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Abstract

Methanol decomposition was carried out over flat cold-rolled foils of intermetallic compound Ni3Al in a temperature range 513–793 K. The
methanol decomposition into H2 and CO was effectively catalyzed at 713–793 K, without any need for coating catalyst layers on the foil surface
before reaction. Both catalytic activity and selectivity to H2 and CO production increased with time during the initial period of reaction, indicating
that the Ni3Al foils were spontaneously activated under the reaction conditions. Analysis of the catalytic reaction revealed that the methanol
decomposition accompanied three minor side reactions: the Boudouard reaction, (reverse) water–gas shift reaction, and methanation. Surface
analyses revealed that fine Ni particles dispersed on carbon nanofibers formed on the Ni3Al foils during the reaction at 713–793 K. We attribute
the high catalytic performance at 713–793 K to the gradual formation of this nanostructure.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

In recent years, microchanneled reactors have received much
attention as compact and efficient hydrogen production systems
utilizing alcohol or hydrocarbon, due to their high surface-to-
volume ratio and high rates of heat and mass transfer compared
with conventional reactors [1–9]. In many cases, stainless steel
or silicon-based materials have been used as structural sheets,
and active catalysts and porous support materials are coated
on the structural sheets by complex chemical processes [1–6].
However, the lack of heat resistance in stainless steel and the
poor formability and mechanical strength in silicon-based ma-
terials have limited the application range of microchanneled
reactors. It is therefore necessary to develop new materials not
only with high heat-resistance but also with good formabil-
ity and mechanical strength. Furthermore, simplification of the
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complex coating process of catalyst layers is considered as an
important subject in microchanneled reactor technologies.

In this respect, intermetallic compound Ni3Al, an excellent
high-temperature structural material [10,11], has considerable
promise. Thus far, we have successfully developed thin foils
(23 µm) of this compound by cold-rolling [12]. Because the
foils have good formability after proper heat treatment [13],
they can be assembled into honeycomb monoliths [14] and mi-
crochanneled reactors [15]. In addition, we recently have found
high catalytic activity and selectivity for methanol decomposi-
tion into H2 and CO in the foils [16,17]. The unusually high
catalytic performance of the flat Ni3Al foils is attributed to this
catalytically active structure; that is, fine Ni particles supported
on carbon nanofibers form spontaneously on the foil surface
during the reaction. The results of previous studies [10–17]
demonstrate that the Ni3Al foils can be used both as catalysts
and structural sheets of microchanneled reactors for hydrogen
production from methanol.

In our previous study, we reported the catalytic properties for
methanol decomposition at one specific temperature 793 K. In
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the present study, we report the effects of reaction temperature
as well as reaction time on the catalytic reactions and evolution
of surface products in a wider temperature range 513–793 K.
Mechanisms of the catalytic reactions and process of activation
are discussed based on the results.

2. Experimental

2.1. Sample preparation

Ni3Al foils of 30 µm thickness were fabricated by 98%
cold-rolling of single crystalline plates of Ni3Al (Ni–24 at%
Al) without intermediate annealing. Details of the foil fabrica-
tion procedure were described previously [12]. For comparison,
50-µm-thick pure Ni foils (Nilaco) were used for catalytic ex-
periments.

2.2. Catalytic reaction

Catalytic experiments were carried out over the foil samples
in a conventional fixed-bed flow reactor composed of a quartz
tube, in a process similar to that described previously [16–19].
Before measurement, the samples were reduced at 513 K for
1 h in flowing hydrogen. After the hydrogen was flushed with
nitrogen, methanol was introduced to the quartz tube at a liquid
hourly space velocity (LHSV) of 0.0011 m3 h−1 m−2 (defined
as the volume of methanol passed over the unit geometrical
surface area of the foil sample per hour). Methanol was fully
evaporated in a thermal evaporator at 423 K before being in-
troduced to the quartz tube. The catalytic properties of the foil
samples were evaluated in a temperature range of 513–793 K
by measuring the outlet composition of gaseous products with
a gas chromatograph (GL Science) and the total flow rate of out-
let gases with a soap bubble meter. Because the samples were in
foil form, unlike common catalysts, the production rate of each
gaseous product was reported in mol h−1 m−2. We calculated
the production rates of the gaseous products by the following
equation:

