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Abstract

The decomposition of methanol to carbon monoxide and hydrogen can be catalyzed at 250°C over nickel supported on
silica. The activity of the catalyst prepared by a sol—gel method increases with an increase in the content of nickel up to 40
wt.% while that for the sample prepared by an impregnation technique almost reaches a plateau at the nickel content of 10
wt.%. The activity does not relate simply to the nickel surface area of the sample, but it depends on the amounts of carbon
monoxide and hydrogen strongly adsorbed on the catalyst. Small nickel particles are disadvantageous in the reaction. © 2000

Elsevier Science B.V. All rights reserved.
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1. Introduction

Methanol is expected as a new liquid energy
carrier because it can be synthesized from bio-
mass, coal, and natural gas al of which will be
more abundant resources than crude oil [1,2].
The decomposition of methanol to carbon
monoxide and hydrogen is attracting a growing
interest for use of methanol-fuelled vehicles in
which the heat of exhaust gas is recovered by
the endothermic reaction and the decomposition
gas is fed to the engine [3]. The reaction is aso
applicable to the recovery of waste heat from
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industries, but significant improvement of the
catalysts must be achieved.

Catalysts containing nickel have been re-
ported to be active for methanol decomposition
[4-23]. Since the activity of supported nickel
catalysts should depend on the surface area of
the metal, the content and particle size of nickel
on the surface are important factors in determin-
ing the activity while other physical and chemi-
cal properties such as electronic state of nickel
cannot be ignored [24-27].

In this work nickel supported on silica with
different nickel contents were prepared by sol—
gel and impregnation methods. We carried out
characterization of the catalysts as well as the
catalytic test for the methanol decomposition
and, interestingly, the investigation shows that
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small nickel particles are less active than large
ones.

2. Experimental

Six samples of nickel supported on silica
were prepared by hydrolysis and polymerization
of the mixture of tetraethyl orthosilicate (GR
grade, Kanto Chemical), nickel nitrate (GR,
Kanto), nitric acid (GR, Kanto), ethanol, and
water. After drying in air at 120°C the solid was
heated in air for 5 h at 400°C for removal of
NO; anions and residual organic compounds.
The samples contained 5-50 wt.% of nickel as
metal (designated as 5-50 wt.%Ni—S). Some
other samples containing 5-20 wt.% of nickel
were prepared by impregnation of silica synthe-
sized by the sol—gel method with nickel nitrate.
After the impregnation they were heated in air
at 400°C for 5 h (5—20 wt.%Ni-I).

The catalytic experiments were performed in
a fixed-bed continuous flow reactor operated
under an atmospheric pressure. The catalyst was
sandwiched with quartz wool plugs in a tube
reactor made of stainless steel whose contribu-
tion to the reaction was negligible. After reduc-
ing the sample (1.0 g) in a flow of hydrogen
diluted with argon (H,, 1.8 dm*® h™*; Ar, 9.0
dm? h™1) for 1 h at 500°C, the catalyst was kept
at 250°C under a stream of argon (9.0 dm?®
h~1); then, 3.0 dm®* h™! of methanol gas was
added to the argon stream. The reactant and
products were analyzed with an on-stream
Ohkura 802 gas chromatograph equipped with a
TC detector. Two columns, one activated car-
bon (2 m, Ar carrier) and the other Porapak T (2
m, He carrier), were employed.

Powder X-ray diffraction (XRD) patterns
were recorded on a Rigaku Rotaflex 20 diffrac-
tometer using nickel-filtered CuK, radiation.
Patterns were recorded over the range 260 = 3°—
60°. The samples were taken out from the reac-
tor after the reactions of 2 h on-stream. The
mean crystallite size of nickel metal or nickel
oxide in the sample was determined from widths

of the XRD peaks using the equation of Sherrer
[28].

Surface analyses by XPS were carried out
using a Shimadzu ESCA 750. The samplestaken
from the reactor after the reaction were mounted
on a sample holder in air and set into the
spectrometer. Argon-ion sputtering of the sam-
ple was carried out (2 kV, 0.5 min) just before
the measurement for remova of oxygen ad-
sorbed on the sample. The XPS data were cali-
brated by assuming that the binding energy of
the C 1s peak is 284.6 eV [29].

Infrared (IR) spectrum of a sample dispersed
in a KBr wafer was recorded with a JASCO
FT /IR 230 spectrometer at room temperature in
air.

Transmission electron microscopy (TEM) was
carried out with a Hitachi H-9000 operated at an
accelerating voltage of 300 kV with a magnifi-
cation of 10°.

The BET surface areas of the catalysts after
the reaction were determined by nitrogen physi-
sorption with a Quantasorb.JR (Y uasa lonics).

