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Abstract The catalytic activity of an industrially sup-

plied nickel foam was evaluated for the conversion of

methane to syngas via partial oxidation in air. At a tem-

perature of 850 �C, 89% CH4 conversion was attained with

H2 and CO selectivity of 96 and 97%, respectively. The

catalytic performance of nickel foam was found to be

comparable to an in-house prepared 10%wt Ni/c-Al2O3.

Interestingly the foam catalyst was found to be capable of

light-off without in situ H2 reduction unlike the supported

nickel catalyst. CH4 conversion and H2 and CO selectivity

were found to increase as the inlet temperature increased

from 650 to 850 �C. Increasing the contact time by

reducing the gas flow rate resulted in reduced CH4 con-

version and H2 and CO selectivity, indicating substantial

transport limitations. A key finding was that oxidative

pretreatment of the nickel foam led to the formation of a

surface oxide layer resulting in an increase in surface area

and an improvement in catalytic activity.

Keywords Catalytic partial oxidation of methane �
Metal foam � Nickel

1 Introduction

Methane partial oxidation, reaction (1), although by no

means a novel process [1], has recently become the focus

of academic and industrial research as an attractive alter-

native to methane steam reforming [2]. The potential for

energy savings and reduced capital investment for the

production of syngas via the partial oxidation of methane is

significant because of the absence of steam production,

smaller reactor sizes, and the mild exothermicity of the

reaction [2–9]. In addition, the H2:CO ratio of 2:1 is more

favorable for downstream processes such as methanol and

Fischer–Tropsch synthesis [2, 3, 5]. These factors are

major driving forces for further investigation.

CH4 þ 1

2
O2 $ COþ 2H2 DH

0

298 K ¼ �36 kJ mol�1 ð1Þ

Partial oxidation has not yet replaced steam reforming

for several reasons. First, the reaction can easily ‘run away’

as a result of the formation of hot spots in the catalyst bed

causing irreversible damage to the catalyst and raising

serious safety concerns [5–7]. Also, the complete

oxidation, reaction (2), being more exothermic than

partial oxidation, has been found to occur simultaneously

and can lead to enhanced ‘run away’ conditions [5].

CH4 þ 2O2 $ CO2 þ 2H2O DH
0

298 K ¼ �806 kJ mol�1

ð2Þ

Furthermore, the economics of the oxidation process

depend on whether purified oxygen or air is used as the

oxygen source. Oxygen purification significantly reduces

the overall energy efficiency and profitability of the syngas

production process. Alternatively, if air is used, the pres-

ence of N2 in the product stream may adversely affect

downstream processes. Finally, catalytic partial oxidation
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reactions using supported-nickel catalysts typically deac-

tivate via carbon deposition [6, 10–18], sintering [6, 10, 12,

13, 15–17, 19], solid-state transformations [9, 17, 20], and

nickel volatilization through the formation of nickel car-

bonyls [20].

Two reaction pathways, direct and indirect, have been

proposed to describe the methane partial oxidation reaction

over supported catalysts [2, 6, 21–23]. The indirect path-

way is a two-step process in which a portion of the methane

undergoes complete combustion to H2O and CO2 with near

complete consumption of oxygen. The combustion reaction

is rapid and highly exothermic. Unconverted methane is

subsequently dry (3) and steam (4) reformed to produce

syngas, which generally approaches equilibrium via the

water–gas shift reaction (5).

CH4 þ CO2 ! 2H2 þ 2CO ð3Þ
CH4 þ H2O! 3H2 þ CO ð4Þ
COþ H2O$ H2 þ CO2 ð5Þ

In comparison to the complete oxidation reaction, the

dry and steam reforming reactions are much slower and

highly endothermic. Thus, the indirect pathway is

characterized by an axial temperature profile that exhibits

a strong exotherm at the entrance of the catalyst bed due to

the highly exothermic combustion reaction followed by a

rapid decrease in temperature caused by the endothermic

reforming reactions [1, 2, 6, 11, 23]. In addition to the axial

temperature profile, the indirect pathway leads to a catalyst

composition profile. Dissanyake et al. [11] found that the

catalyst bed, initially composed of Ni/a-Al2O3, could be

separated into three zones during the partial oxidation of

methane: NiAl2O4 ? a-Al2O3, NiO/a-Al2O3, and Ni/a-

Al2O3. The first two zones were found to be active for the

complete oxidation of methane to CO2 and H2O, and the

final zone, exposed to a reducing environment, was active

for the reforming reactions producing H2 and CO.

