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Abstract

The methanol decomposition to carbon monoxide and hydrogen is catalyzed at 2008C over nickel supported on porous

glasses of which major pore diameters are 4, 19, and 45 nm. The catalyst in which the crystallite size of nickel is close to the

pore diameter of 19 nm is the most active while in other samples the crystallite size is signi®cantly different from the pore

diameter, suggesting that the reaction over nickel particles is enhanced in the pore of which size is close to that of the particles.
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1. Introduction

Methanol, which can be synthesized from most of

carbon resources via syn-gas, is a possible energy

carrier because the transportation and storage are easy

[1,2]. It is often bene®cial that the on-site reforming of

methanol to hydrogen and carbon monoxide increases

the heating value of the fuel [3]. Nickel supported on

silica is a fairly active catalyst for this endothermic

reaction [4±7]. The metal particles are usually dis-

persed on the porous support to improve the catalytic

activity, however, it is not clear whether the metal

particles are located in the pore or on the external

surface. Since adsorption of chemical compounds

such as alcohol takes place on the surface of silica

on which silanol groups are present [8±12], the con-

centration of the reactants in the pore is expected to be

higher than on the external surface. Hence, the size

and structure of the pores would affect the catalytic

activity of the metal particles as well as chemical

interaction between the metal and its support.

In this report, we employed porous glass with a

considerably narrow distribution of pore size as a

support of nickel and has studied the relationship

between the catalytic activity in the decomposition

of methanol and the location of nickel particles on the

support.

2. Experimental

Three porous glasses whose major pore sizes were

ca. 4, 19, and 45 nm (denoted as G[4], G[19] and

G[45], respectively) were synthesized according to the

method reported in Ref. [13]. The samples were

comprised of SiO2, B2O3, and Na2O and the contents

of B and Na were listed in Table 1. Silica (SiO2)

was obtained from a commercial source (Fuji-Silicia,

ID-G). These samples were impregnated with nickel
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nitrate (GR grade, Kanto Chemicals) by evaporation

of the aqueous solution at 808C. After drying in air at

1208C, they were heated in air at 5008C for 5 h mainly

for removal of NOÿ3 anions. The samples contained

10 wt% of nickel (Ni/G[4], Ni/G[19], Ni/G[45], and

Ni/SiO2) except 2 wt%Ni/G[4] containing 2 wt% of

nickel.

The catalytic experiments were performed in a

®xed-bed continuous ¯ow reactor operated under

atmospheric pressure. The catalyst was sandwiched

with quartz wool plugs in a tube reactor made of

stainless steel whose contribution to the reaction was

negligible. After reduction of the sample (0.5 g) in a

¯ow of hydrogen diluted with argon (H2, 1.8 dm3 hÿ1;

Ar, 9.0 dm3 hÿ1), the catalyst was kept at 2008C under

an argon stream (9.0 dm3 hÿ1); then, 3.0 dm3 hÿ1 of

methanol gas was added to the ¯ow. The reactant and

products were analyzed with an on-stream Ohkura 802

gas chromatograph equipped with a TC detector. Two

columns, one activated carbon (2 m, Ar carrier) and

the other Porapak T (2 m, He carrier), were employed

in the analyses.

Adsorption experiments were performed in a

vacuum system equipped with a Baratron pressure

gauge at room temperature. Just before the adsorption

of hydrogen, a fresh sample was reduced with hydro-

gen (20 kPa) at 5008C for 1 h and evacuated at the

same temperature for 0.5 h.

Distribution of pore diameter of the samples was

determined from the adsorption and desorption iso-

therm of nitrogen obtained with a BELSORP 28 (BEL

Japan) except G[45] and Ni/G[45] for which mercury

porosimetry with a Micromeritics PORESIZER 9310

was adopted.

Powder X-ray diffraction (XRD) patterns for the

catalysts after the reaction were recorded with a

Rigaku Rota¯ex 20 diffractometer using nickel-®l-

tered CuK� radiation in the range of 3±608 in 2�.
The mean crystallite size of nickel in a sample was

determined from the width of the peak at 44.38
[Ni(111)] using the equation of Sherrer [14].