(1)RH2 = CH2 × Ftotal

A
,

where RH2 is the production rate of H2; CH2 is the volume
fraction of H2 in total outlet gases excluding gasified species,
CH3OH and H2O; Ftotal is the flow rate of total outlet gases
(mol h−1) excluding gasified species; and A is the geometri-
cal surface area of the foil sample (0.0055 m2). The production
rates of CO, CH4, and CO2 were obtained using a similar calcu-
lation. The production rate of H2O was calculated based on the
ratio of volume fraction of H2 to that of gasified H2O in total
outlet gases.

Two types of reaction tests were performed:

• Isochonal tests. To survey the general temperature depen-
dence of the catalytic reactions, methanol decomposition
was performed with increasing reaction temperature step-
wise from 513 to 793 K at an interval of 40 K. The out-
let composition and total flow rate of the gaseous prod-
ucts were measured after holding at each temperature for
20 min.

• Isothermal tests. To investigate the time dependence of
the catalytic reactions, methanol decomposition was per-
formed at isothermal conditions of 633, 713, and 793 K.

2.3. Sample characterization

The surface morphologies of the samples after the isother-
mal tests were observed by means of scanning electron mi-
croscopy (SEM) using a JEOL model JSM-7000F with a field
emission gun. Detailed morphological investigations were per-
formed by means of transmission electron microscopy (TEM)
using a FEI Technai G2 F3 S-Twin with a field emission gun,
operated at 300 kV. The composition of the surface products
was analyzed by energy dispersive X-ray spectroscopy (EDS)
using scanning transmission electron microscopy (STEM) with
a probe size <5 nm. The crystal structures of the surface prod-
ucts were characterized by X-ray diffraction (XRD) with a
Rigaku RINT 2500V using a CuKα source. The XRD samples
were collected by scraping off the surface products for pre-
cise measurement. All measurements were performed using the
θ/2θ scanning method. The Brunauer–Emmett–Teller (BET)
surface areas of the samples were determined with a surface
area analyzer (Quanta Chome, Autosorb) using N2 as adsor-
bent. The surface area of each sample (m2/m2) was expressed
as the measured BET surface area for the unit geometrical sur-
face area of the foil sample.

3. Results

3.1. Isochonal tests

Catalytic performance of the cold-rolled Ni3Al foils for
methanol decomposition into H2 and CO was surveyed at in-
creasing reaction temperatures from 513 to 793 K, and the re-
sults were compared with those for pure Ni foils. Fig. 1 shows
the production rates of H2 and CO as a function of reaction tem-
perature. The production rates of H2 and CO were low below
713 K; however, they increased steeply above 713 K as the re-
action temperature increased, indicating the onset of catalytic
activation. In comparison, the Ni foils showed a very small
increase in the production rates of both gases with increased
temperature.

3.2. Isothermal tests

Because the Ni3Al foils showed catalytic activity above
713 K, we performed isothermal tests of methanol decom-
position at 633, 713, and 793 K. Fig. 2 shows the methanol
conversion as a function of reaction time. The methanol con-
version increased with increased reaction time at all reaction
temperatures, indicating that the cold-rolled Ni3Al foils were
spontaneously activated during the tests. The spontaneous ac-
tivation occurred more favorably at higher reaction tempera-
tures. At 793 K, methanol conversion increased rapidly with
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Fig. 1. Production rates of (a) H2 and (b) CO in methanol decomposition over
Ni3Al foils as a function of reaction temperature. For comparison, the result
over Ni foils is inserted.

Fig. 2. Methanol conversion over Ni3Al foils at 633, 713, and 793 K as a func-
tion of reaction time.

increasing reaction time during the first several hours, reach-
ing a steady-state value of about 98% after 29 h of reaction, as
we previously reported [16]. No considerable change occurred
thereafter. Methanol conversion showed a similar tendency at
713 and 633 K; however, both the initial increasing rate and
the steady-state value were low at these temperatures compared
with those at 793 K.