The direct reaction pathway is also a two-step process in

which methane decomposes on the catalytic surface by

either the pyrolysis, reaction (6), or the oxygen-assisted

mechanism, reaction (7) [24].

CH4 ! C� þ 4H� ð6Þ
CH�x þ ð1þ xÞO� $ CO� þ xHO� ð7Þ

On supported-nickel catalysts, pyrolysis (6) is the

dominant direct reaction mechanism [23, 25, 26].

Differentiation of the dominant mechanism, whether

direct or indirect, has been difficult to accomplish under

most experimental conditions. High reaction temperatures

inevitably lead to near-equilibrium conversions and

product distributions even at low contact times and this is

further complicated by the inclusion of strong heat and

mass transfer effects [22]. Direct partial oxidation of

methane is inherently faster resulting in reduced reactor

volumes and more stable thermal profiles than the indirect.

However, several research groups [2, 24] have shown that

the indirect pathway gives higher conversion and more

desirable H2/CO ratios compared to the direct pathway.

Metallic foams are open-celled, highly porous, three-

dimensional structures consisting of a network of solid strut

polyhedral cells [27–31]. The physical and chemical

properties (i.e., thermal and electrical conductivity,

mechanical strength, melting point and corrosion resis-

tance) of metallic foams are consistent with the source

metal or alloy, while geometric properties such as pore

size, strut diameter, and porosity are controlled during

fabrication allowing the resulting foams a broad range of

characteristics and applications. The highly porous, cellular

structure gives the foam a high surface-to-volume ratio

making them ideal mediums for depositing catalyst and

catalyst support materials. The interconnectedness of the

cellular structure yields a high cross-sectional flow area,

resulting in a low-pressure drop while exhibiting enhanced

gas–solid heat- and mass-transfer characteristics [27, 28].

Due to the high thermal conductivity of metallic foams,

they are particularly well suited for reducing or eliminating

localized hot- and cold-spot formation, leading to isother-

mal temperature profiles. Such unique properties have

provoked interest in metallic foams as catalysts and cata-

lyst supports for automotive applications [27, 28]. Metallic

foams are generally used as support structures for high-

surface-area ceramic supports such as c-Al2O3 [26, 27, 31,

32]. However, very few studies have addressed the cata-

lytic activity of the metallic foam itself. From those few

studies, copper, copper alloys, nickel, nickel alloys [29, 30,

33], silver [33, 34], and ferrous alloys [31] foams have all

shown catalytic activity for the oxidation of hydrocarbons.

In this study, the catalytic activity of nickel foam for the

partial oxidation of methane was parametrically evaluated

by investigating the effect of reaction temperature, gas flow

rate, and bed depth on CH4 conversion, H2 and CO

selectivity, and the H2/CO molar yield ratio. In addition,

the effect of an oxidative pretreatment on improving cat-

alytic performance of the nickel foam was investigated by

performing CH4 decomposition on untreated and pre-oxi-

dized nickel foam.

2 Experimental

2.1 Nickel Foam Wafers

Nickel foam wafers were prepared from INCOFoam�

supplied by INCO Ltd. INCOFoam� is a pure nickel foam

produced via a proprietary nickel carbonyl vapor deposi-

tion technique. It was supplied in sheets of 300 9 300 mm
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and a mean thickness of 1.7 mm. The foam porosity was

reported to be approximately 95% with a mean pore size

distribution of 550–600 lm. Figure 1 shows the highly

porous, open-celled, three-dimensional structure of the

raw, untreated nickel foam wafer. Using a standard punch

press, 9 mm diameter circular wafers having a thickness of

1.7 mm were formed each weighing approximately 50 mg.

The bed depth was adjusted by changing the number of

wafers stacked in series.

2.2 Methane Partial Oxidation

The catalytic activity of nickel foam for the partial oxidation

of methane was evaluated using a conventional, down-flow,

fixed-bed reactor test station consisting of a gas delivery

system, fixed-bed reactor, reactor furnace, condenser, and

product analyzer. Ultra-high purity methane (Praxair Inc.)

and zero gas air (hydrocarbon-free, Praxair Inc.) were used as

the reaction gases. The reactor was constructed from a

10 mm ID quartz tube with a highly porous quartz frit

positioned such that the foam wafer would be located in the

isothermal portion (i.e., within 2 �C) of the furnace. The

foam wafer(s) were loaded on top of 1,000 mg of 35–50

mesh SiC (inert) resting on top of the quartz frit. The reaction

temperature was monitored and controlled by a micro K-type

thermocouple in a 3 mm OD quartz closed-ended sheath

placed directly on top of and in contact with the nickel foam

wafer. This temperature was used to control the furnace.