Surface analyses by XPS were carried out using a

Shimadzu ESCA 750. The sample taken out from the

reactor after the reaction was mounted on a sample

holder in air and set into the spectrometer. Argon-ion

sputtering of the sample was carried out (2 kV,

0.5 min) just before the measurement mainly for

removal of oxygen adsorbed on the sample. The

XPS data were calibrated by assuming that the binding

energy of the C 1s peak is 284.6 eV.

3. Results

3.1. Methanol decomposition

The decomposition of methanol to carbon monox-

ide and hydrogen was selectively catalyzed over the

nickel catalysts at 2008C. The methanol conversion

was the highest with Ni/G[19] and the activity of Ni/

SiO2 was fairly low (Table 2).

Table 1

Chemical analyses for the supports

Support Content (%)

B Na

G[4] 1.2 0.11

G[19] 1.5 0.04

G[45] <0.01 0.004

Table 2

Catalytic activity of nickel supported on porous glass for the methanol decomposition to hydrogen and carbon monoxide at 2008C and

hydrogen adsorption on the catalyst

Catalyst Methanol conversion Adsorption parameters for H2
a Surface area of nickel Crystallite size of nickel (nm)

v0 v1 K H2 adsorption XRD

(%) (mmol gÿ1) (mmol gÿ1) (kPa) (m2 g-catÿ1)

Ni/G[4] 7.5 21 37 0.34 4.4 12 10

Ni/G[19] 8.4 16 21 0.53 2.8 19 16

Ni/G[45] 2.7 1 31 0.42 2.4 23 22

Ni/SiO2 5.6 8 35 0.47 3.3 17 15

2 wt%Ni/G[4] 3.5 6 12 0.32 1.3 8 7

av � v0 � v1K1=2P
1=2
H2
=�1� K1=2P

1=2
H2
�, where v is amount of hydrogen adsorbed and PH2

is a partial pressure of hydrogen.
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3.2. Adsorption of hydrogen

Adsorption of hydrogen on the nickel samples was

carried out at room temperature after reducing treat-

ment with hydrogen at 5008C (Fig. 1). The adsorption

isotherms were ®t with an equation of v � v0�
v1K1=2P

1=2
H2
=�1� K1=2P

1=2
H2
� where v is hydrogen

uptake and PH2
is pressure of hydrogen. The curves

in Fig. 1 were drawn using the equation and the

constants were given in Table 2.

3.3. Physical properties of the catalysts

In the XRD patterns for the nickel catalysts, only

the peaks at 44.38 [Ni(111)] and 51.78 [Ni(200)] in 2�
were present except the broad peak for silica [15]. The

crystallite sizes of nickel metal were 7±22 nm deter-

mined from the width of the strong peak at 44.38 (see

Table 2).

The distribution of pore diameter in Ni/G[4] was

almost the same as that in G[4] (Fig. 2). However, the

distributions for Ni/G[19] and Ni/G[45] were different

from those for the supports (Figs. 3 and 4). The

distribution for Ni/SiO2 was similar to that for the

original support (Fig. 5). The BET surface areas for

the catalysts were smaller than those for the original

solids (Table 3). The pore volumes were also reduced

after impregnation with nickel.

3.4. Surface analyses by XPS

The surface analyses by XPS were carried out with

the nickel catalysts just after taken out from the

reactor. The binding energies recorded were

853.2�0.2 eV for Ni 2p3/2, 103.2�0.2 eV for Si 1s,

and 532.8�0.1 eV for O 1s regardless of the samples.

The surface atomic ratio of Ni/Si was determined from

the peak areas using atomic sensitivity factors (3.0 for

Ni 2p3/2, and 0.27 for Si 1s) [16]. The value for Ni/

G[4] was 0.21, signi®cantly higher than the other

samples (Table 4). After ground to ®ne powder, the

sample was analyzed again and the value was reduced

Fig. 1. Adsorption isotherms for hydrogen on nickel supported on

porous glass.

Fig. 2. Pore distributions for G[4] and Ni/G[4]. Dp, pore diameter;

Vp, pore volume.

