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Abstract
Nanocomposite Ni/ZrO2-AN catalyst consisting of comparably sized Ni metal and ZrO2 nanoparticles is studied in comparison with

zirconia- and alumina-supported Ni catalysts (Ni/ZrO2-CP and commercial Ni/Al2O3-C) for steam reforming of methane (SRM) and for

combined steam and CO2 reforming of methane (CSCRM). The reactions are performed under atmospheric pressure with stoichiometric

amounts of H2O and CH4 or (H2O + CO2) and CH4 at 1073 K. Under a wide range of methane space velocity (gas hourly space velocity of

methane GHSVCH4
= 12,000–96,000 ml/(h gcat.), the nanocomposite Ni/ZrO2-AN catalyst always shows higher activity and stability for both

SRM and CSCRM reactions. The two supported Ni catalysts (Ni/ZrO2-CP and Ni/Al2O3-C) exhibit fairly stable catalysis under low

GHSVCH4
but they are easily deactivated under high GHSVCH4

and become completely inactive when they are reacted for ca.100 h at

GHSVCH4
= 48,000 ml/(h gcat.). The CSCRM reaction is carried out with different H2O/CO2 ratios in the reaction feed while keeping the

molar ratio (H2O + CO2)/CH4 = 1.0, the results prove that the nanocomposite Ni/ZrO2-AN catalyst can be highly promising in enabling a

catalytic technology for the production of syngas with flexible H2/CO ratios (ca. H2/CO = 1.0–3.0) to meet the requirements of various

downstream chemical syntheses.
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1. Introduction

One of the most attractive chemical approaches for the

utilization of CO2 and methane, which are the main

components of some natural gas resources including coalbed

gases, could be the catalytic CO2 reforming of methane

(CRM) to produce syngas (a mixture of H2 and CO). CO2

molecules in CRM function as a cheap and clean oxidant for

methane molecules [1]. In some other natural resources, the

CO2/CH4 molar ratio can be below the stoichiometry of the

CRM reaction (CO2/CH4 = 1.0). A simple and convenient

technological solution for the utilization of such resources is

thus, to add water (steam) as a compensation for CO2 since

catalytic steam reforming of methane (SRM) produces the

same product, which means a combined steam and CO2

reforming of methane (CSCRM). Since the product H2/CO
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ratio of the CRM reaction (H2/CO = 1.0) is different from

that of the SRM reaction (H2/CO = 3.0), depending on the

ratio of H2O/CO2/CH4 in the reaction feed, the catalytic

CSCRM technology can be applied to adjust the H2/CO

ratio in the product syngas to meet the requirements of

downstream chemical synthesis.

Supported Ni catalysts have been extensively used in the

industrial steam reforming of methane (SRM) process [2–4],

however, deactivation by carbon deposition makes them

unsuitable for CRM as well as for combined steam and CO2

reforming of methane (CSCRM). Recent work in this

laboratory exploring the use of oxide nanoparticles for

catalysts has led to the discovery that the Ni catalyst

‘supported’ by small nanoparticles of ZrO2 (7–25 nm) [5–8]

or MgO (10–12 nm) [9] can be highly active and extremely

stable for the CRM reaction with a stoichiometric mixture

of methane and CO2 (CO2/CH4 = 1.0) at 700–800 8C. In

contrast to conventional oxide-supported metal catalyst

having discrete metal nanocrystals (1–20 nm) supported on
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oxide particles that are often one to several orders of

magnitude larger than the metal nanocrystals, the stable Ni/

ZrO2 catalysts appear as nanocomposites of comparably

sized Ni-metal (10–15 nm) and zirconia nanocrystals

(7–25 nm). Ni catalysts supported on conventional oxide

supports are not able to avoid coking and deactivate rapidly

under the same conditions of the CRM reaction [10,11].

Attempts in reducing the particle sizes of support oxides to

approach metal/oxide nanocomposites have also resulted in

significant performance improvement of Au catalysts

‘supported’ on TiO2 [12] and ZrO2 [13].

In the present work, we first test our nanocomposite

Ni/ZrO2-AN catalyst [5,6,8] for the SRM reaction with a

stoichiometric mixture of steam and methane in a wide

range of feed space velocities. We prove that the nano-

composite catalyst is superior to Ni catalysts supported on

bigger particles of conventional oxides (Ni/ZrO2-CP and

Ni/Al2O3) for the SRM reaction. We then attempt to extend

the use of the nanocomposite catalyst Ni/ZrO2-AN for

CSCRM reactions to explore the feasibility of a catalytic

technology for the production of syngas with flexible H2/CO

ratios.
2. Experimental

To prepare the nanocomposite Ni/ZrO2-AN catalyst, a

ZrO(OH)2 alcogel was first obtained by completely washing

a conventional ZrO(OH)2 hydrogel with anhydrous ethanol.

