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A pronounced variation of the reactivity of sub-monolayers of carbon-containing species deposited from synthesis gas with
the nickel crystallite size is observed. Nickel crystallites of about 4 nm display the presence of a carbon-containing ad-layer of maxi-
mum reactivity. The rate ofmethanation is discussed in terms of the reactivity of the carbonaceous fragments, and the catalyst prep-
aration procedure.
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1. Introduction

Carbonaceous surface species are important inter-
mediates in the Fischer^Tropsch reaction [1], steam
reforming [2], and isomerization [3,4]. A cocktail of car-
bidic CHx (where 0WxW3), amorphous, and graphitic
carbon can be present on the surface of the working cat-
alyst [5^8]. The reactive carbidic CHx fragments are gen-
erally accepted as the reaction intermediates in the
conversion of synthesis gas to both methane [9^11] and
higher hydrocarbons [12^14]. The metal^carbon bond
strength of these CHx species is likely to be one of the
important parameters determining the rate of their
hydrogenation tomethane [15^17].

The nature of the metal controls the metal^carbon
bond strength [13,15^18]. Less is known about the influ-
ence of the metal crystallite size on the reactivity of the
carbon fragments. With fcc metals such as nickel, parti-
cles below about 4 nm expose crystal faces different from
larger crystallites. In addition, the amount of coordina-
tively less saturated sites varies with the metal crystallite
size [19]. The surface structure affects both the activation
of carbon-containing molecules such as CO and CH4,
and the metal^carbon bond strength of CHx fragments.
Nickel surface science studies show that both CO [20]
and CH4 [21] are readily activated on open crystal
planes, while surface defects enhance the activation of
CO, too [22,23]. Ion bombardment of Ni(111) can
increase the methanation rate by up to 400%, suggesting
a sensitivity to structure on the scale of surface defects
[24]. Small nickel particles, viz. 2 to 3 nm, are more effi-
cient in the dissociative adsorption of CH4 than larger

crystallites [25]. CHx fragments are strongly bonded to
the hollow sites onNi(111) andNi(100) [26,27]. The atop
adsorption sites are energetically less favorable [27]. In
addition, calculations suggest significant differences in
the binding energies of single carbon atoms to Ni(100),
Ni(111), and Ni(110) [28]. The question is whether these
differences will be reflected in the reactivity of the car-
bon species deposited on supportedmetal particles.

2. Experimental

The catalysts were prepared by homogeneous deposi-
tion precipitation of nickel hydroxide from an aqueous
solution of nickel nitrate (Merck, p.a.) onto a suspended
silica support (Aerosil 200V, DEGUSSA, surface area
200 m2 gÿ1) by means of urea decomposition at 363 K as
described by Hermans et al. [29]. The catalysts were fil-
trated, washed, and dried at room temperature for 40 h.
The catalysts were subsequently calcined in air at 673 K
for 3 h. One catalyst was prepared by incipient wetness
impregnation of the silica support using an aqueous
solution of nickel nitrate. The catalyst was dried at room
temperature for 40 h, and subsequently calcined in air at
673K for 3 h.

The mean nickel crystallite sizes in Ð as calculated
from the extent of hydrogen chemisorption at 303 K of
the various reduced samples are summarized in table 1.
The catalysts prepared by means of homogeneous
deposition precipitation are referred to as Px in which x
denotes the mean nickel crystallite size. Besides catalyst
P22, all catalysts were reduced by first heating the cal-
cined samples in a stream of argon (Hoek Loos,
99.999%) to about 760 K in 60 min, and subsequently
reducing the thus dried catalysts in a stream of 10 vol%
hydrogen (Hoek Loos, 99.999%) in argon at 763 K for
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5 h. Catalyst P22 was obtained by reduction at 743 K
for 5 h.

The flow experiments were performed at atmospheric
pressure in a fully automated continuous microflow
apparatus. 300 mg catalyst of a sieve fraction between
150 and 425 micron was placed into a quartz reactor of
an internal diameter of 8 mm. The total flow rate was
100 ml(STP)/min, and was directed down-stream. The
temperature was measured with a chromel^alumel ther-
mocouple situated at the bottom of the catalyst bed.
Subsequent to reduction, the temperature of the catalyst
bed was adjusted at a temperature of 523 K. The freshly
reduced catalyst was purged in a stream of argon at
523 K for 1 min. Subsequently, carburization was per-
formed by feeding a gas mixture containing 2 vol%
hydrogen (Hoek Loos, 99.999%) and 1 vol% carbon
monoxide (Hoek Loos, 99.5%) in argon to the reactor.
The product gases were analyzed with a Balzers mass
spectrometer (Balzers QM420) every 5 to 240 s. The
turn-over number (TON) is expressed as the number of

methane molecules produced per second per initial unit
of nickel surface area at 9.5 h on-stream, assuming a
nickel density of 1:5� 1019 atoms per square meter.
After 9.5 h, the reactor was purged in argon for 1 min,
and quenched to room temperature. The temperature of
the catalyst bedwaswell below 373Kwithin 90 s.

