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Abstract Mesoporous nickel (35 wt%)–M (5 wt%)–alu-

mina xerogel (denoted as 35Ni5MAX) catalysts with dif-

ferent second metal (M = Fe, Zr, Ni, Y, and Mg) were

prepared by a single-step sol–gel method for use in the

methane production from carbon dioxide and hydrogen. In

the carbon dioxide methanation reaction, yield for CH4

decreased in the order of 35Ni5FeAX [ 35Ni5ZrAX [
35Ni5NiAX [ 35Ni5YAX [ 35Ni5MgAX. This indicated

that the catalytic performance was greatly influenced by the

identity of second metal in the carbon dioxide methanation

reaction. Experimental results revealed that CO dissocia-

tion energy and metal-support interaction of the catalyst

played key roles in determining the catalytic performance

of 35Ni5MAX catalysts in the reaction. Among the cata-

lysts tested, 35Ni5FeAX catalyst, which retained the most

optimal CO dissociation energy and the weakest metal-

support interaction, exhibited the best catalytic perfor-

mance in terms of conversion of CO2 and yield for CH4.

Keywords Carbon dioxide methanation �Carbon dioxide �
Hydrogen � Nickel–metal–alumina xerogel catalyst �
Single-step sol–gel method

1 Introduction

Synthetic natural gas (SNG) has attracted much attention

with increasing demands for natural gas which is consid-

ered as a green and eco-friendly energy [1–3]. Among

various chemical processes for the production of SNG,

coal-to-SNG is known to be a promising process for pro-

ducing SNG [4–6]. However, the coal-to-SNG process

inevitably releases carbon dioxide into the atmosphere.

Because carbon dioxide is known to be one of the green-

house gases, various strategies such as separation, storage,

and utilization of carbon dioxide are necessary to reduce

the concentration of carbon dioxide in the coal-to-SNG

process [7–9]. Among various strategies, methanation of

carbon dioxide, which produces methane from carbon

dioxide and hydrogen, not only reduces carbon dioxide but

also increases yield for SNG. Carbon dioxide methanation

reaction is interesting from ecological and economical

viewpoints. Therefore, developing an efficient catalyst for

carbon dioxide methanation reaction would be of great

interest.

Methanation of carbon dioxide has been investigated

over a number of catalysts based on VIIIB metals (for

example, Ru, Rh, Ni, Co, and Fe) supported on various

metal oxides (for example, SiO2, Al2O3, ZrO2, TiO2, and

CeO2) [10, 11]. Among these catalysts, Ni-based catalysts

have been widely employed for carbon dioxide methana-

tion reaction due to their high catalytic activity and high

selectivity for methane. However, it is known that con-

ventional nickel-based catalysts suffer from severe catalyst

deactivation in the carbon dioxide methanation reaction,

because nickel particles are sintered during the exothermic

methanation reaction [12]. To overcome this problem,

addition of second metal such as Fe, Sm, Ce, La, Mg, and

Y has been attempted to enhance the stability and catalytic
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activity of nickel-based catalysts in the carbon dioxide

methanation reaction [13–18].

It has been reported that a mesoporous nickel–alumina

xerogel catalyst prepared by a single-step sol–gel method

can serve as an efficient catalyst in several reactions due to

well-developed mesoporosity and finely dispersed nickel

species [19, 20]. However, any investigations on the carbon

dioxide methanation reaction over mesoporous nickel–M–

alumina xerogel catalysts with different second metal

(M) have not been attempted yet. Therefore, a systematic

investigation of mesoporous nickel–M–alumina xerogel

catalysts for methanation reaction would be worthwhile.

In this work, a series of mesoporous nickel–M–alumina

xerogel catalysts with different second metal (M = Fe, Zr,

Ni, Y, and Mg) were prepared by a single-step sol–gel

method, and they were applied to the methane production

from carbon dioxide and hydrogen. The effect of second

metal of mesoporous nickel–M–alumina xerogel catalysts

on the physicochemical properties and catalytic perfor-

mance in the methanation reaction was investigated. The

nickel–M–alumina xerogel catalysts were characterized by

BET, XRD, TPR, CO2-TPD, H2-TPD, TPSR, and TEM

analyses.