Adsorption of carbon monoxide and hydro-
gen was carried out in a vacuum system
equipped with Baratron pressure gauges at room
temperature. Just before the adsorption, a fresh
sample was reduced with hydrogen (ca. 20 kPa)
at 500°C for 1 h and evacuated at the same
temperature for 0.5 h.

3. Results
3.1. Decomposition of methanol

Methanol decomposed mainly to carbon
monoxide and hydrogen over the nickel cata-
lysts at 250°C. Methane and water were also
detected as by-products. As shown in Fig. 1, the
activity of 5 wt.%Ni—I, which was prepared by
the impregnation technique, was higher than
that of 5 wt.%Ni—S, a sol—gel sample contain-
ing the same quantity of nickel. The activity of
the catalyst prepared by the sol—gel method
increased with an increase in the nickel content
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Fig. 1. Methanol decomposition over nickel supported on silica at
250°C.

up to 40 wt.% while the activity of the catalyst
prepared by the impregnation method amost
reached plateau at the content of 10 wt.%; it can
be seen that 20 wt.%Ni—I produced signifi-
cantly lower conversion than 20 wt.%Ni—S. The
selectivity to methane increased with an in-
crease in the conversion of methanol (see Fig.
1), indicating that the formation of methane
takes place after the decomposition to carbon
monoxide and hydrogen.

3.2. Physical properties of the catalysts

The BET surface area of the catalyst pre-
pared by the sol-gel method increased with

40wt%NI-S

50wt%Ni-S

30 40 50 60
20 / degree

Fig. 2. XRD patterns for the typical samples of nickel supported
on silica after reaction.

Intensity / arb. unit

increasing content of nickel up to 30 wt.% (471
m? g~1), above which it decreased (Table 1).
The areafor 5 wt.%Ni—| was 553 m? g~ * while
those for the impregnated catalysts decreased
with an increase in the content of nickel.

Peaks attributed to metallic nickel were
recorded in the XRD patterns at 44.3° [Ni(111)]
and 51.7° [Ni(200)] in 26 for the catalysts taken
out from the reactor after the reaction [30]. The
typical patterns are shown in Fig. 2. The crystal-
lite sizes of nickel were determined from the
widths of the peak at 44.3° except for 50
wt.%Ni—S (Table 1). In the pattern of 50
wt.%Ni-S, the peaks at 37.3° and 43.3° at-

Table 1

Surface properties of Ni/SiO,

Catalyst Surface area Crystallite size Binding energy of Ni 2ps,, Intensity ratio?
(m* g of Ni (nm) Sharp Broad lroad/ Isharp

5 wt.%Ni—S 317 21 853.1 856.4 1.0

5 wt.%Ni—S° 853.0 855.9 13

10 wt.%Ni-S 421 5.2 853.0 856.2 0.7

20 wt.%Ni-S 458 7.3 852.9 856.3 1.0

30 wt.%Ni-S 471 10 853.0 856.0 0.9

40 wt.%Ni-S 377 14 852.8 855.7 1.0

50 wt.%Ni—S 352 16 852.8 855.3 26

5 wt.%Ni—| 553 43 853.0 855.6 12

10 wt.%Ni—I 493 5.8 853.0 855.6 0.8

20 wt.%Ni-I 438 4 and 30 853.0 855.9 0.9

Intensity ratio of the broad XPS peak to the sharp one.
P5 wt.%Ni—S after Ar-ion sputtering for 5 min.
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tributed to nickel oxide coexist clearly with the
peaks for metallic nickel (30), and the crystallite
sizes of metalic nickel (16 nm) and nickel
oxide (13 nm) were determined from the peaks
a 51.7° and 37.3°, respectively. In the patterns
of the other samples a small peak was observed
a 37°. In the case of 20 wt.%Ni—I, the shape of
the peak at 44.3° showed overlap of a sharp
peak and a broad one. After deconvolution of
these pesks, the crystallite sizes were deter-
mined as 4 and 30 nm.

The TEM observation of nickel particles was
carried out with the two typical samples, 40
wt.%Ni—S and 20 wt.%Ni—Il. In the pho-
tographs of the former sample (e.g., Fig. 3)
nickel particles with the size around 3—-30 nm
(dark spots in the photograph) were randomly
present. A large particle (ca. 30 nm) was seen in
Fig. 4 for 20 wt.%Ni—I; however, small parti-
cles with diameter smaller than 5 nm were also
observed.

3.3. Surface analyses by XPS

The nickel catalysts taken out just after the
reaction were analyzed by XPS. The spectra for
Ni 2p;,, were separated into two Gaussian peaks
and the typical spectra are shown in Fig. 5. The
binding energies of the sharp peaks were close
to 853 eV regardless of the samples, while the
broad peaks were at 855.5-856.4 €V (see Table
1). The intensity ratios of the broad and sharp
peaks are aso given in Table 1. The shapes of
the spectra were not significantly changed after
argon-ion sputtering for 5 min (see Fig. 5 for 5
wt.%Ni—S). The binding energies of Si 2p and
O 1swere 103.0-103.3 eV and 532.7-532.8 eV
for al the samples, respectively.