The reactivity of the thus deposited carbon species
was investigated by means of temperature-programmed
surface reaction (TPSR) experiments in a flow of 2.8
vol% water in argon. The sample was heated from room
temperature to 900 K at a heating rate of 10 K/min, and
kept at 900 K for 10 min. In a few experiments tempera-
ture-programmed surface reaction experiments were
conducted in amixture 10 vol% hydrogen in argon.

Transmission electron microscopy (TEM) investiga-
tions were carried out in a Philips EM420 apparatus.

3. Results and discussion

We investigated the reactivity of the carbonaceous
fragments deposited under methanation conditions by
means of temperature-programmed surface reaction
(TPSR) experiments in 2.8% water vapor in argon. The
product gas predominantly consisted of hydrogen and
carbon dioxide, and traces of methane. The reactor was
operated differentially during both the carburizing and
gasification experiments. Figure 1 shows that all samples
prepared by means of homogeneous deposition precipi-
tation, containing small nickel crystallites, viz. mean
crystallite sizes in the range from 22 to 71 Ð, display the

Table 1
Characteristics of the employed silica-supported nickel catalysts

Sample Method of
preparation

Nickel loading
(wt%)

Crystallite size
(Ð)

P22 precipitation 5 22
P38 precipitation 10 38
P46 precipitation 25 46
P71 precipitation 50 71
I267 impregnation 25 267

Figure 1. Temperature-programmed surface reaction (TPSR) patterns obtained for several nickel catalysts subsequent to methanation for 9.5 h.
The nickel catalysts had been prepared bymeans of either homogeneous deposition precipitation (samples P22, P38, P46, and P71) or impregnation

(I267). The TPSR patterns are normalizedwith respect to the nickel loading.
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presence of two classes of carbon-containing species of
clearly distinct reactivity subsequent to methanation.
The onset-temperatures of gasification by water vapor
are about 415 and 450 K, respectively. The sample pre-
pared by means of impregnation, containing large crys-
tallites, viz. particles of 267 Ð, is characterized by one
broad peak which is not easily deconvoluted. Besides a
small fraction of highly reactive species, the onset-tem-
perature of the bulk of the peak seems to be close to
450K.

Qualitatively the same results were obtained when
employing hydrogen instead of water vapor. The corre-
sponding onset-temperatures of the formation of
methane were considerably lower, viz. (below) room
temperature and 335 K, respectively. Please note that
the thus obtained carbon species react at lower tempera-
tures than adsorbed carbon monoxide [12,30^32].
Because of the high reactivity of the carbon species with
respect to hydrogen we employed water vapor for the
present TPSR experiments. In line with the notation
employed byMcCarty andWise [30], we denote the pre-
sently observed carbidic carbon species as C�0 and C�,
respectively.

Methanation on nickel catalysts reportedly involves
the deposition of surface carbon from carbonmonoxide,
followed by the hydrogenation of the thus deposited car-
bon via carbidic CHx (where 1WxW3) species to
methane [9^11,33^38]. Along with the deposition and
the hydrogenation of these highly reactive carbon frag-
ments, less reactive ``spectator'' carbon species may be
formed by the direct deposition from the carbon-con-

taining compounds, and/or by the (ir)reversible trans-
formation of the high activity intermediates.
Accordingly, the steady-state carbon ad-layer can be
inhomogeneous as to its reactivity. Several studies in the
field of methanation confirm the presence of carbon spe-
cies of different reactivity on the surface of the working
catalyst [36,39,40]. These investigations, however,
usually employ catalysts prepared by means of impreg-
nation, containing predominantly large nickel crystal-
lites. Subsequent to reaction, moreover, these nickel
particles commonly contain several monolayers of car-
bon. Accordingly [11], both carbidic carbon C� and the
relatively inactive amorphous carbon C� are commonly
present. In contrast, in the present investigations we
deposited small amounts of carbon on highly dispersed
nickel catalysts with the objective to produce exclusively
carbidic carbon species. Amorphous carbon C� was
indeed not detected under the presently employed condi-
tions.