2 Experimental

2.1 Preparation of Mesoporous Nickel–M–Alumina

Catalysts

A series of mesoporous nickel–M–alumina xerogel cata-

lysts with different second metal (M = Fe, Zr, Ni, Y, and

Mg) were prepared by a single-step sol–gel method

according to the similar method reported in the literature

[21]. 7.025 g of aluminum precursor (aluminum sec-

butoxide from Sigma-Aldrich) was dissolved in 60 ml of

ethanol at 80 �C under vigorous stirring in a 250 ml glass

bottle. For partial hydrolysis of aluminum precursor solu-

tion, 0.1 ml of nitric acid and 0.3 ml of distilled water,

which had been diluted with 40 ml ethanol, were added

into the solution. After maintaining the resulting solution at

80 �C for a few minutes, a clear sol was obtained. The clear

sol was cooled to 50 �C. Known amounts of nickel pre-

cursor (nickel acetate tetrahydrate from Sigma-Aldrich)

and second metal (M) precursor (metal acetate hydrate

from Sigma-Aldrich) were then simultaneously added into

the sol to obtain a nickel–M–alumina composite sol. Nickel

loading and second metal loading in the nickel–M–alumina

composite sol were fixed at 35 and 5 wt%, respectively.

After cooling the nickel–M–alumina composite sol to room

temperature, a monolithic gel was obtained by adding

25 ml of water diluted with ethanol (5 ml) into the sol. The

gel was aged for 7 days, and then it was dried for a few

days at 70 �C. After grinding the dried gel, it was finally

calcined at 700 �C for 5 h in an air stream to yield the

mesoporous nickel–M–alumina xerogel catalyst. The pre-

pared mesoporuos nickel–M–alumina xerogel catalysts

were denoted as 35Ni5MAX (M = Fe, Zr, Ni, Y, and Mg).

2.2 Characterization

Chemical compositions of 35Ni5MAX catalysts were

determined by ICP-AES (Shimadz, ICP-1000IV) analyses.

Physical properties (surface area, pore volume, and average

pore size) of the catalysts were examined using an ASAP-

2010 (Micromeritics) instrument. Crystalline phases of the

catalysts were investigated by XRD (Rigaku, D-MAX2500-

PC) measurements using Cu–Ka radiation (k = 1.54056 Å)

operated at 50 kV and 100 mA. In order to examine the

metal-support interaction in the 35Ni5MAX catalysts,

temperature-programmed reduction (TPR) measurements

were carried out in a conventional flow system with a

moisture trap connected to a thermal conductivity detector

(TCD) at temperatures ranging from room temperature to

1,000 �C with a ramping rate of 5 �C/min. For the TPR

measurement, a mixed stream of hydrogen (2 ml/min) and

nitrogen (20 ml/min) was used for 50 mg of catalyst sam-

ple. CO2-TPD (temperature-programmed desorption)

experiments were conducted to determine the adsorption

ability of reduced 35Ni5MAX catalysts for carbon dioxide

(BEL Japan, DELCAT-B). For the TPD measurement,

100 mg of each catalyst was reduced with a mixed stream of

hydrogen and helium (5.07 % H2/He, 50 ml/min) at 700 �C

for 5 h, and subsequently, it was purged with pure helium

(50 ml/min) at 700 �C for 30 min. The sample was then

cooled to 40 �C under a flow of helium (50 ml/min). A

mixed stream of carbon dioxide and helium (5.09 % CO2/

He, 50 ml/min) was injected into the reactor at 40 �C for

60 min to saturate the catalyst. Physisorbed carbon dioxide

was removed at 40 �C for 30 min under a flow of helium

(50 ml/min). After purging the sample, furnace temperature

was increased from 35 to 550 �C at a heating rate of 10 �C/

min under a flow of helium (30 ml/min). The desorbed

carbon dioxide was detected using a TCD. Adsorption

ability of reduced catalysts for hydrogen was measured by

H2-TPD (temperature-programmed desorption) experi-

ments. Prior to the H2-TPD measurements, 200 mg of each

catalyst was reduced with a mixed stream of hydrogen

(3 ml/min) and argon (30 ml/min) at 700 �C for 5 h. For

hydrogen adsorption, the catalyst was cooled to room

temperature under a mixed stream of hydrogen (3 ml/min)