Once the nickel foam wafers were loaded into the reactor,

the reactor temperature was ramped at 25 �C min-1 to the

desired reaction temperature with flowing air at the desired

rate required for the experiment. Once the target reaction

temperature was reached, methane was added at a rate to

provide a desired O2/CH4 mole ratio.

The product stream exiting the reactor passed through a

water-chilled condenser to separate the condensable

(water) and incondensable (H2, O2, N2, CO, CH4, and CO2)

species. An on-line Varian CP-3800 gas chromatograph

(GC) was used to analyze the gaseous stream exiting the

condenser. The GC was equipped with a thermal conduc-

tivity detector (TCD) and an 1/800 9 150, 60–80 mesh,

Carboxen-1000 (Supelco Inc.) packed column. Since air

was used as the oxygen source, the N2 component was used

as an internal standard to determine the flow rate of the

product stream and aid in the evaluation of the carbon

balance.

Definition of evaluation parameters:

Methane conversion: XCH4
¼ nin

CH4
�nout

CH4

nin
CH4

� 100% ð8Þ

H2 Selectivity: SH2
¼ nout

H2

2 nin
CH4
�nout

CH4

� � � 100% ð9Þ

CO Selectivity: SCO ¼ nout
CO

nin
CH4
�nout

CH4

� � � 100% ð10Þ

H2=CO molar yield ratio: H2=CO =
nout

H2

nout
CO

ð11Þ

where nin
i and nout

i represent the molar flow rates of the

species i in and out of the reactor.

2.3 Characterization

Thermogravimetric analysis (TGA) was performed using a

Cahn TG-2151 thermobalance equipped with electronic

mass flow controllers, as previously described [35]. The

initial sample mass of nickel foam used for all experiments

was 50 mg. The sample temperature was elevated from

room temperature to 850 �C at 10 �C min-1 with various

dwell times at 850 �C. After each experiment the thermo-

balance was purged with N2.

X-ray diffraction (XRD) patterns were collected by a

Bruker AXS D8 Advance using standard Bragg–Brentano

geometry with Ni-filtered Cu Ka radiation (k1 = 1.5406 Å,

k2 = 1.5444 Å). Spectra were collected for a 2h range of

10–100� using a step size of 0.05� and a count time of 1 s.

The surface area of the nickel foam samples was

determined using a Micromeritics Gemini 3 2375

employing a multi-point BET analysis method. Samples

were outgassed at 125 �C for 1 h in N2. Anticipating that

the nickel foam density and surface area would be very

low, bulb sample tubes with filler rods were used and the

equilibration time was extended to 30 s.

3 Results and Discussion

The contribution of the reactor system, which consisted of SiC

packing, quartz tube reactor, quartz-sheathed thermocouple,
Fig. 1 SEM image showing the three-dimensional, highly intercon-

nected cellular structure of the untreated ‘‘raw’’ nickel foam
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and homogeneous gas phase reactions, to the conversion of

methane was evaluated by performing blank experiments in

the absence of nickel foam (catalyst) for all temperatures

studied (650–850 �C). Methane conversion was found to be

negligible for all temperatures studied verifying the inertness

of the reactor system and the absence of homogeneous gas-

phase reactions at the conditions studied.

All methane partial oxidation results presented in this

manuscript represent the average performance over a 3 h

period at the stated conditions. Equilibrium curves were

obtained using the Gibbs’ equilibrium reactor utility in

Aspen Plus
TM

12.1 (Aspen Technology, Inc.). The carbon

balance for all partial oxidation reaction experiments was

found to be within 98–102% indicating that very little

carbon was deposited on the catalyst or reactor system and

supports a high level of confidence in the analytical system.