Fig. 3. Pore distributions for G[19] and Ni/G[19].
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to 0.08. On the contrary, the ratio for Ni/G[45] was

0.03 while the value was appreciably increased to 0.05

after grinding.

4. Discussion

It is known that one hydrogen atom is stoichiome-

trically adsorbed on a nickel atom site [15], hence, the

number of nickel atoms exposed on surface can be

determined from the amount of hydrogen adsorbed at

saturation (v0�v1). The parameter, K, is the equili-

brium constant for weak adsorption of hydrogen on

nickel surface while the values obtained (see Table 2)

are fairly close. The surface area of nickel (SNi) can be

calculated assuming the cross section of a nickel atom

as 0.0633 nm2 [17]. The mean crystallite size (D) is

calculated using an equation of D�54.3/SNi expres-

sing D in nm and SNi in m2 g-catÿ1, employing a full

sphere crystalline model [17]. The diameters calcu-

lated are close to those from the XRD data (see

Table 2), appearing that the estimation of the number

of nickel atoms exposed on the surface is appropriate.

After impregnation of nickel the pore distribution

and the surface area of G[45] were dissimilar to the

original support (see Fig. 4 and Table 3). In the pro-

cess of impregnation metal particles often plug narrow

pores of a porous support (choking). However, the

diameter of pores in both the original and impregnated

samples are considerably larger than the crystallite

size of nickel whose total volume in the sample is only

11 mm3 g-catÿ1. Thus, the dissimilarity in the pore

distribution and surface area are not mainly caused by

choking of pores with nickel particles but may be due

to shrink of the structure during calcination and/or

reduction of the sample. The mean surface atomic

ratio of Ni/Si can be calculated from the number of

surface nickel determined by hydrogen adsorption and

from the surface area for the part of SiO2 in Ni/G[45],

assuming that the cross sections of an SiO2 molecule

and an Ni atom are 0.113 and 0.0633 nm2, respec-

tively. The ratio calculated is 0.20 and considerably

higher than the Ni/Si ratio (0.03) determined by the

Fig. 4. Pore distributions for G[45] and Ni/G[45].

Fig. 5. Pore distributions for SiO2 and Ni/SiO2.

Table 3

Surface areas and pore volumes of the catalyst and its support

Catalyst BET surface area (m2 gÿ1) Surface area (m2 gÿ1) Pore volume (mm3 gÿ1) Diameter of major pore (nm)

Support Catalyst Support Catalyst Support Catalyst Support Catalyst

Ni/G[4] 162 111 133 122 114 104 3.7 3.5

Ni/G[19] 87 77 101 93 407 342 18.6 15.8

Ni/G[45] 57 23 67 24 751 294 45.4 49.2

Ni/SiO2 176 153 266 221 889 762 13.7 13.7
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XPS analyses which mainly give information on the

external surface of the sample (Table 4), appearing

that nickel particles dominantly locate on the surface

of the pores. This is also evidenced by the increase in

the Ni/Si ratio obtained after grinding the sample to

®ne powder.

On the contrary, the Ni/Si ratio for Ni/G[4] is

considerably higher than that after grinding. The ratio

of Ni/Si determined from the surface areas for this

sample is 0.07 and signi®cantly lower than that from

XPS, showing that nickel particles distribute mainly

on the external surface of the support. It is also

evidenced by the crystallite size of nickel estimated

from both the XRD measurement and the hydrogen

adsorption (see Table 2), which is apparently larger

than the pore diameter of the support. The BET sur-

face area of G[4] is considerably larger than the

surface area calculated from the pore distribution

assuming cylindrical pores (see Table 3). This sug-

gests presence of small pores whose pore diameter is

less than 2 nm in G[4] while the major part of the small

pores are probably chocked by nickel particles after

the impregnation.

The crystallite size of nickel on Ni/G[19] is close to

the pore diameter of the sample (cf. Fig. 3 and

Table 2). Since the atomic ratio determined by XPS

is also close to that from the adsorption results (see

Table 4), the nickel particles are rather homoge-

neously distributed both on the external surface and

the pores. The nickel particles do not seriously choke

the pores because the surface area or the pore volume

of the support was not signi®cantly reduced by the

impregnation of nickel. The change in the distribution

of pore diameter after the impregnation of nickel could

be caused by partial destruction of the pore structure

during the calcination at 5008C.