The alcogel was then dried at 270 8C in flowing-nitrogen

under atmospheric pressure and was further calcined at

650 8C for 5 h. Impregnation with aqueous Ni(NO3)2

followed by drying at 110 8C and calcination in air at

650 8C gave the oxidized Ni/ZrO2-AN catalyst. A similar

procedure with conventional zirconia (ZrO2-CP), obtained

by calcination of the ZrO(OH)2 hydrogel at 650 8C, resulted

in an oxidized Ni/ZrO2-CP catalyst. After reduction in

hydrogen, the weight content of Ni in Ni/ZrO2-AN and Ni/

ZrO2-CP catalysts was 12.1 and 12.9%, respectively,

according to XRF measurement. Further details for the

catalyst preparation can be found in refs. [5–8]. For the

comparison purpose, a commercial SRM catalyst Z107

(13.0 wt.% Ni/Al2O3-C) was also adopted in the present

study. The catalysts were used earlier for the CRM reaction
Table 1

Physicochemical properties of the catalysts reduced at 700 8C

Sample Ni-loada (wt.%) BET surface (m2/g) Ni-red.b (Ni %)

Ni/ZrO2-AN 12.1 38 95.2

Ni/ZrO2-CP 12.9 18 98.5

Ni/Al2O3-C 13.0 23 92.0

a Measured from X-ray fluorescence analysis.
b Reducibility of nickel measured from temperature-programmed reduction (T
c M and T represent monoclinic and tetragonal phase, respectively.
d Dispersion of nickel obtained from temperature-programmed desorption (T
e Particle size of Ni-metal (d) calculated with the assumption d = 1/dispersio
f Particle size of the oxide ‘support’ measured by TEM.
and were characterized with a number of physicochemical

methods [5–8].

The catalytic reaction was conducted with 100 mg catalyst

at 800 8C in a vertical fixed-bed U-shape quartz reactor

(10 mm i.d.) under atmospheric pressure as described

previously [5–8]. A specially designed chamber, heated to

300 8C to ensure no condensation of the steam feed, was

placed ahead of the reactor inlet and used to make the required

mixture of CH4 with steam or CO2 or steam and CO2.

The steam and/or CO2 were well mixed with methane in

the chamber according to the reaction stoichiometry of

SRM (H2O/CH4 = 1.0), CRM (CO2/CH4 = 1.0) or CSCRM

((H2O + CO2)/CH4 = 1.0) reactions. The reaction tempera-

ture was measured and controlled by a thermal couple inserted

into the catalyst bed. Before reaction, the catalyst was reduced

in situ with flowing hydrogen (40 ml/min) at 700 8C for 3 h.

The effluent gases from the reactor were removed from water

by passing through a cold trap cooled to�16 8C with a salt-ice

bath and then analyzed with an on-line GC (SQ206) equipped

with a TCD. An 1.5 m carbon molecular sieve (80–100 mesh

size) column was used for the separation of the reaction

products.

Although it is difficult to avoid temperature and

concentration gradient, special attention was paid to detect

any temperature fluctuation in the catalyst bed. Our record

showed that any temperature fluctuation during the reaction

was within �1 8C from the temperature specified for the

reaction. In a set of reaction tests with different pellet sizes

(20–40, 40–60 and 140–160 meshes), the nanocomposite

catalyst produced basically the same conversions for the

reactants, suggesting that any diffusion effect on the

catalytic reactions could reasonably be ignored.
3. Results and discussion

3.1. Morphological structure of the catalysts

The physicochemical properties of the reduced catalysts

are presented in Table 1. The loaded nickel ions were found

completely reducible in the temperature-programmed

reduction (TPR) measurement [5–9], as indicated by the

reducibility data in the table. It should be realized that the

particle sizes of Ni-metal estimated from the Ni-dispersion
Oxide-phasec (%) Ni-disp.d (%) Ni-sizee (nm) Oxide-sizef (nm)

M41/T59 9.4 10.6 18–25

M5/T95 5.8 17.8 40–200

Gamma 5.3 18.9 50–300

PR) with 5% H2/Ar.

PD) of hydrogen after the TPR measurement.

n.
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Fig. 1. Representative TEM micrograms of the reduced Ni/ZrO2-AN (A) and Ni/ZrO2-CP (B) catalysts.