and argon (30 ml/min). After cooling the catalyst to room

temperature, it was purged with a stream of argon (30 ml/

min) for 30 min. Furnace temperature was increased from

room temperature to 700 �C at a rate of 10 �C/min under a

steam of argon (20 ml/min). The desorbed hydrogen was
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detected using a TCD. TPSR (temperature-programmed

surface reaction) experiments were carried out to determine

the temperature of methane production over reduced

35Ni5MAX catalysts. Prior to the TPSR experiment,

100 mg of each catalyst was reduced at 700 �C for 5 h with

a mixed stream of hydrogen (3 ml/min) and helium (30 ml/

min), and subsequently, it was cooled to room temperature.

After purging the catalyst for 1 h under a steam of helium

(40 ml/min), carbon dioxide (20 ml) was pulsed into the

reactor every minute under a flow of helium (5 ml/min)

until the catalyst was saturated with carbon dioxide. The

catalyst was further treated with a stream of helium (10 ml/

min) to remove physisorbed carbon dioxide at room

temperature for 30 min. Furnace temperature was then

increased from room temperature to 500 �C at a heating rate

of 10 �C/min under a mixed stream of hydrogen (1 ml/min)

and helium (9 ml/min). The produced methane was detec-

ted using a GC-MSD (Agilent, MSD-6890N).

2.3 Methane Production from Carbon Dioxide

and Hydrogen

Methane production from carbon dioxide and hydrogen

over 35Ni5MAX catalysts was carried out in a continuous

flow fixed-bed reactor. Prior to the catalytic reaction, each

catalyst (50 mg) was reduced with a mixed stream of

hydrogen (3 ml/min) and nitrogen (30 ml/min) at 700 �C

for 5 h. Carbon dioxide and hydrogen were continuously

fed into the reactor together with nitrogen carrier. Feed

composition was fixed at CO2:H2:N2 = 1.0:4.0:1.7 (vol-

ume ratio). Total feed rate with respect to catalyst weight

was maintained at 9,600 ml/h g. Reactor was then pres-

surized to 10 bar with the feed. Catalytic reaction was

carried out at 220 �C and 10 bar. Reaction products were

analyzed with gas chromatographs (Younglin 600D and

Younglin ACME 6000). Conversion of CO2, conversion of

H2, and product selectivity were calculated according to

Eqs. (1–4). Yield for CH4 was calculated by multiplying

conversion of CO2 and selectivity for CH4.

Conversion of CO2ð%Þ ¼
moles of CO2 reacted

moles of CO2 supplied
� 100

ð1Þ

Conversion of H2 ð%Þ ¼
moles of H2 reacted

moles of H2 supplied
� 100

ð2Þ

Selectivity for hydrocarbon ðCnÞ ð%Þ

¼ moles of Cn formed

moles of CO2 reacted
� 100 ð3Þ

Selectivity for CO ð%Þ ¼ moles of CO formed

moles of CO2 reacted
� 100

ð4Þ

3 Results and Discussion

3.1 Physicochemical Properties of 35Ni5MAX

Catalysts

Physicochemical properties of 35Ni5MAX (M = Fe, Zr,

Ni, Y, and Mg) catalysts are summarized in Table 1.

Nickel and second metal (M) contents in the 35Ni5MAX

catalysts determined by ICP-AES analyses were in good

agreement with the designed values. All the 35Ni5MAX

catalysts exhibited high surface area, large pore volume,

and large average pore diameter, in good agreement with

the previous work [21]. The above results indicate that

mesoporous nickel–M–alumina xerogel catalysts were

successfully prepared by a single-step sol–gel method as

attempted in this work. It was found that physicochemical

properties of 35Ni5MAX catalysts were slightly different

depending on the identity of second metal. The slight dif-

ference in physicochemical properties of 35Ni5MAX

Table 1 Physicochemical properties of 35Ni5MAX (M = Fe, Zr, Ni, Y, and Mg) catalysts calcined at 700 �C for 5 h

Catalyst Ni (wt%)a M (wt%)a Surface area

(m2/g)b
Pore volume

(cm3/g)c
Average pore

size (nm)d

35Ni5FeAX 34.8 4.8 234.7 0.37 4.4

35Ni5ZrAX 34.5 6.3 249.0 0.37 4.0

35Ni5NiAX 40.4 0 245.9 0.35 4.2

35Ni5YAX 36.3 4.3 229.2 0.37 4.5

35Ni5MgAX 35.6 5.1 252.2 0.35 3.8

a Determined by ICP-AES measurement
b Calculated by the BET equation
c BJH desorption pore volume
d BJH desorption average pore diameter
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catalysts may be due to different atomic diameter and

electron structure of second metal.