Fig. 3 shows the production rates of outlet gases as a function
of reaction time, as we previously reported [17]. As shown in
Figs. 3a and 3b, the production rates of H2 and CO were much
higher than those of other gases for all conditions, and thus the
main reaction was
CH3OH(g) � CO(g) + 2H2(g). (2)

Both production rates increased with increased reaction time
and temperature, corresponding to the methanol conversion, as
shown in Fig. 2. This behavior is quite different from that of
common Ni catalysts for methanol decomposition. For exam-
ple, for Ni/SiO2 catalysts, methanol initially decomposes into
H2 and CO, but methanation of CO soon follows via the con-
sumption of H2. As a result, the main products are CH4, CO2,
and H2O [20]. Fig. 4 shows that the ratio of both production
rates is higher than the stoichiometric value of Eq. (2) at the
initial reaction period (H2/CO = 2.0), and that it decreases to
the stoichiometric value with increased reaction time.

Small amounts of H2O, CH4, and CO2 were also produced
along with to the main products, as shown in Figs. 3c–3e. Note
the difference in the vertical scale between Figs. 3a and 3b
and Figs. 3c–3e. The production rates of these minor prod-
ucts generally increased with increasing temperature and time,
but the time dependence was different from that for methanol
conversion, particularly at 793 K. The production rate of H2O
increased rapidly with increased time at the beginning of the re-
action (Fig. 3c), then decreased slightly and gradually increased
again, showing a local maximum and minimum. In contrast,
the production rates of CH4 and CO2 increased gradually and
continuously with increased time even after the methanol con-
version reached almost 100% (after 29 h). Nevertheless, the
production rate of CH4 was extremely low compared with that
over Ni/SiO2 catalysts. (CH4 is the major product of methanol
decomposition over Ni/SiO2 catalysts [20].)

3.3. Surface characterization after isothermal tests

Before the reaction, the foil surface was macroscopically
smooth with a shiny metallic luster, but had a rolling defor-
mation structure [21]. After the isothermal tests at all reaction
temperatures, the surface was covered in soot due to deposi-
tion of carbon during the reaction. Surface observation by SEM
(Fig. 5) revealed a drastic evolution of reaction products during
the reaction. At 793 K, small Ni particles (<250 nm in diam-
eter) formed on the foil surface after 1 h of reaction (Fig. 5i).
After 2 h of reaction, carbon nanofibers formed (Fig. 5j). Both
the Ni particles and the carbon nanofibers were identified by
TEM and XRD. The Ni particles were dispersed on the car-
bon nanofibers. The size of the particles corresponded closely
with the diameter of the carbon nanofibers. The number of both
products significantly increased over the entire surface of the
foils with increasing reaction time (Figs. 5j–5l). After 7 h of re-
action, most of the Ni particles were <100 nm in diameter, as
we reported previously [16]. After 65 h of reaction, the particle
size ranged from several tens to hundreds of nanometers in di-
ameter. The particles <100 nm in diameter tended to be located
at the top of the carbon nanofibers, and those >100 nm in diam-
eter tended to be located on the middle region of the fibers. At
713 K, Ni particles also formed after 1 h of reaction (shown by
arrows in Figs. 5e and 5f). However, the particles were sparsely
distributed and small compared with those at 793 K. Blocky
products were observed at this stage but remained unidentified.
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Fig. 3. Production rates of (a) H2, (b) CO, (c) H2O, (d) CH4, and (e) CO2 in methanol decomposition over Ni3Al foils at 633, 713, and 793 K as a function of
reaction time.
Fig. 4. Ratio of H2 to CO production in methanol decomposition over Ni3Al
foils at 633, 713, and 793 K as a function of reaction time.

Formation of carbon nanofibers was slow compared to that at
793 K; specifically, nanofibers formed after 7 h of reaction. Af-
ter 65 h of reaction, there was no difference in the size and
distribution of either the Ni particles or the carbon nanofibers
between 713 and 793 K (Figs. 5h and 5l). At 633 K, formation
of reaction products was quite slow. The amount of Ni particles
was negligible until 7 h of reaction, and no carbon nanofiber
was observed on the surface though the whole range of reaction
time (Figs. 5a–5d).