Fig. 2. Catalytic activity and stability of Ni/ZrO2-AN (-&-), Ni/Al2O3-C

(-*-) and Ni/ZrO2-CP (-~-) for atmospheric SRM reaction at 800 8C.
data of the reduced Ni/ZrO2-AN catalyst are comparable to

the sizes of zirconia ‘support’ particles in the same samples,

as shown in the last two columns of Table 1. The comparably

sized Ni-metal and ZrO2-AN nanoparticles are further

evidenced in the TEM microgram of the reduced Ni/ZrO2-

AN sample (Fig. 1A), demonstrating the nanocomposite

nature of this Ni/ZrO2-AN catalyst.

The TEM micrograms of the reduced Ni/ZrO2-AN and

Ni/ZrO2-CP samples are compared in Fig. 1. A significant

difference exists apparently between the structure of Ni/

ZrO2-AN and Ni/ZrO2-CP. The comparably sized nano-

crystals of metallic Ni (10–15 nm) and ZrO2 (18–25 nm) in

the nanocomposite catalyst (Fig. 1A) is in clear contrast to

the easily distinguishable metallic Ni nanocrystals (14–

30 nm) supported on large particles of ZrO2 up to 200 nm in

the conventional zirconia-supported Ni catalyst (Ni/ZrO2-

CP in Fig. 1B). The commercial Ni/Al2O3-C catalyst

showed similar TEM microgram to that of the Ni/ZrO2-CP

catalyst in Fig. 1B and can conventionally be classified as an

alumina-supported Ni catalyst.

3.2. Steam reforming of methane (SRM)

Fig. 2 shows the catalytic activity and stability of the Ni/

ZrO2-AN, Ni/ZrO2-CP and Ni/Al2O3-C catalysts for the

SRM reaction at 800 8C under atmospheric pressure

(0.1 MPa). The gas hourly space velocity of methane

(GHSVCH4
) was 12,000 ml/(h gcat.) and the H2O/CH4 ratio

in the reaction feed was 1.0. All the three catalysts exhibited

reasonably high and stable catalytic activities during the

reaction up to 240 h; the methane conversions are 87–88%,

81–84% and 76–83% over Ni/ZrO2-AN, Ni/Al2O3-C and

Ni/ZrO2-CP, respectively. The thermodynamic equilibrium

conversion of methane at 800 8C is 90%. Apparently, the

nanocomposite Ni/ZrO2-AN catalyst showed higher activity

as well as stability than the commercial Z107 (Ni/Al2O3-C)
and the conventional zirconia-supported Ni (Ni/ZrO2-CP)

catalysts.

To further compare the catalyst stability at methane

conversion far below its thermodynamic equilibrium, all the

catalysts were subjected to stepwise increasing of the space

velocity of methane by eight-fold up to 96,000 ml/(h gcat.);

the results are shown in Fig. 3. The data for the first 150 h are

obtained with GHSVCH4
= 12,000 ml/(h gcat.) and they are

similar to those appearing in Fig. 2. The stability of the

nanocomposite Ni/ZrO2-AN catalyst is characterized by its

ability to maintain very stable methane conversions every

time after changing the reaction GHSVs. Also, the

conversion at every specific GHSV was kept constant after

switching between several GHSVs during 400 h reaction

time-on-stream. In contrast, when the GHSVCH4
was

increased to 48,000 ml/(h gcat.), the conventional Ni/ZrO2-

CP and also the commercial Ni/Al2O3-C catalysts were seen

to deactivate very rapidly and irreversibly; the two catalysts

became completely inactive after they were reacted for ca.

100 h under GHSVCH4
= 48,000 ml/(h gcat.).
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Fig. 4. Effect of the feed H2O/(H2O + CO2) ratio on methane conversion in

the combined steam and CO2 reforming of methane. Reaction temparature:

800 8C; GHSVCH4
= 12,000 ml/(h gcat.); (H2O + CO2)/CH4 = 1.0; reaction

pressure: 0.1 MPa.

Fig. 3. Comparison of catalytic performance of Ni/ZrO2-AN (-&-), Ni/

Al2O3-C (-*-) and Ni/ZrO2-CP (-~-) for SRM reaction at 800 8C under

different methane space velocities: GHSVCH4
= (A) 12,000; (B) 24,000; (C)

36,000, (D) 48,000 and (E) 96,000 ml/(h gcat.).