3.2 Characterization of 35Ni5MAX Catalysts

Figure 1 shows the XRD patterns of 35Ni5MAX (M = Fe,

Zr, Ni, Y, and Mg) catalysts calcined at 700 �C for 5 h. The

calcined catalysts showed the characteristic diffraction

peaks of nickel aluminate (NiAl2O4) [22]. The peaks of

second metal aluminate were not distinguishable from the

peaks of NiAl2O4 [23, 24]. 35Ni5ZrAX catalyst showed the

additional tetragonal ZrO2 phase [25]. However, no dis-

tinctive diffraction peaks for second metal (M = Fe, Y,

and Mg) oxide were detected.

Figure 2 shows the XRD patterns of 35Ni5MAX

(M = Fe, Zr, Ni, Y, and Mg) catalysts reduced at 700 �C

for 5 h. All the reduced catalysts exhibited the character-

istic diffraction peaks corresponding to metallic nickel.

This indicates that nickel aluminate phase in the catalysts

was completely reduced into metallic nickel during the

reduction process. It is interesting to note that no charac-

teristic diffraction peaks related to Mg and Y were found in

the reduced 30Ni10MgAX and 30Ni10YAX catalysts. This

was attributed to amorphous state or small particles of

magnesium and yttrium species [26, 27]. The reduced

35Ni5FeAX catalyst showed the mixed phase of metallic

nickel and Ni–Fe alloy [28]. No characteristic diffraction

peaks related to metallic iron was detected in the reduced

35Ni5FeAX catalyst. It has been reported that nickel–iron

alloy can facilitate CO dissociation on the catalyst in the

methanation reaction [29]. In the reduced 35Ni5ZrAX

catalyst, the characteristic diffraction peak related to

tetragonal ZrO2 was observed. This means that tetragonal

ZrO2 was not completely reduced during the reduction

process. It is known that nickel catalyst supported on

tetragonal ZrO2 shows a high activity in the carbon dioxide

methanation reaction [30]. It is reported that the strong

interaction between oxygen vacancy in tetragonal ZrO2 and

oxygen in carbon dioxide seems to weaken C–O bond

strength and to enhance carbon dioxide methanation reac-

tion [17]. This implies that tetragonal ZrO2 played a

positive role in forming more optimal CO dissociation

energy. Therefore, it is expected that 35Ni5FeAX and

30Ni5ZrAX catalysts would show a high catalytic activity

in the carbon dioxide methanation reaction.

TPR measurements were carried out to investigate the

metal-support interaction of 35Ni5MAX (M = Fe, Zr, Ni,

Y, and Mg) catalysts, as shown in Fig. 3. Each catalyst

showed a broad reduction band at around 700 �C. How-

ever, the reduction peak temperature was different

depending on the identity of second metal. The reduction

peak temperature increased in the order of 35Ni5FeAX

\35Ni5ZrAX\35Ni5NiAX\35Ni5YAX\35Ni5MgAX.

In other words, the reducibility of 35Ni5MAX catalysts

decreased in the order of 35Ni5FeAX [ 35Ni5ZrAX [
35Ni5NiAX [ 35Ni5YAX [ 35Ni5MgAX. This indicates

the interaction between metal species and support was

different depending on the identity of second metal. It is

well known that the nature of support play a key role in the
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interaction between nickel and support [31]. Thus, it can be

inferred that second metal may significantly affect metal-

support interaction in our catalyst system.

3.3 Catalytic Performance for Methane Production

from Carbon Dioxide and Hydrogen

Catalytic performance of 35Ni5MAX (M = Fe, Zr, Ni, Y,

and Mg) catalysts for methane production from carbon

dioxide and hydrogen obtained at 220 �C after a 10 h-

catalytic reaction is listed in Table 2. It was revealed that

the catalytic performance of 35Ni5MAX catalysts was

strongly influenced by the identity of second metal. Both

conversion of CO2 and yield for CH4 decreased in the order

of 35Ni5FeAX [ 35Ni5ZrAX [ 35Ni5NiAX [ 35Ni5Y

AX [ 35Ni5MgAX. Selectivity for CH4 was above 99 %.