3.4. IR spectra for Ni / SO,

In the IR spectra for the nickel catalysts after
reaction, an absorption band at 960 cm~! was

100 nm

Fig. 3. TEM of 40 wt.%Ni-S after reaction.
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100 nm

Fig. 4. TEM of 20 wt.%Ni-| after reaction.

observed regardless of the samples. The band
can be attributed to Ni-O—-Si [26,31]. The bands
at 1080 and 802 cm™! are assigned as vibra-
tions of Si—O-Si [32]. The typical spectra are
shown in Fig. 6.

3.5. Adsorption of hydrogen and carbon monox-
ide

Adsorption of hydrogen was carried out at
room temperature with the samples reduced at

5wtxNi-S 7
~

sputtering for 5 min
SwtXNi-S

Intensity / arb. unit

860 855 850
Binding energy / eV

Fig. 5. XPS for the typical samples of nickel supported on silica
after reaction.

500°C for 1 h. The typical adsorption isotherms
are shown in Fig. 7. The isotherms fit well with
an equation of v=uv, +aP}?/(1+bPYy?)
when the pressure of hydrogen was less than 3
kPa (v, amount of hydrogen adsorbed; Un,
amount of hydrogen strongly adsorbed; Py, ,
pressure of hydrogen; a and b, constants). When
the pressure of hydrogen was more than 3 kPa,
an equation of v=c+ dP}? showed a good

9
|

60 cm™!
/\/@Ni_s
40wt%Ni-S
5

OwtXNi-S

Absorbance / arb. unit

20wtENi—|
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T T T
1200 1000 800 600
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Fig. 6. IR spectra for the typical samples of nickel supported on
silica after reaction.
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Fig. 7. Typical adsorption isotherms of hydrogen on nickel sup-
ported on silica. The curves and lines in the figure are drawn by
the curve fitting described in the text.

fitting. The amounts of hydrogen strongly ad-
sorbed (v, ) and those at the pressure of 20 kPa
are listed in Table 2. The values of v}, corre-
sponded well to the amounts of hydrogen irre-
versibly adsorbed which were determined by the
following adsorption after evacuation at room
temperature for 0.5 h. The surface area of nickel
was determined from the amount of hydrogen
adsorbed at 20 kPa (see Table 2) assuming that
the surface stoichiometry of one hydrogen atom
per nickel atom and the value of 0.0633 nm?
atom~* as the average surface nickel cross-sec-
tion [33].

Table 2
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Fig. 8. Typical adsorption isotherms of carbon dioxide on nickel
supported on silica. The curves and lines in the figure are drawn
by the curve fitting described in the text.

The typical adsorption isotherms for carbon
monoxide at room temperature are shown in
Fig. 8. The isotherms fit well with an equation
of v=uvco+ aPeo/(1+ bP,) when the pres-
sure of carbon monoxide was less than 3 kPa
(v, amount of carbon monoxide adsorbed; v,
amount of carbon monoxide strongly adsorbed;
Pco. pressure of carbon monoxide; a and b,
constants). When the pressure of carbon monox-
ide was higher than 3 kPa, an equation of
v=C+dP,, was applicable. The values of
Vo corresponded well to the amounts of carbon
monoxide irreversibly adsorbed which were de-
termined by the following adsorption after evac-

Adsorption of hydrogen and carbon monoxide on Ni/SiO, at room temperature

Sample Amount adsorbed (.mol g-cat ) Surface area of
Strong At 20 kPa nickel (m? g-cat ™)
H, (vy,) CO (vep) H, CcO

5 wt.%Ni-S 18 4 67 51 51

10 wt.%Ni-S 36 14 74 62 5.6

20 wt.%Ni-S 50 24 93 86 7.1

30 wt.%Ni-S 48 24 123 99 9.3

40 wt.%Ni—S 52 41 125 80 9.5

50 wt.%Ni—-S 59 35 147 95 11.2

5 wt.%Ni—| 29 10 65 85 49

10 wt.%Ni—| 27 18 71 85 5.4

20 wt.%Ni—I 20 17 61 68 4.6
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uation at room temperature for 0.5 h. The
amounts of carbon monoxide strongly adsorbed
(veo) and those at the pressure of 20 kPa are
also listed in Table 2.

