W, Bawolak K, Mierczynski P, Boronin A, Jozwiak W

(2010) An active phase transformation on surface of Ni–Au/Al2O3 catalyst during partial oxidation of

methane to synthesis gas. Kinet Catal 51:573–578

30. Maniecki TP, Mierczynski P, Maniukiewicz W, Bawolak K, Gebauer D, Jozwiak W (2009)

Bimetallic Au–Cu, Ag–Cu/CrAl3O6 catalysts for methanol synthesis. Catal Lett 130:481–488

31. Mierczynski P, Ciesielski R, Kedziora A, Shtyka O, Maniecki TP (2017) Methanol synthesis using

copper catalysts supported on CeO2-Al2O3 mixed oxide. Fibre Chem 48:271–275

32. Xu J, Su X, Liu X, Pan X, Pei G, Huang Y, Wang X, Zhang T, Geng H (2016) Methanol synthesis

from CO2 and H2 over Pd/ZnO/Al2O3: catalyst structure dependence of methanol selectivity. Appl

Catal A 514:51–59
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