A detailed surface structure analysis was performed on the
foil after 1 h of reaction at 793 K (Fig. 5i) using TEM and
STEM-EDS, as shown in Fig. 6. The cross-sectional TEM im-
age shows the formation of a small particle and a thin layer
on the foils. The elemental mapping by STEM-EDS revealed
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Fig. 5. Surface SEM images of Ni3Al foils after (a, e, i) 1 h, (b, f, j) 2 h, (c, g, k) 7 h, and (d, h, l) 65 h of reaction at (a–d) 633 K, (e–h) 713 K, and (i–l) 793 K.
Fig. 6. Cross-sectional TEM image and corresponding elemental mapping by
STEM-EDS for Ni3Al foils after 1 h of reaction at 793 K.

that the particles contained mainly Ni and almost no Al and O,
thus confirming the formation of small Ni particles on the sur-
face at the beginning of the reaction. The thin layer contained
mainly Al and O, indicating the formation of Al-oxide, which
agrees well with our previously reported XPS results [16] that
Al in the Ni3Al foils was selectively oxidized and hydroxylated
during methanol decomposition. As we previously discussed,
Fig. 7. XRD patterns for surface products on Ni3Al foils after 65 h of reaction
at 633, 713, and 793 K.

selective oxidation and/or hydroxylation of Al in the Ni3Al foils
is thought to leave Ni atoms behind, resulting in aggregation
into small Ni particles. The small Ni particles can serve as ef-
fective catalysts for methanol decomposition.

The crystal structures of the surface products after 65 h of
reaction were characterized by XRD, as shown in Fig. 7. The
XRD patterns confirmed the formation of graphite and metallic
Ni at 713 and 793 K, which are often reported in Ni particles
supported on carbon nanofibers [22,23]. In contrast, the XRD
patterns showed the formation of metallic Ni and no graphite
at 633 K, indicating that the carbon produced was likely amor-
phous.

Surface areas of the samples before and after 65 h of reaction
are given in Table 1. The surface area before reaction was ap-
proximately 17 m2/m2. Therefore, the BET surface area of the
cold-rolled Ni3Al foils is roughly 17 times greater than the geo-
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Table 1
Surface area (m2/m2) of Ni3Al foils before and after 65 h of reaction at 633,
713, and 793 K. The surface area was obtained by normalizing the BET surface
area (m2) into the geometrical surface area (m2)

Before reaction (m2/m2) After 65 h of reaction (m2/m2)

633 K 713 K 793 K

16.6 245.6 1959.1 1711.3

metrical value, possibly due to the deformation structure. After
reaction at 713 and 793 K, the surface area increased signifi-
cantly, to about 1960 and 1710 m2/m2, respectively; thus, the
surface area was 118 and 104 times larger, respectively, than
the value before the reaction. The remarkable increase in sur-
face area after reaction at 713 and 793 K is clearly due to the
formation of the surface products, consisting of small Ni parti-
cles and carbon nanofibers. Notably, the increase in surface area
after the reaction at 633 K was small compared with that at 713
and 793 K.

4. Discussion

4.1. Reaction system

In our previous studies, we reported the catalytic proper-
ties for methanol decomposition at one specific temperature,
793 K. In the present study, the temperature dependence of
the catalytic properties became clear. The results reveal that
methanol was largely decomposed into H2 and CO over cold-
rolled Ni3Al foils above 713 K, and that the amount of product
gases increased with increased reaction time. Small amounts of
CH4, CO2, H2O, and solid-phase carbon were also produced as
byproducts, but their production was significantly suppressed
compared with that of common Ni catalysts. The results indi-
cate that our reaction system cannot be described simply by
the single stoichiometric reaction of Eq. (2). Several reactions
must proceed simultaneously or consecutively. In this section,
we discuss the possible mechanism in terms of catalytic reac-
tion.