4. Discussion

Although the XRD patterns show that the
crystallites of nickel oxide are scarcely present
in the catalysts except 50 wt.%Ni-S, the broad
XPS peaks at ca. 856 eV for Ni 2p;,, suggest
the presence of considerable quantities of
cationic nickel species on the surface of the
catalysts [29,34]. The sharp peaks at ca. 853 eV
are attributed to metallic nickel [29,34]. The
binding energies for NiSIO; and NiO are re-
ported as 856.9 and 854.0-854.9 eV, respec-
tively [29,34]. The observation of the IR band at
960 cm™ ! attributed to Ni—-O-Si indicates the
presence of interaction between nickel particles
and the silica support. It is consistent with the
presence of the broad XPS peak at ca. 856 eV
because the el ectronic state of nickel in Ni-O-Si
should be similar to that of NiSIO;. The broad
peak could be due to oxygen adsorbed in air or
NiO on the surface; however, no significant
change in the spectrum was observed even after
deep sputtering, appearing that nickel oxide
species on the surface is not responsible for the

80
® © 40WtENi-S
~ 60 _
g 2OWIENI=S ® ¢ 30WtX%Ni-S
5 WHen ®50wt%Ni-S
E .
2
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=
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I
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Fig. 9. Plot of nickel surface area vs. the methanol conversion.
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Fig. 10. Relationship between the amount of carbon monoxide
strongly adsorbed and the methanol conversion.

broad peak. Nickel oxide is apparently present
in 50 wt.%Ni—S and it is consistent with the
high ratio of broad and sharp peaks for Ni
2p;,,. The binding energy of the broad peak for
50 wt.%Ni-S is the closest to that for NiO
[26,34], suggesting that the broad peak is due to
both nickel oxide and nickel interacting with the
support.

The catalytic activity of metal particles on a
support often relates to the surface area of the
metal. However, the cataytic activity in the
methanol decomposition does not aways de-
pend on the surface area of nickel (Fig. 9).
Although the surface areas of nickel for 5
wt.2%Ni-S, 10 wt.%Ni-S, 5 wt.%Ni-I, 10
wt.%Ni—I, and 20 wt.%Ni—I are close (4.9-5.6
m? g~1), the methanol conversions range from
12.8% to 37.4%, while no significant difference
was observed in the XPS of these samples. It is
noteworthy that the catalysts containing very
small nickel particles with the size of 2—4 nm
give low efficiency as seen in Fig. 9, especially
in the case of 5 wt.%Ni—S of which nickel
crystallite size isonly 2.1 nm.

On the other hand, the activity relates well to
the amount of carbon monoxide strongly ad-
sorbed (Fig. 10). The catalytic activity aso
relates to the amount of hydrogen strongly ad-
sorbed (Fig. 11). Although hydrogen is atomi-
cally adsorbed on a nickel atom, the quantity of
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Fig. 11. Relationship between the amount of hydrogen strongly
adsorbed and the methanol conversion.

hydrogen strongly adsorbed is larger than that
of carbon monoxide strongly adsorbed (see
Table 2). Two adsorption species, i.e., bridge
(Ni,CO) and linear (NiCO) are known as the
species for carbon monoxide strongly adsorbed
on nickel [35—-37]. The stoichiometry in the
guantities of adsorbed hydrogen and carbon
monoxide suggests that the major species of
carbon monoxide strongly adsorbed is the bridge
type. Yasumori et al. [4] observed a promotional
effect of hydrogen in the methanol decomposi-
tion over nickel and proposed that the rate
determining step is the interaction between a
surface methoxyl group and an adsorbed hydro-
gen atom. This implies that plural nickel atoms
participate in the reaction step, and it can be
supposed that the smooth surface of metalic
nickel is rather advantageous for presence of
such sites. Yates and Garland [35] showed that
small nickel particles on silica cannot adsorb
carbon monoxide strongly and that carbon
monoxide is strongly adsorbed on nickel parti-
cles which are well crystallized. The characteri-
zation of the samples shows that nickel particles
interact with the support via Ni-O-Si bonding.
Thus, it is reasonable that crystalinity of very
small nickel particles are poor, and they are less
active than well-crystallized nickel particles on
which both carbon monoxide and hydrogen are
strongly adsorbed.

5. Conclusions

The catalytic activity of nickel supported on
silica for the methanol decomposition to carbon
monoxide and hydrogen at 250°C relates to the
quantities of carbon monoxide and hydrogen
strongly adsorbed on the catalyst, while the
relationship between the activity and the surface
area of nickel on the support is not evident. The
catalysts containing very small nickel particles
of which size is 2—4 nm is less active. This
suggests that methanol decomposition is pro-
moted on well-crystallized nickel particles of
which surface strongly adsorb carbon monoxide
and hydrogen. A significant part of nickel atoms
on the surface are in contact with the silica
support via bonding such as Ni-O-Si. Hence,
the crystallinity of very small nickel particlesis
poor and their activity is low. The sol—gel
technique is advantageous in the preparation of
the catalysts with high metal loadings because it
enables a good dispersion of a large number of
nickel particles whose size is not very small.
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