3.1 Effect of Temperature

The effect of temperature is shown in Fig. 2 for (a) CH4

conversion, (b) H2 selectivity, (c) CO selectivity, and (d)

the H2/CO molar yield ratio for catalyst bed depths of

1.7 mm (one foam wafer) and 5.1 mm (three foam wafers

loaded in series). Results obtained for 50 mg of an in-house

prepared 10 wt% Ni/c-Al2O3 catalyst are included for

comparison. The effect of temperature was investigated

using a total feed flow rate of 1,000 mL (STP) min-1 and

an O2/CH4 molar feed ratio of 0.5 for temperatures

between 650 and 850 �C. At 650 �C, the reaction took

approximately 2 h to light-off after the introduction of

methane. Light-off was indicated by a rapid rise in tem-

perature and the immediate detection of syngas in the

product gas. Prior to light-off, methane conversion was

very low, approximately 3%, and CO2 was the only product

detected by the GC. No other oxidation/combustion prod-

ucts were detected most likely because of the insensitivity

of the detector (TCD) to H2 and water. The production of

water was verified by the accumulation of a small amount

of water in the quartz, water-chilled condenser at the

reactor outlet. At 700 �C, the reaction took approximately

20 min to light-off and for reactions performed at 750, 800,

and 850 �C, ignition was found to occur instantly upon the

introduction of methane to the reactor feed. After light-off,

no loss in catalyst activity was observed over the 3 h

experiment. Increasing the reaction temperature resulted in

increased CH4 conversion and H2 and CO selectivity even

though oxygen had been completely consumed at temper-

atures as low as 650 �C. H2 and CO were the main reaction

products after ignition with selectivity ranging from 80 to

96% and 85 to 97%, respectively, for temperatures span-

ning 650–850 �C.

Temperature programmed reaction experiments, results

not shown here, revealed that prior to ignition, the com-

plete oxidation products, H2O and CO2, were the sole

reaction products and CH4 conversion was below 3%.

However, upon ignition, which occurred at approximately

670 �C for an O2/CH4 feed ratio of 0.5, CH4 conversion

increased from 3% to greater than 50% almost instantly

and the H2 and CO selectivity increased from 0 to 65% and

78%, respectively. Upon ignition, the temperature of the

catalyst rapidly rose from 670 to 763 �C in less than 1 min

and returned to the set point after approximately 12 min.

As the temperature continued to rise, due to the tempera-

ture ramp, CH4 conversion and H2 and CO selectivities
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Fig. 2 Effect of temperature on

a CH4 conversion, b H2

selectivity, c CO selectivity, and

d H2/CO molar yield ratio.

Results are shown for one nickel

foam wafer (e), three nickel

foam wafers (r), and 10 wt%

Ni/c-Al2O3 (j)
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steadily rose until the maximum temperature of the

experiment (850 �C) was reached. The cooling portion of

the temperature program revealed that the foam catalyst did

not lose activity and the reaction did not extinguish at the

ignition temperature of approximately 670 �C but instead

extinguished between 610 and 635 �C.

From the results presented in Fig. 2, an increase in the

foam bed depth from 1.7 to 5.1 mm yielded significant

increases in all performance evaluation parameters.

Because oxygen was completely consumed at all reaction

temperatures for the 1.7 mm foam bed, above 650 �C, the

greater conversion of CH4 obtained with the 5.1 mm bed

depth cannot be accounted for by oxidation reaction path-

ways. In addition, increasing the bed depth had a more

significant effect on H2 selectivity than on CO selectivity

which is further demonstrated by the rise in the H2/CO

molar yield ratio with bed depth. The H2/CO molar yield

ratio, shown in Fig. 2d, decreased with increasing tem-

perature suggesting that CO formation is more sensitive to

the reaction temperature than the formation of H2. These

results suggest that the improved CH4 conversion and H2

and CO selectivity found for the 5.1 mm bed depth in the

absence of oxygen is most likely related to the contribution

of secondary reactions between methane and the complete

combustion products H2O and CO2 via the steam (4) and

dry (3) reforming of methane and the water–gas shift

reaction (5).

3.2 Effect of Contact Time

The effect of contact time on the partial oxidation of

methane was studied by two means; varying (1) the feed

gas flow rate and (2) the bed depth (number of foam

wafers). Manipulating the feed gas flow rate as a means of

varying the contact time changes both the contact time and

the flow conditions through the catalyst bed, resulting in

changes to the heat- and mass-transfer characteristics of the

system. Whereas, varying the contact time by changing the

bed depth ensures similar heat- and mass-transfer charac-

teristics between experiments. The effect of contact time

was studied for feed gas flow rates ranging from 250 to

1,500 mL (STP) min-1 and nickel foam bed depths of 1.7

and 5.1 mm while the O2/CH4 molar feed ratio was

maintained at 0.5. This corresponds to a range of contact

times between 2.7 ms (low flow and 5.1 mm bed depth)

