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Abstract Three different silica-supported nickel samples
were prepared by successive adsorption, reduction, and
passivation (SARP) of nickel. The materials obtained were
characterized by various techniques (TEM, XRD, H,
chemisorption, FTIR spectroscopy of adsorbed CO, FMR).
Metal nickel particles were uniformly distributed by size
with all samples. With increasing the number SARP cycles
(1, 3, and 5, respectively) the metal concentration (3.6, 7.6,
and 12.6 wt%, respectively) and the mean particle size (4-5,
ca. 6 and ca. 7 nm, respectively) also increased without
substantial increase of the number of metal particles. The
samples were tested as catalysts in methanol decomposition
to CO and H,. It was found that this reaction was structure
sensitive and the turn-over frequency decreased with the
particle size increase. In contrast, the secondary interaction
between the reaction products, i.e., CO methanation
(occurring above 515 K) appears to be structure insensitive.

Introduction

The particle size effect in catalysis is a well-known phe-
nomenon [1, 2]. Most often the so-called turn-over fre-
quency (TOF) defined as the average activity per catalytic
site, is used to compare catalytic performance [2, 3].
Reactions on metal nanoparticles can be classified as
structure sensitive and structure insensitive. With structure
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insensitive reactions TOF does not depend on the particle
size. Structure sensitive reactions require specific grouping
of atoms on the surface and their population vary with
particle size. As a result, they are strongly affected by the
metal particle size. The achievements on the structure
sensitivity up to 1989 are summarized in the excellent
review of Che and Bennett [2]. However, despite of the fact
that “nanocatalysis” has recently attracted much interest
[4], there is not substantial development of the topic in the
recent years. Here, the works of Hou et al. [5, 6] should be
mentioned. These authors investigated a series of different-
sized (4.5-45.0 nm) 5 wt% Ni catalysts in methane auto-
thermal reforming with CO, and O, [5] and in partial
oxidation of coke oven gas [6] and established structure
sensitivity: small sized nickel particles were more efficient.

Owing to the difficulties in the preparation of uniformly
distributed small metal particles with pre-set size, the
available unambiguous data on structure sensitive reactions
are restricted. It was demonstrated that adsorption of metal
cations on oxides followed by reduction is a promising
method for preparation of relatively homogeneously dis-
tributed small metallic particles [2, 7, 8]. A disadvantage of
this technique is that metal loading is restricted by the
number of specific sites on the support surface where
adsorption of cations occurs. However, in the previous
studies the authors demonstrated that reduction of Ni*"™ [9]
or Pt"" jons [10] adsorbed on titania led to formation of
metal particles and simultaneous liberation of original
adsorption sites. This allowed performance of a subsequent
adsorption-reduction cycle which led to increase in the
metal content and the mean particle size.

Because of the high-reduction temperature of titania-
grafted nickel, the metal particles were covered by sub-
oxide support phase (the so-called SMSI effect [11]). This
hindered the studies of structure sensitive catalytic
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reactions. Therefore, the authors looked for a system for
which SMSI was not typical. Analysis of literature data
indicated that silica is probably the best support choice. A
problem in this case was reoxidation of nickel between the
adsorption—reduction cycles that resulted in re-blocking of
part of the adsorption sites [12]. To restrict this process, it
was applied passivation of the metal particles after each
reduction in a flow of 1% oxygen in argon [13]. In this
study the authors report results on the characterization of a
series of Ni/SiO, catalysts prepared by successive adsorp-
tion—reduction—passivation and their catalytic behavior in
methanol decomposition to H,, CO, and methane.

During the last two decades methanol decomposition
has been intensively studied as a source of alternative clean
and efficient fuel for vehicles, gas turbines, and fuel cells
[14-17]. Because of the high endothermicity of the pro-
cess, it has attracted growing interest for the recovering of
waste heat from exhausted gases as well. The CO metha-
nation, which is also described as a second stage of inter-
action between the CO and H, products of methanol
decomposition, gains a considerable interest in various
industrial processes, including the removal of CO and CO,
in the feed gas for the ammonia synthesis [18], in con-
nection with gasification of coal, where it can be used to
produce methane from synthesis gas [19], and in relation to
Fischer—Tropsch synthesis [20].

Methanol decomposition is also a good test reaction
because gives the opportunity to study metal catalysts
simultaneously in two different processes: (i) the basic
reaction, i.e., methanol decomposition to H, and CO and (ii)
the secondary reaction, i.e., methanation of CO. If the
dependence of TOF on metal particle size is different for the
two reactions, at least one of them is structure sensitive. That
is why the authors have chosen this process to test the sup-
ported nickel catalysts. There is no consensus in the litera-
ture about the structure sensitivity of methanation reaction.
According to Goodman et al. [21], methanation is a classical
example of structure insensitive reaction. It was concluded
that this process proceeded with comparable rates per Ni
atom on single crystal and supported nickel [22]. However,
according to the review of Che and Bennett [2] an antipa-
thetic structure sensitivity (i.e., TOF increases with the
particle size) was demonstrated in many cases. Recent data
also indicated that the methanation reaction is structure
sensitive and it is suggested that low-coordinated atoms
(e.g., on steps) play important role as catalytically active
sites [23, 24]. Methanol decomposition to CO and H, on
nickel catalysts is less studied in this respect. It was reported
[16, 17] that methanol decomposition to CO and H, pro-
ceeded with higher rate on well-crystallized nickel particles.
The authors [17] speculated that the catalytically active site
was constituted by two nickel atoms, each of them being able
strongly to adsorb hydrogen or carbon monoxide.