Selectivity of each reaction product in the reforming process
of hydrocarbon has been calculated for the case without carbon
deposition on the catalyst; that is, a complete carbon balance is
obtained between the feed and effluent gases [24,25]. In our pre-
vious study, we neglected carbon deposition for the calculation
of selectivity in the methanol decomposition over cold-rolled
Ni3Al foils [16]. However, a small amount of solid-phase car-
bon formed in the form of carbon nanofibers or amorphous
carbon on the foil surface (Figs. 5 and 7). Thus, it is reasonable
to take into account carbon deposition when calculating selec-
tivity. However, measuring the production rate of carbon as a
function of reaction time is not easy, and thus we alternatively
estimated the rate based on the following assumption.

We propose the following three reactions proceed as side
reactions in addition to the main reaction (Eq. (2)). Thus, the
reaction system can be written as a combination of Eqs. (2)–
(5):

2CO(g) � C(s) + CO2(g), (3)
CO2(g) + H2(g) � CO(g) + H2O(g), (4)

CO(g) + 3H2(g) � CH4(g) + H2O(g). (5)

Equations (3), (4), and (5) are referred to as Boudouard reac-
tion, reverse water–gas shift reaction, and methanation, respec-
tively.

Assuming the four stoichiometric reactions (Eqs. (2)–(5)),
the production rate of carbon can be estimated simply by calcu-
lating the balance of the reactants and products as

(6)RC = RCO2 + RH2O − RCH4 ,

where RCO2,RH2O, and RCH4 are the experimentally measured
production rates of CO2, H2O, and CH4, respectively (Fig. 3).
The detailed calculation procedure is described in Appendix A.
Selectivities of H2 (SH2) and the other carbon-containing reac-
tion product, x, (Sx ) can be calculated from the production rates
of the products according to Cortright et al. [25] as

(7)SH2 = RH2

RCO + RCH4 + RCO2 + RC
× 1

RR
× 100,

(8)Sx = Rx

RCO + RCH4 + RCO2 + RC
× 100,

where RH2 is the experimentally measured production rate of
H2 (Fig. 3) and RR is the H2/CO ratio in Eq. (2); the RR value
for methanol decomposition is 2.

Using Eqs. (7) and (8), the selectivities to H2 and CO pro-
duction were calculated and plotted as a function of reaction
time in Fig. 8. Both selectivities were low at the beginning
of the reaction, particularly at the lower reaction temperatures.
After the initial period, both selectivities increased with time,
eventually reaching steady-state values of around 90% at all re-
action temperatures. The increase of the selectivities was rapid
at 713 K and above. At 793 K, both selectivities decreased
slightly after 29 h of reaction when the methanol conversion
reached almost 100%. However, they remained at high, >80%,
even after 65 h of reaction. Our results confirm that methanol
decomposition into H2 and CO (Eq. (2)) was the main reaction
in the whole range of reaction temperatures and time in this
study.

The selectivities to the production of minor components,
C, CH4, and CO2, are shown in Fig. 9. The selectivity to C
production was high at the beginning, particularly at lower tem-
peratures, and decreased with time (Fig. 9a). At 793 K, selec-
tivity to C production decreased to almost zero after 29 h of
reaction when the methanol conversion reached almost 100%.
This means that Boudouard reaction, as given in Eq. (3), oc-
curred during the initial period of reaction. Occurrence of the
Boudouard reaction may lead to the consumption of CO pro-
duced via the main reaction (Eq. (2)), resulting in a higher ratio
of H2 to CO production than the stoichiometric value during
the initial period of reaction (Fig. 4). In contrast, the selectivity
to CH4 production increased gradually with increased reaction
time, as shown in Fig. 9b, indicating that methanation (Eq. (5))
proceeded gradually over time. The selectivity to CO2 produc-
tion in Fig. 9c showed a similar tendency to that of C production
at the initial period, that is, rapid decrease with time. However,
it again increased gradually at a later period.
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(a)

(b)

Fig. 8. Selectivities to (a) H2 and (b) CO production in methanol decomposition
over Ni3Al foils at 633, 713, and 793 K as a function of reaction time.