Fig. 5. Effect of the feed H2O/(H2O + CO2) ratio on the H2/CO ratio

of the product syngas in the combined steam and CO2 reforming of

methane. Reaction temparature: 800 8C; GHSVCH4
= 12,000 ml/(h gcat.);

(H2O + CO2)/CH4 = 1.0; reaction pressure: 0.1 MPa.
In earlier work of this laboratory, the advantage of

nanocomposite Ni/ZrO2 catalysts including Ni/ZrO2-AN

over the conventional zirconia-supported Ni catalyst (Ni/

ZrO2-CP) for the CRM reaction was studied with more

details; the existence of high percentage metal-oxide

boundary or perimeter in the nanocomposite catalysts,

which can be crucial in keeping good balance between the

rates of CH4 decomposition and of CO2 dissociation, was

believed to be responsible for the excellent catalytic stability

of the nanocomposite catalysts [5–7]. Since both SRM and

CRM reactions may follow similar reaction mechanisms on

the same catalyst, it is reasonable to believe that the high

percentage of metal-oxide boundary or perimeter can also be

crucial for the advanced catalytic performance of the

nanocomposite Ni/ZrO2-AN catalyst in the SRM reaction.

It should be mentioned that the SRM reaction in the present

study was operated under high feed space velocity with a

rather low water-to-gas molar ratio (H2O/CH4 = 1.0). Most

commercial SRM processes are conducted with much higher

water-to-gas ratios (H2O/CH4 = 2.0–5.0) [2,3] to avoid

catalyst deactivation by carbon deposition. With high H2O/

CH4 molar ratios (>2.0), the following drawbacks exist: (a)

the water-gas shift reaction (H2O + CO = H2 + CO2) would

be favorable, thus the resultant H2/CO ratio in product syngas

would be high, making the syngas not preferable for the

downstream methanol and Fischer–Tropsch syntheses; and

(b) a large amount of energy would have to be consumed in the

production of high temperature steam, thus energy efficiency

and economy of the process would be low. Therefore, the

advantage of the nanocomposite Ni/ZrO2-AN over the

commercial Ni/Al2O3-C catalyst in the SRM reaction with

the stoichiometric feed mixture (H2O/CH4 = 1.0) can be

promising for application in the future SRM process.

3.3. Combined steam and CO2 reforming of methane

(CSCRM)

Due to its remarkable catalytic performance both in CRM

[5–8] and the above SRM reactions, the nanocomposite Ni/
ZrO2-AN catalyst was further used for catalyzing the

CSCRM reactions at 800 8C with the fixed ratio

(H2O + CO2)/CH4 = 1.0 in the reaction feed, the reaction

feed space velocity was GHSVCH4
= 12,000 ml/(h gcat.).

Fig. 4 shows the effect of the feed H2O/(H2O + CO2) ratio on

conversion of methane. It is seen that the CH4 conversion

changed only slightly in between 87.8% of a pure CRM and

88.8% of a pure SRM reaction; these conversion values are

very close to the equilibrium methane conversions from the

specified feed compositions. Whatever was the H2O/

(H2O + CO2) ratio, the nanocomposite catalyst showed

always-stable catalysis for the CSCRM reaction.

The effect of the feed H2O/(H2O + CO2) ratio on the

composition (H2/CO ratio) of the product syngas is shown in

Fig. 5. Theoretically, with increasing concentration of steam

or with reducing concentration of CO2 in the reaction feed, the

H2/CO ratio in the product syngas could be changed in

between 1.0 and 3.0. In practice, the H2/CO ratio in the
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produced syngas can be affected by possible side reactions, of

which the water-gas shift reaction (WGS: H2O + CO =

CO2 + H2) and its reverse (RWGS: CO2 + H2 = H2O + CO)

are of the highest possibilities. Since the conversion of

water/steam during the reaction was not quantified, accurate

estimation of the side reactions on the product composi-

tion was not feasible in this work. However, the data of

Fig. 5 reveal that with changing the feed H2O/(H2O + CO2)

ratio, it is possible to enable a catalytic technology in methane

reforming to produce syngas with the H2/CO molar ratio

being adjustable in between 1.2 and 2.9. The excellent

catalytic performance of the nanocomposite Ni/ZrO2-AN

catalyst for the reforming of methane and coalbed methane in

CRM, SRM and CSCRM reactions can be essential in

enabling such flexible catalytic technology to meet the

requirements of different downstream chemical synthesis.
4. Conclusions

This work proves that the nanocomposite Ni/ZrO2-AN

catalyst is highly active and extremely stable for both the

steam reforming and the combined steam and CO2

reforming of methane. In comparison with commercial

Ni/Al2O3 catalyst, the high performance of the nanocom-

posite Ni/ZrO2-AN catalyst allows the use of stoichiometric

reactants for the reactions and can withstand much higher

feed space velocity.
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