High selectivity for CH4 may be due to slow adsorption of

carbon dioxide [32]. 35Ni5FeAX and 35Ni5ZrAX catalysts

showed a better catalytic performance than 35Ni5NiAX

catalyst in the carbon dioxide methanation reaction. This

indicates that addition of iron and zirconium into meso-

porous nickel–alumina xerogel catalyst was favorable for

carbon dioxide methanation reaction. Among the catalysts

tested, 35Ni5FeAX catalyst exhibited the best catalytic

performance in terms of conversion of CO2 and yield for

CH4.

Figure 4 shows the TEM images of 35Ni5MAX

(M = Fe, Zr, Ni, Y, and Mg) catalysts after a 10 h-reac-

tion. TEM images clearly showed that metallic species

were finely dispersed in the 35Ni5MAX catalysts. Average

particle size of metallic species in the reduced 35Ni5MAX

catalysts was in the range of 5–10 nm with no great dif-

ference. Carbon deposition was not observed on the surface

of the used 35Ni5MAX catalysts.

3.4 CO2-TPD Experiments of 35Ni5MAX Catalysts

In order to investigate the carbon dioxide adsorption ability

of the catalysts, CO2-TPD experiments were conducted.

Figure 5 shows the CO2-TPD profiles of 35Ni5MAX

(M = Fe, Zr, Ni, Y, and Mg) catalysts reduced at 700 �C

for 5 h. Deconvolution analysis of TPD profiles revealed

that each CO2-TPD profile comprised three peaks. How-

ever, the amount of desorbed carbon dioxide of individual

peak was not correlated with the catalytic performance.

Instead, the total amount of desorbed carbon dioxide within

whole temperature range (35–550 �C) was well correlated

with the catalytic performance. The amount of desorbed

carbon dioxide determined from total peak area of CO2-

TPD profile is summarized in Table 3. The amount of

desorbed carbon dioxide was greatly influenced by the

identity of second metal. The amount of desorbed carbon

dioxide decreased in the order of 35Ni5MgAX [ 35Ni5

YAX [ 35Ni5NiAX [ 35Ni5ZrAX [ 35Ni5FeAX. This

indicates that carbon dioxide adsorption ability of the

catalyst was different depending on the identity of second

metal. It has been reported that electron-deficient metal

particles are more active in COx methanation reaction than

electron-rich metal particles [33]. In the case of basic

support, a strong metal-support interaction, which might

generate a charge transfer between metal and support,

should yield an electron-rich metal surface. This implies

that the difference in metal-support interaction derived
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Fig. 3 TPR profiles of 35Ni5MAX (M = Fe, Zr, Ni, Y, and Mg)

catalysts calcined at 700 �C for 5 h

Table 2 Catalytic performance of 35Ni5MAX (M = Fe, Zr, Ni, Y, and Mg) catalysts for methane production from carbon dioxide and hydrogen

obtained at 220 �C after a 10 h-catalytic reaction

Catalyst Conversion (%) Selectivity (%) CH4 yield (%)

CO2 H2 C1 C2 C3 CO

35Ni5FeAX 63.4 68.3 99.5 0.5 0 0 63.1

35Ni5ZrAX 61.6 66.8 99.1 0.8 0.1 0 61.0

35Ni5NiAX 61.1 66.0 99.2 0.7 0.1 0 60.6

35Ni5YAX 58.4 61.9 99.5 0.5 0 0 58.1

35Ni5MgAX 54.2 56.6 99.5 0.4 0.1 0 53.9
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from different basicity of the catalyst may strongly affect

the catalytic performance in the carbon dioxide methana-

tion reaction. Because the amount of desorbed carbon

dioxide corresponds to the basicity of the catalyst, it is

reasonable to expect that the metal-support interaction

decreased in the order of 35Ni5MgAX [ 35Ni5YAX [
35Ni5NiAX [ 35Ni5ZrAX [ 35Ni5FeAX. Among the

catalyst tested, 35Ni5FeAX catalyst retained the weakest

metal-support interaction, leading to the highest catalytic

performance in the carbon dioxide methanation reaction.