Considering that the selectivity of CO2 was much lower
than that of C in the initial period, CO2 is likely produced
via a Boudouard reaction (Eq. (3)) and consumed via a re-
verse water–gas shift reaction (Eq. (4)) at the initial period;
that is, the initial period can be described by a combination of
Eqs. (2), (3), and (4). On the other hand, because the selectiv-
ity to CO2 production increased gradually at the later period,
even after the Boudouard reaction (Eq. (3)) was terminated,
the water–gas shift reaction (the reverse reaction of Eq. (4))
appears to have occurred with the progression of methanation
(Eq. (5)) after the initial period. Thus, the reaction system at the
later period can be described by a combination of Eqs. (2), (4),
and (5). According to these considerations, the change in H2O
production rate, as given in Fig. 3c, also can be adequately de-
scribed.

Based on these analyses, we suggest that the methanol de-
composition over cold-rolled Ni3Al foils proceeded mainly via
the process described in Eq. (2), accompanying three minor
side reactions (Eqs. (3)–(5)). Among the side reactions, the
Boudouard reaction (Eq. (3)) and the reverse water–gas shift re-
action (Eq. (4)) occurred preferentially during the initial period,
and methanation (Eq. (5)) followed thereafter with the water–
gas shift reaction (the reverse reaction of Eq. (4)).

4.2. Activation process

As shown in Figs. 3 and 8, both the activity and the selectiv-
ity to H2 production increased rapidly during the initial period
(a)

(b)

(c)

Fig. 9. Selectivities to (a) C, (b) CH4, and (c) CO2 production in methanol
decomposition over Ni3Al foils at 633, 713, and 793 K as a function of reaction
time.

of reaction above 713 K. This rapid increase is favorable in
terms of practical applications, demonstrating that efficient hy-
drogen production is possible using flat foils without the need
for a complex coating process of the catalyst layers. In our pre-
vious study [16], we pointed out that the high catalytic activity
can be attributed to the spontaneous formation of fine Ni parti-
cles dispersed on the carbon nanofibers.

Fine Ni particles are known to be active catalysts for
methanol decomposition [20,26–30]. We consider this to hold
true in the present study, as the increase in the number of Ni par-
ticles led to increased catalytic activity with increased reaction
time. We have previously discussed the formation mechanism
of fine Ni particles during the reaction based on the results of
XPS analyses [16]; that is, Al in the Ni3Al foils is selectively
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oxidized and hydroxylated to form Al2O3 and Al(OH)3 during
the initial period of reaction. This oxidation mechanism may
involve the following reactions:

2Al(s) + 3H2O(g) � Al2O3(s) + 3H2(g) (9)

and

2Al(s) + 6H2O(g) � 2Al(OH)3(s) + 3H2(g). (10)

The selective oxidation and hydroxylation of Al can lead to
the formation of fine Ni particles, possibly because Ni atoms
remain and aggregate into fine Ni particles. In this study, we
confirmed by TEM observation that fine Ni particles and Al-
oxide formed at the beginning of the reaction (Fig. 6). Consid-
ering that H2 and CO were the major products, the reaction at-
mosphere must have been highly reducing. However, because a
small amount of H2O was also produced via the reverse water–
gas shift reaction (Eq. (4)) and/or methanation (Eq. (5), Fig. 3c),
the oxygen partial pressure in the reaction atmosphere is con-
sidered low, in the range where Al2O3 and Al(OH)3 can form
selectively. The observation that fine Ni particles were favor-
ably produced at 713 K and above (Fig. 5) indicates that this
mechanism works effectively at high temperatures. Several re-
searchers have reported a similar mechanism for the oxidation
of Ni3Al under low oxygen partial pressures [31–33]. They
found that pure metallic Ni particles and Al2O3 formed above
773 K as a result of selective oxidation of Al in Ni3Al, which
is basically consistent with the mechanism described in the
present study.

Carbon nanofibers are effective potential catalyst supports
because of their high surface area with a large number of
edges [34]. This characteristic surface is favorable for high cat-
alytic performance because fine catalyst particles can be highly
dispersed on the surface. Normally, carbon nanofibers are pro-
duced by the catalytic decomposition of hydrocarbon gases or
carbon monoxide over selected metal particles, such as Fe, Co,
and Ni, in a temperature range 673–1273 K [35,36]. In partic-
ular, in the temperature range 773–873 K, carbon nanofibers
are more favorably produced over other types of carbon de-
posits, such as amorphous or graphitic carbons. In this study,
carbon nanofibers formed above 713 K and amorphous carbon
formed below 713 K (Figs. 5 and 7), which is consistent with
previous reports [35,36]. The manner of carbon deposition is
coincident with the formation of fine Ni particles; fine Ni par-
ticles formed densely above 713 K on the surface of carbon
nanofibers.