The metal^carbon bond strength is generally believed
to be one of the important parameters determining the
rate of the hydrogenation of the carbon intermediates to
methane [15^17]. The influence of the metal on the bond
strength of the carbon fragments onto the catalyst is
likely to be more pronounced at low carbon coverage
than in the presence of several carbonmonolayers. Since
the carbon surface coverage was well below one mono-
layer for all precipitated samples, while for sample I267
a surface coverage of almost three monolayers was cal-
culated, the present discussion primarily focuses on the
samples prepared by means of homogeneous deposition

Figure 2. The C�0 surface coverage and TON (turn- over number) for the production of CH4 fromCO andH2 as a function of themean nickel crys-
tallite size. The dotted line ismeant to guide the eye.
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precipitation. Figure 2 compares the methanation activ-
ities with the surface coverages of C�0 on the corre-
sponding catalysts. Nickel crystallites of about 4 nm
display an optimum methanation activity, employing
catalysts prepared bymeans of homogeneous deposition
precipitation. This result is in excellent agreement with
those reported by Coenen and coworkers, who used the
same catalyst preparation method [33,41,42].
Analogously to the variation of the methanation activ-
ity, the variation of the surface coverage of C�0 with the
nickel crystallite size displays amaximum at about 4 nm.
In calculating the carbon surface coverages �C�0 , we
assumed that all carbon atoms were located at the sur-
face. Since the presence of carbon in subsurface sites can
not be excluded the thus calculated surface coverages
represent amaximum value.

The good agreement between the response to the
nickel crystallite size of the methanation activity and the
surface coverage of the simultaneously deposited highly
reactive carbon species C�0 is evident. Differences in the
reactivity of the carbon ad-layer seem to control the
observed variation of themethanation activity with crys-
tallite size.

Since the surface coverage of a carbon species report-
edly is a function of the total surface coverage [15,18], we
verified that the observed trend cannot be attributed to
the total carbon surface coverage�C. The importance of
employing catalysts of a narrow crystallite size distribu-
tion is evident. Transmission electron microscopy
(TEM) revealed that the crystallite size distribution of
silica-supported nickel catalysts prepared by means of
homogeneous-deposition precipitation was relatively
narrow, while the impregnated catalyst displayed a
broad particle size distribution. This observation agrees
nicely with the results of previously conducted low-field
magneticmeasurements in our laboratory [43].

The question arises whether the variation of C�0 and
C� with the nickel particle size is a direct crystallite size
effect, i.e. related to the exposition of specific sites or
crystal planes.With fccmetals such as nickel, large parti-
cles predominantly expose (111) and (100) faces, while
with small particles, viz. below about 4 nm, the contribu-
tion of the (110) and (113) faces is more pronounced [19].
The sharp decrease in the coverage of C�0 with nickel
crystallites in the range from about 4 to 7 nm seems diffi-
cult to rationalize in terms of the exposition of specific
crystal planes. The relative amount of corners and edges
increases at decreasing crystallite size [19,44,45], while
the degree of reduction of these nickel catalysts
decreases at increasing nickel dispersion [29,46]. CO
reportedly is rapidly activated at ordered defects [22,23].
In addition, the presence of oxidic patches on the metal
surface can facilitate the activation and reaction of CO,
too [47^50]. Hence, we speculate that C�0 is associated
with the presence of either corners and edges (crystallite
size effect) or oxidic patches (promoter effect) or a com-
bination of these two factors.

The postulate of C�0 being the methanation inter-
mediate associated with either surface defects or surface
ions seems to be in line with the hypothesis that the sur-
face contains active sites, where CO dissociates readily,
and less active sites, where adsorbed CO (COads) is
stored [12,37,38]. The latter postulate was based both on
the kinetic equivalence of adsorbed carbon (Cads) and
COads in isotopic labeling experiments [51] and the high
concentration of COads observed in IR spectroscopy
[12,52,53]. Adsorbed, ``spectator'' CO might then be
related to the presence of carbon species C�. Further
investigationswill be required to verify this hypothesis.

It is noteworthy that the only catalyst that had been
prepared bymeans of impregnation, viz. I267, was found
to display a clearly deviating behavior in terms of the
methanation activity: we calculated a TON of about
1:4� 10ÿ3 methane molecules per site per second. The
reason for this relatively high methanation activity is
unclear, yet, but it may be related to the presence of sev-
eralmonolayers of carbon on this sample.

Based on the combined body of results it can be
expected that the preparation method, the pretreatment
procedure, and the support employed (affecting the
degree of reduction of themetal phase, TiO2ÿx species on
the metal surface etc.) may affect the reactivity of the
carbon-containing species deposited on the catalyst.
This complicating factor should be born in mind when
discussing crystallite size effects in reactions in which the
reactivity of the carbidic intermediates is of impor-
tance.

4. Conclusions

A pronounced variation of the reactivity of sub-
monolayers of carbon-containing species deposited
from synthesis gas with the nickel crystallite size is
observed. Differences in the reactivity of the carbon-
containing ad-layer seem to induce variations in the
methanation activity with the nickel crystallite size.
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