and 0.14 ms (high flow and 1.7 mm bed depth). Contact

time is defined as,

s ¼ VFoam

FT

¼ 1� eFoamð ÞVWafer

FT

ð12Þ

where VFoam is defined as the volume of the nickel foam

excluding the void volume, eFoam is the foam porosity,

VWafer is the volume of the foam wafer, and FT is the

volumetric flow rate of the feed evaluated at the desired

reaction temperature. The effect of contact time varied by

manipulation of the gas flow rate on CH4 conversion is

given in Fig. 3. Oxygen conversion for all experimental

conditions was 100% except for the experiment with the

lowest space time of 0.14 ms at 700 �C which gave an

oxygen conversion of 92.5%. As can be seen in Fig. 3,

increasing the contact time by reducing the gas flow rate

generally resulted in decreased CH4 conversion. This result

is counter-intuitive as increased contact time should result

in increased CH4 conversion. The observed relationship

between contact time (flow rate) and conversion is indic-

ative of significant transport limitations. Reynolds

numbers, calculated using the strut diameter as the char-

acteristic diameter, were found to be very low, ranging

from 0.07 to 0.45 due to the extremely small diameter of

the struts (dS & 6910-4 m, Fig. 1). Although several

correlations have recently been proposed for predicting

heat- and mass-transfer coefficients for metallic foams and

meshes [27, 28], the calculated Reynolds numbers in this

study are more than 100 times lower than the lower limits,

which are typically Re = 10, for application of these

correlations.

The presence of transport limitations is further sup-

ported by considering the results obtained for the effect of

flow rate on CH4 conversion and H2/CO molar ratio at

constant contact time given in Table 1. Increasing the gas

flow rate, although having no effect on contact time due to

the matched increase in bed depth, would increase the rate

of heat- and mass-transfer between the flowing gas and the

foam surface. Increased heat and mass transfer should only

affect the conversion of a transfer-controlled reaction. In

addition, the H2/CO molar yield ratio increased with

increasing contact time at all reaction temperatures indi-

cating the increased role of the water–gas shift reaction.
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Results presented in Fig. 2 highlight the role of contact

time under similar flow conditions. Increasing the contact

time, while maintaining similar flow conditions, was

achieved by increasing the nickel foam bed depth from 1.7

to 5.1 mm with a feed flow rate of 1,000 mL (STP) min-1.

For all temperatures investigated, it was found that

increasing the bed depth improved CH4 conversion and H2

and CO selectivity.

3.3 Comparison to a Supported Nickel Catalyst

The catalytic performance of the nickel foam wafer catalyst

was compared to an in-house prepared Ni/c-Al2O3 catalyst.

The supported nickel catalyst was prepared by wet

impregnation of commercial c-Al2O3 (Alfa-Aesar, 3

micron powder, 80–120 m2 g-1, 99.97% metal basis) with

an aqueous nickel nitrate (Ni(NO3)2�6H2O) solution to give

a 10 wt% Ni loading. The slurry was heated to 333 K and

stirred to evaporate excess water. The resulting paste was

dried overnight at 373 K, calcined at 1,023 K for 5 h, then

crushed and sieved to collect the 35–45 mesh particles. The

nickel content of the prepared Ni/c-Al2O3 catalyst was

determined to be 9.85 wt% by ICP analysis. XRD of the

oxidized catalyst revealed the presence of c-Al2O3,

NiAl2O4, and NiO. XRD of the reduced catalyst identified

only Ni and c-Al2O3 and the mean nickel crystallite size

was found to be 9.06 nm determined by application of the

Scherrer equation to the Ni(200) peak. The BET surface

area of the prepared Ni/c-Al2O3 catalyst was 56.34 m2 g-1.

Experimental results comparing the performance of the

nickel foam wafer and supported catalysts are presented in

Fig. 2(a–d). The total amount of nickel present in each

catalyst was 50 mg for one foam wafer, 150 mg for three

foam wafers in series, and 5 mg for the 10 wt% Ni/c-Al2O3

catalyst. To investigate the effect of in situ reduction on

performance for the c-Al2O3 supported Ni catalyst, tem-

perature programmed reaction experiments, 450–850 �C at

1 �C min-1, were performed on unreduced and reduced

supported catalysts. The unreduced supported catalysts

failed to light-off and produce syngas over the entire

temperature range investigated, results not shown here.

Small amounts of CH4, less than 3%, were consumed and

the only detectable reaction product was CO2. CO2 was

detected in the product gas for reaction temperatures above

514 �C. The temperature for the onset of CO2 production

was significantly lower for the unreduced supported nickel

catalyst than for the foam wafers. The supported catalyst,

unlike the foam catalysts, required in situ hydrogen

reduction prior to feeding the reaction mixture for the

reaction to initiate and produce syngas.