Metal surface area and metal particle size of reduced

35Ni5MAX catalysts were measured by H2-TPD experi-

ment and the Debye–Scherrer equation, respectively. The

amount of desorbed hydrogen and metal surface area of

reduced catalysts are summarized in Table 4. Metal surface

area decreased in the order of 35Ni5FeAX [ 35Ni5-

NiAX [ 35Ni5MgAX [ 35Ni5ZrAX [ 35Ni5YAX. This

indicates that the amount of desorbed carbon dioxide in the

CO2-TPD experiment was not associated with the metal

surface area of reduced catalysts.

Metal particle size of reduced 35Ni5MAX catalysts is

also summarized in Table 4. Metal paticle size of reduced

catalysts was in the range of 7.39–8.56 nm. Metal particle

size increased in the order of 35Ni5FeAX\35Ni5NiAX\
35Ni5MgAX \ 35Ni5ZrAX \ 35Ni5YAX. Metal particle

size of reduced catalysts could not explain the difference in

the amount of desorbed carbon dioxide of CO2-TPD

Fig. 4 TEM images of a 35Ni5FeAX, b 35Ni5ZrAX, c 35Ni5NiAX, d 35Ni5YAX, and e 35Ni5MgAX catalysts obtained after a 10 h-reaction
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Fig. 5 CO2-TPD profiles of 35Ni5MAX (M = Fe, Zr, Ni, Y, and

Mg) catalysts reduced at 700 �C for 5 h

Table 3 Amount of desorbed CO2 over 35Ni5MAX (M = Fe, Zr,

Ni, Y, and Mg) catalysts reduced at 700 �C for 5 h

Catalyst Amount of desorbed CO2

(mmol-CO2/g-catalyst)

35Ni5FeAX 0.115

35Ni5ZrAX 0.120

35Ni5NiAX 0.123

35Ni5YAX 0.144

35Ni5MgAX 0.159
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experiment. This indicates that the difference in the amount

of desorbed carbon dioxide was influenced by the basicity

of the catalyst. Thus, metal-support interaction played a

key role in determining the catalytic performance.

In order to measure the basicity of calcined catalysts, we

carried out additional CO2-TPD experiments (not shown

here). The amount of desorbed carbon dioxide decreased in

the order of 35Ni5MgAX [ 35Ni5YAX [ 35Ni5NiAX [
35Ni5ZrAX [ 35Ni5FeAX. This trend was well consistent

with the TPR result (Fig. 3). Because reducibility was

related to the chemical interaction between metal species

and support in the calcined catalyst, reducibility of the

catalyst was affected by the basicity of the catalyst.

3.5 TPSR Experiments of 35Ni5MAX Catalysts

In order to determine the peak temperature of methane

production over the reduced 35Ni5MAX (M = Fe, Zr, Ni,

Y, and Mg) catalysts in the carbon dioxide methanation

reaction, TPSR experiments were carried out with an aim

of elucidating the different catalytic performance. Figure 6

shows the TPSR profiles of 35Ni5MAX catalysts reduced

at 700 �C for 5 h. All the catalysts showed a broad methane

production peak. Methane formation appears to be limited

by the dissociation of carbon monoxide to carbon species

which further react with hydrogen to produce methane in

the carbon monoxide methanation reaction [34]. It is

known that carbon dioxide methanation reaction initially

occurs by the reduction of CO2 to CO on the catalyst

surface and the dissociation of carbon monoxide to carbon

species is the rate determining step [32, 35]. The reaction

rate of some catalysts with high barrier for CO dissociation

is limited, while the reaction rate of others with high

binding energy of the adsorbed C and O species is also

limited. Consequently, the catalyst used in the carbon

dioxide methanation reaction needs to have an optimal CO

dissociation energy to show high yield for methane [34]. It

is well known that metal components in the catalyst play a

key role in the dissociation of carbon monoxide to carbon

species in the methanation reaction [29]. CO dissociation

energy of 35Ni5MAX catalysts could be indirectly deter-

mined from peak temperature of TPSR profiles. It is

inferred that a catalyst with optimal CO dissociation energy

will facilitate the production of carbon species at low

temperature, and subsequently, will produce methane at

low temperature. Therefore, TPSR peak temperature can be

used as an index for CO dissociation energy in the carbon

dioxide methanation reaction. A catalyst with low TPSR

peak temperature of methane production retained an opti-

mal CO dissociation energy for producing carbon species.