We consider the formation of fine Ni particles and carbon
nanofibers a coupled phenomenon, as illustrated in Fig. 10.
First, fine Ni particles form as a result of selective oxidation
and hydroxylation of Al, as described above. Then, forma-
tion of solid-phase carbon proceeds over the Ni particles via
the Boudouard reaction (Eq. (3)). The deposited carbon possi-
bly diffuses to grow in the form of a fibrous structure above
713 K, maintaining Ni particle surfaces that are free of de-
posited carbon, as previously proposed [35,36]. The produced
carbon nanofibers are considered to suppress the coalescence
of the Ni particles, acting as a means of support for heteroge-
neous catalysts [22,23,34]. These mechanisms may contribute
Fig. 10. Schematic diagram for spontaneous activation process of Ni3Al foils
during the reaction at 713–793 K.

to maintaining the catalytic activity and selectivity of the Ni
particles during the reaction.

5. Conclusion

Catalytic properties of intermetallic compound Ni3Al foils
for methanol decomposition were evaluated at various reaction
temperatures ranging from 513 to 793 K. Our main results can
be summarized as follows:

(1) Ni3Al foils demonstrated high catalytic activity for methan-
ol decomposition into H2 and CO in a temperature range
713–793 K but low catalytic activity below 713 K.

(2) Both the catalytic activity and selectivity to H2 and CO
production increased with increasing time during the initial
period of reaction and became stable during the subsequent
reaction.

(3) The main reaction, methanol decomposition into H2 and
CO (Eq. (2)), accompanied three minor side reactions: the
Boudouard reaction (Eq. (3)), the reverse water–gas shift
reaction (Eq. (4)), and methanation (Eq. (5)). Among the
side reactions, the process described in Eqs. (3) and (4) oc-
curred preferentially during the initial period, and that of
Eq. (5) followed thereafter, accompanying the reverse re-
action of Eq. (4).

(4) Fine Ni particles dispersed on carbon nanofibers formed
spontaneously on the foil surface at 713 K and above dur-
ing the reaction. The rapid increase in the catalytic activity
with increased time at 713–793 K is attributed to the spon-
taneous formation of this nanostructure.
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Appendix A

We estimated the production rate of solid-phase carbon by
calculating the balance of the reactants and products appearing
in three reactions (Eqs. (3)–(5)). The detailed procedures are as
follows:

First, we assume that

(A.1)RCO2(Eq. (3)) = RC(Eq. (3)) = RC(total),

where RCO2(Eq. (3)) and RC(Eq. (3)) are the production rates of
CO2 and C via Eq. (3), respectively, and RC(total) is the total
production rate of C (estimated value). In the same way, we
assume that

(A.2)RCO2(Eq. (4)) = RH2O(Eq. (4)) = RH2O(total) − RH2O(Eq. (5)),

where RCO2(Eq. (4)) and RH2O(Eq. (4)) are the consuming rate of
CO2 and the production rate of H2O via Eq. (4), respectively,
RH2O(total) is the total production rate of H2O (measured value),
and RH2O(Eq. (5)) is the production rate of H2O via Eq. (5). Also,
we assume that

(A.3)RCH4(Eq. (5)) = RH2O(Eq. (5)) = RCH4(total),

where RCH4(Eq. (5)) is the production rate of CH4 via Eq. (5) and
RCH4(total) is the total production rate of CH4 (measured value).
Furthermore, we assume that

(A.4)RCO2(total) = RCO2(Eq. (3)) − RCO2(Eq. (4))

from Eqs. (3) and (4), where RCO2(total) is the total production
rate of CO2 (measured value). Finally, we can derive the total
production rate of C as a function of the total production rates
of CO2, H2O, and CH4 from Eqs. (A.1)–(A.4) as

(A.5)RC(total) = RCO2(total) + RH2O(total) − RCH4(total).
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