The 10-wt% Ni/c-Al2O3 catalyst was reduced in situ in

100 mL min-1 of 10% H2 in N2 at 750 �C for 1 h. After

reduction, the temperature was reduced to 550 �C in N2. A

reaction gas mixture having an O2/CH4 ratio of 0.5 was fed

at a rate of 1,000 mL (STP) min-1 to the reactor and the

reaction lit-off instantly. Upon light-off, the temperature

rise at the thermocouple was greater than 60 �C and the

temperature of the catalyst bed could not be reduced below

600 �C. The temperature program was changed to ramp

upward from 600 to 850 �C at a rate of 1 �C min-1, and

after 30 min at 850 �C the temperature was ramped

downward to 450 �C at 1 �C min-1. Similar to the foam

wafer catalyst, CH4 conversion, H2 selectivity, and CO

selectivity increased with increasing temperature. The

performance of the supported catalyst fell consistently

between one and three foam wafer values. During the

cooling portion of the temperature program, the CH4 con-

version, H2 selectivity, and CO selectivity were very

similar to the ramp up results indicating no adverse effects

from catalyst deactivation. However, the temperature of the

catalyst bed could not be reduced below 588 �C even when

the furnace temperature was below 200 �C. The reaction

had become self-sustaining, a phenomenon not observed

for the foam wafers.

3.4 Effect of Oxidative Pretreatment

Prior to the introduction of CH4 to the feed mixture, the

nickel foam wafers were preheated in air to the desired

reaction temperature. SEM images of the strut surface for

raw (Fig. 4) and pretreated, oxidized (Fig. 5) nickel foam

samples reveal the effect of oxidative pretreatment on the

surface morphology of the nickel foam. Exposure of the

nickel foam wafer to an oxidative environment (air) at

850 �C for 30 min transformed the very smooth, flat sur-

face of the raw sample to a highly irregular corrugated

surface. The XRD pattern for the raw nickel foam sample,

Fig. 6 (curve a), showed the presence of highly crystalline

nickel. The oxidative pretreatment of nickel foam in air at

850 �C for 30 min, which will be discussed below, resulted

in the oxidation of approximately 25% of the nickel to

nickel oxide, and produced a surface layer of nickel oxide

over the nickel core as shown in Fig. 6 (curve b). The result

is a significant increase in surface area. The BET surface

areas for raw and oxidized nickel foam samples were found

to be 0.0432 and 0.1018 m2 g-1 respectively. Interestingly,

Table 1 Effect of flow rate on CH4 conversion and H2/CO molar

ratio at constant contact time (*0.4 ms)

Temperature

(�C)

Bed length

(mm)

FT

(SmLPM)

CH4 conv.

(%)

H2/CO

(molar)

700 1.7 500 58.2 1.73

700 5.1 1,500 75.0 1.83

850 1.7 500 68.8 1.82

850 5.1 1,500 84.8 1.89
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the irregular surface morphology of the oxidized sample

was mostly retained after being exposed to methane partial

oxidation reaction conditions at 850 �C for 8 h (Fig. 7).

The effect of oxidative pretreatment on the catalytic

activity of the nickel foam was investigated using a ther-

mogravimetric technique. The decomposition of CH4 to

carbon and hydrogen, (CH4 ? Cs ? 2H2), was selected as

a model reaction for investigated since it has been identi-

fied as a primary reaction pathway in the indirect methane

partial oxidation reaction network [36] and information on

the reaction rate and onset can be measured gravimetrically

[35]. This study assumes that the increase in weight is due

solely to the deposition of carbon and not the adsorption of

CH4 or H2. This is a reasonable assumption since the foams

surface area is low (\0.1 m2/g) and the temperatures

investigated are high. Figure 8 presents weight gain (%) as

a function of temperature for: (a) raw nickel foam with no

oxidative pretreatment exposed to CH4, (b) the oxidative

pretreatment of nickel foam, and (c) oxidized nickel foam

exposed to CH4. The onset of weight gain for the raw

nickel foam exposed to CH4 occurred at approximately

803 �C and the rate of weight gain occurred very slowly

(inferred from the slope) as shown in Fig. 8 (line a). Visual

inspection of the sample upon removal from the TGA

revealed that the sample had become blackened but had

retained its original shape and structure. XRD revealed that

the spent sample retained its original bulk crystal structure,

Ni0, and no crystalline carbonaceous structures were

detected. XRD results are not presented for this sample in

Fig. 6. These findings indicate that the methane decom-

position reaction occurred only on the external surface of

the nickel foam due to the low reactivity and the formation

of a thin, most likely non-crystalline, carbonaceous layer.