The distribution of pore diameter for Ni/SiO2 is

similar to Ni/G[19] while the surface area and the pore

volume for the former sample are signi®cantly larger

than those for the latter. The mean crystallite size of

nickel estimated from XRD and hydrogen adsorption

is in the range of the size for the larger pores in

Ni/SiO2 (cf. Table 2 and Fig. 5). It should be noted

that the surface area calculated on the basis of the

pore distribution is signi®cantly larger than the

BET surface area. Since the former surface area is

calculated from the size and volume of pores assuming

cylindrical pores, the larger area suggests that the pore

is in the shape of bottle and the size calculated is that at

the bottle neck. The mean pore diameter can be

calculated from the BET surface area and the

pore volume assuming that pores are cylindrical and

uniform. The value for Ni/SiO2 is 19.9 nm which is

appreciably larger than the crystallite size of nickel

(see Table 2) while those for Ni/G[4], Ni/G[19],

and Ni[45] are 3.7, 17.8, and 51.1 nm. The surface

atomic ratio of Ni/Si determined by XPS is small,

appearing that nickel particles are mainly present in

the pores.

The turn-over frequencies (TOFs) of nickel sites on

the catalysts for the methanol decomposition can be

calculated from the methanol conversion and the

number of nickel sites obtained from the adsorption

isotherms of hydrogen (see Table 4). The lowest TOF

is produced with Ni/G[45] in which fairly large nickel

crystallites are present. However, the crystallite size of

nickel does not simply relate to the value of TOF, e.g.

Ni/G[4] does not produce the highest TOF while the

Table 4

Surface properties of the nickel catalysts

Catalyst Ni/Si atomic ratio Number of Ni atoms exposed TOFc

XPSa Adsorptionb
(mmol g-catÿ1) (hÿ1)

Ni/G[4] 0.21 0.07 117 172

Ni/G[19] 0.09 0.07 73 307

Ni/G[45] 0.03 0.20 62 117

Ni/SiO2 0.01 0.04 86 174

2 wt%Ni/G[4] 0.02 0.01 35 267

aSurface atomic ratio determined by XPS.
bSurface atomic ratio estimated from the number of nickel atom and BET surface area.
cTurn-over frequency calculated from the number of nickel sites and the methanol conversion.
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crystallite size is the smallest in the catalysts contain-

ing 10 wt% of nickel (see Tables 2 and 4).

The TOF is the highest with Ni/G[19] in which the

crystallite size of nickel is close to the pore diameter.

On the other hand, the crystallite size is signi®cantly

smaller than the pore diameter in Ni/G[45] whose

TOF is the smallest. It can be supposed that interaction

between methanol and surface of glass, on which

silanol groups are present, results in increase in con-

centration of methanol around nickel crystallites when

the pore size is close to the size of the nickel crystal-

lites. In the case of Ni/G[4] the TOF value is higher

than that for Ni/G[19] although the major part of

nickel particles on the former catalyst are believed

on the external surface. The value for 2 wt%Ni/G[4] is

close to that for Ni/G[19] while the Ni/Si ratio deter-

mined by XPS is about one tenth of the ratio for Ni/

G[4]. This shows that a certain fraction of nickel is

distributed in the small pores of G[4], probably result-

ing the high TOF value. It is supposed that small

nickel particles are also present in the pores of Ni/G[4]

although the major part of nickel is on the external

surface. It can be evidenced by the signi®cant reduc-

tion of the BET surface area of G[4] by impregnation

of nickel, showing that a part of nickel particles being

present in the pore choke the small pores. Hence, the

presence of nickel particles in the small pore may

cause the higher TOF value than with Ni/G[45]. In the

case of Ni/SiO2 the crystallite size of nickel seems to

be close to the pore size, but the mean size of the pore

in the bulk is estimated to be appreciably larger than

the size of nickel particles, resulting in the lower TOF

value than that for Ni/G[19].
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