The lower TPSR peak temperature corresponds to the more

optimal CO dissociation energy. As shown in Fig. 6, peak

temperature of methane production decreased in the order

of 35Ni5MgAX[3Ni5YAX[35Ni5NiAX[35Ni5ZrAX

[ 35Ni5FeAX, in good agreement with the trend of CH4

yield (Table 2). Among the catalyst tested, 35Ni5FeAX

catalyst retained the most optimal CO dissociation energy,

leading to the highest catalytic performance in the carbon

dioxide methanation reaction.

3.6 Correlations Between Catalytic Performance

and Catalytic Properties

Figure 7 shows the correlations between yield for CH4 and

TPSR peak temperature, and between yield for CH4 and the

amount of desorbed carbon dioxide. Yield for CH4 was

well correlated with TPSR peak temperature and with the

amount of desorbed carbon dioxide. Yield for CH4

increased with decreasing TPSR peak temperature and with

Table 4 Amount of desorbed H2 over 35Ni5MAX (M = Fe, Zr, Ni,

Y, and Mg) catalysts, metal surface area, and metal particle size of

35Ni5MAX (M = Fe, Zr, Ni, Y, and Mg) catalysts reduced at 700 �C

for 5 h

Catalyst Amount of desorbed

H2 (lmol-H2/g-

catalyst)a

Metal surface

area (m2/g-

catalyst)b

Metal

particle

size (nm)c

35Ni5FeAX 32.15 2.54 7.39

35Ni5ZrAX 23.49 1.84 8.04

35Ni5NiAX 26.86 2.10 7.51

35Ni5YAX 22.60 1.77 8.56

35Ni5MgAX 26.20 2.05 7.64

a Determined from peak area of H2-TPD profile
b Calculated by the amount of desorbed H2

c Calculated by the Debye–Scherrer equation
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Fig. 6 TPSR profiles of 35Ni5MAX (M = Fe, Zr, Ni, Y, and Mg)

catalysts reduced at 700 �C for 5 h
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decreasing the amount of desorbed carbon dioxide. As

mentioned earlier, the lower TPSR peak temperature and

the smaller amount of desorbed carbon dioxide correspond

to the more optimal CO dissociation energy of the catalyst

and the weaker metal-support interaction of the catalyst,

respectively. Figure 7 clearly shows that both optimal CO

dissociation energy and weak metal-support interaction of

the catalyst were favorable for the production of methane

from carbon dioxide and hydrogen. Among the catalysts

tested, 35Ni5FeAX catalyst, which retained the most

optimal CO dissociation energy and the weakest metal-

support interaction, exhibited the best catalytic perfor-

mance in the carbon dioxide methanation reaction.

4 Conclusions

A serious of mesoporous nickel–M–alumina xerogel

(35Ni5MAX) catalysts with different second metal

(M = Fe, Zr, Ni, Y, and Mg) were prepared by a single-

step sol–gel method, and they were applied to the methane

production from carbon dioxide and hydrogen. The effect

of second metal on the physicochemical properties and

catalytic performance of 35Ni5MAX catalysts was inves-

tigated. Both conversion of CO2 and yield for CH4

decreased in the order of 35Ni5FeAX [ 35Ni5ZrAX [
35Ni5NiAX [ 35Ni5YAX [ 35Ni5MgAX. This indicates

that Fe was the most suitable second metal component

(M) for 35Ni5MAX catalyst in the carbon dioxide metha-

nation reaction. Catalytic performance of 35Ni5MAX was

closely related to the CO dissociation energy (TPSR peak

temperature) of the catalyst and to the metal-support

interaction (the amount of desorbed carbon dioxide) of the

catalyst. Yield for CH4 increased with decreasing TPSR

peak temperature and with decreasing metal-support

interaction of the catalyst. Among the catalysts tested,

35Ni5FeAX catalyst, which retained the most optimal CO

dissociation energy and the weakest metal-support inter-

action, showed the best catalytic performance in the carbon

dioxide methanation reaction.
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