As seen in Fig. 8 (line b) the onset of nickel foam

oxidation occurred at 620 �C. The sample continued to

gain weight resulting in a total weight gain of 26.9%. The

theoretical weight gain for the complete oxidation of nickel

to nickel oxide is 27.26%. The similarity between theo-

retical and experimental nickel oxidation weight gain

Fig. 5 SEM image of the surface of a strut for an oxidized nickel

foam sample

10 20

a

b

c

30 40 50 60 70 80 90 100
2  (°)

Fig. 6 XRD patterns for nickel foam under different treatments.

Patterns: a raw nickel foam, b oxidized in air at 850 �C, and c
oxidized nickel foam exposed to CH4 at 850 �C. Crystalline species:

nickel (j), nickel oxide (d), carbon (r)

Fig. 7 SEM image of the surface of a strut for a nickel foam sample

after methane partial oxidation

Fig. 4 SEM image of the surface of a strut for the untreated raw

nickel foam
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indicates that the nickel foam sample had been completely

oxidized to nickel oxide. Upon removal of the sample from

the TGA it was apparent that the oxidized sample had

experienced significant physical changes. The oxidized

sample had changed color from metallic silver to green and

the mechanical integrity had been severely compromised,

becoming powder like.

Thermogravimetric analysis of partially oxidized nickel

foam in CH4 revealed several interesting features signifi-

cantly different from raw nickel foam. The partially

oxidized sample was prepared following the same proce-

dure described for the fully oxidized sample except the

partially oxidized sample was oxidized at 850 �C for

30 min, which resulted in approximately 25% of the nickel

foam being oxidized to nickel oxide. The partially oxidized

sample was then cooled to 30 �C in N2, at which point CH4

was admitted to the thermobalance and the temperature

ramp was initiated. As shown in Fig. 8 (line c), the sample

underwent rapid weight loss at approximately 480 �C,

which is attributed to reduction of nickel oxide to metallic

nickel. After losing approximately 5 wt%, which closely

matched the weight gained during the oxidation stage, the

sample weight stabilized and began to slowly increase. At

approximately 670 �C, the rate of weight gain rapidly

increased and continued until the sample gained in excess

of 300% of its original weight after approximately 7 h at

850 �C. The effect of an oxidative pretreatment on nickel

foam activity for the decomposition of methane was made

obvious by comparison of the slopes of raw and partially

oxidized nickel foam samples in Fig. 8. This result indi-

cates that the oxidative pretreatment substantially

improved the catalytic activity of the nickel foam for the

decomposition of methane, which is the rate-limiting step

for the methane partial oxidation reaction pathway [36].

XRD of this sample revealed that the surface nickel oxide

produced during the oxidative pretreatment had been

completely reduced to metallic nickel and the presence of

carbon was observed.

3.5 Ignition Behavior

Supported nickel and nickel foam catalysts exhibited sur-

prisingly different light-off behavior. The supported nickel

catalyst, 10 wt% Ni/c-Al2O3, was not able to light-off and

produce syngas without in situ reduction in H2. Several

other studies [3, 8, 11, 36–38] found that in situ reduction

with H2 was not necessary for ignition to occur. In those

studies, ignition was preceded by the oxidation of methane

to CO2 and H2O with low CH4 conversion. Of these

studies, only the study by Dissanyake et al. [11] used nickel

as the active catalyst phase and the nickel loading was

quite high at 25% (reduced basis). To explain this ignition

behavior, an Eley–Rideal-type reaction mechanism (13)

was proposed to describe the interaction of gas phase

methane with NiO as the route for the formation of CO2

and H2 [23].

CH4ðgÞ þ 2NiO! CO2ðgÞ þ 2H2ðgÞ þ 2Ni0 ð13Þ

A reduced metal site is formed which can be re-oxidized

to NiO by gas phase oxygen or adsorb CH4. Since Ni0

oxidation (14) occurs rapidly [23] and the concentration of

oxygen is high, the reduced Ni site is most likely re-

oxidized, therefore, no adsorption of methane and

subsequent conversion to syngas occurs.

2Ni0 þ O2ðgÞ ! 2NiO ð14Þ

In addition, the activation energy for the desorption of

oxygen is very high (464.4 kJ mol-1) [22, 39] ensuring

that the oxygen surface coverage remains near 100%.

Unlike unreduced supported nickel catalyst, oxidized

nickel foam was able to convert methane to syngas without

in situ reduction by H2. Consider the experimental results at

650 �C. Initially, the foam catalyst gave the same perfor-

mance as the unreduced supported catalysts; low methane

conversion with 100% selectivity to CO2. However, unlike

the unreduced supported catalysts, after approximately 2 h

of operation, the catalyst ignited and methane was converted

to syngas. As the temperature of the reactor was elevated, the

lag time for ignition decreased. For temperatures above

700 �C, ignition occurred instantly upon introduction of

methane to the reactor.

In this study, the nickel foam catalyst was heated to the

desired reaction temperature in a stream of air. This oxi-

dative pretreatment created a thin layer of nickel oxide on

the surface of the foam, as discussed above. At 650 and

700 �C, ignition and conversion of methane to syngas did

not occur immediately upon the introduction of methane to

the feed stream. The lag time for ignition decreased from
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Fig. 8 Effect of oxidative pretreatment on nickel foam activity for

CH4 decomposition by TGA. Curve: a untreated nickel foam exposed

to CH4, b pretreatment of nickel foam with air, c oxidized nickel foam

exposed to CH4. Temperature program used for all experiments: 30–

850 �C at 10 �C min-1 with various dwell times at 850 �C
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approximately 2 h at 650 �C to 20 min at 700 �C, and the

consumption of oxygen occurred instantly for reaction

temperatures of 750 �C and above. A possible mechanism

for this ignition behavior could be related to the continued

oxidation of the foam nickel in the presence of methane

and oxygen. The assumption that nickel oxidation contin-

ued prior to ignition even in the presence of methane is

consistent with the experimental data in that during this

stage methane conversion was very low approximately 3%.

The mechanism of nickel oxidation proposed by Chevalier

et al. [40] can be described by two processes: (1) diffusion

of Ni through the NiO scale and (2) diffusion of oxygen to

the metal/metal oxide interface through cracks and fissures

in the oxide scale. Cracking of the NiO scale would expose

metallic nickel to the reaction gas and this newly exposed

metallic nickel can either (1) be oxidized or (2) adsorb

methane. The rate of Ni oxidation is rapid compared to the

adsorption of methane [23]. The concentration of methane

is higher than the O2 concentration in the feed gas and the

rate of methane diffusion through the NiO scale to the

metal/metal oxide interface is faster as well, due to smaller

molecular radius. This condition could lead to the

adsorption of methane on metallic nickel sites, ultimately

leading to the formation of hydrogen. The resulting hydro-

gen would reduce local NiO to metallic nickel at a much

higher rate than methane further increasing the metallic site

density and local temperature. This would increase the

likelihood of methane adsorption resulting in ignition. At

650 and 700 �C, the oxidation process was slow and surface

morphological changes occurred slowly, and therefore the

exposure of metallic nickel to the reaction gas also occurred

slowly resulting in lag times. For temperatures above

700 �C, conversion of methane to syngas occurred imme-

diately upon the introduction of methane to the feed stream

due to the increased rate of NiO scale formation and there-

fore increased access to metallic nickel. This would not

occur for supported-nickel catalysts as the nickel crystallites

would be completely oxidized during the calcination pre-

treatment and would therefore require in situ pre-reduction

to become active for methane partial oxidation.

4 Conclusion

The catalytic performance of a nickel foam catalyst was

evaluated for the production of syngas via the catalytic

partial oxidation of methane. Nickel foam was found to be

an active and selective catalyst achieving 89% methane

conversion, 96% H2 selectivity and 97% CO selectivity at

850 �C and performed comparably to a pre-reduced

10 wt% Ni/c-Al2O3 catalyst. Unlike unreduced supported-

nickel catalyst, the nickel foam catalyst was able to ignite

the O2/CH4 mixture and produced syngas at temperatures

as low as 650 �C without H2 pre-reduction. The ability of

the nickel foam to ignite the O2/CH4 mixture was attributed

to the continuous growth of the nickel oxide layer on the

foam strut, which resulted in the formation of cracks and

fissures in the oxide layer exposing metallic nickel. The

exposure of the metallic nickel sites was responsible for the

ignition behavior of the foam catalyst. The steady state

performance was found to be consistent with the results

obtained for supported nickel catalysts.
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