In this article the authors (i) demonstrate the ability of
the preparation method elaborated by us to produce series
of samples of well-defined nickel nanoparticles with a pre-
set size and (ii) report on the structure sensitivity of
methanol decomposition.

Experimental
Catalyst preparation

The silica support used was a commercial Aerosil sample
with a specific surface area of 336 m”* g~ .

Solution of Ni** (0.3 M) was prepared from Ni(NO3),
and ammonia (final NH; concentration of 12.5%). To
adsorb Ni*™ ions, 10 g of SiO, were suspended in 150 mL
of this solution and agitated for 1 h. Then the precipitate
was filtered, washed thoroughly with water, dried and
calcined for 1 h at 623 K.

Second adsorption of Ni** was performed in the same
way, but in this case a reduced and passivated catalyst
obtained by the first grafting was used instead of the pure
support. All other procedures were as the described for the
first adsorption. Each next adsorption was performed in
analogous way.

Reduction of the samples was performed at 973 K by H,
with a flow rate of 50 mL min™'. The temperature was
attained with a heating rate of 5 K min'. After 1h
reduction the samples were cooled to ambient temperature
in the hydrogen flow and then passivated. The passivation
was performed at ambient temperature in a flow of 1 vol.%
0, in Ar with a flow rate of 200 mL min~ .

Before some of the experiments (catalytic tests, H,
chemisorption measurements, and IR spectroscopic stud-
ies) the passivated samples were reduced in situ with
hydrogen at 723 K (for details see below).

Techniques

The nickel content of the catalysts was determined by
flame atomic absorption analysis at the resonance wave-
length using a PYE-UNICAM SP-1950 apparatus. Sup-
ported nickel was dissolved in concentrated nitric acid.
Before analysis the solutions were neutralized with
ammonia and brought to suitable concentration by dilution
with distilled water.

The TEM images were obtained with a JEOL JEM-200
CX transmission electron microscope operating at 200 kV.

Powder XRD patterns were registered at room temper-
ature with a TUR M62 diffractometer using CoKo radia-
tion. The crystallite sizes were calculated from the
broadening of the (111) peak fitted to Lorenz curve and
using the Scherrer formula [24].
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Chemisorption of hydrogen was measured volumetri-
cally in an all-glass device. The chemisorption experiments
were performed with passivated samples reduced in situ in
hydrogen flow (6 L h™") at 723 K for 1 h. After reduction
as well as after each hydrogen adsorption measurement the
samples were evacuated to P < 1 x 107> Pa at the tem-
perature of reduction. Adsorption isotherms of hydrogen
were obtained in the pressure range 0-13.3 kPa at room
temperature. The monolayer coverage was determined by
extrapolation of the linear part of the isotherm to zero
pressure. It was further used to calculate metal dispersion.

The catalytic experiments were carried out in a flow
reactor (0.1 g of the catalyst; particle size of 0.3-0.6 mm)
at partial pressure of methanol of 1.57 kPa, WHSV of
0.75 h™'. Methanol dosage was achieved by a saturator
thermostated at 273 K using argon as a carrier gas. Two
regimes were used: a thermo-programmed regime of
heating rate 2 K/min within the temperature range of
400-700 K and isothermal regime at selected temperatures.
The gas chromatographic analysis was performed on-line
by use of a Polarak Q and molecular sieve SA columns and
ionization and thermoconductivity detectors. The results
were calculated using the method of absolute calibration.
A carbon-based material balance was done. Before the
catalytic test, the samples were pre-treated in situ for 1 h at
723 K in a H, flow (6 L h™") and then cooled down to the
reaction temperature in argon.

The FMR measurements were performed with a PS
100 X CentroSpectr (Minsk) spectrometer using 100 kHz
modulation of the magnetic field. The g-values were
determined with respect to DPPH.

FTIR spectra were recorded with a Nicolet Avatar 360
spectrometer accumulating 64 scans at a spectral resolution
of 2 cm™". Self-supporting pellets (ca 10 mg cm™?) were
prepared from the sample powders and treated directly in a
purpose-made IR cell allowing measurements at ambient
and low temperatures. The cell was connected to a vac-
uum-adsorption apparatus allowing a residual pressure
below 1072 Pa. Prior to adsorption, the samples were

Fig. 1 Scheme of the
preparation method of the
samples
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reduced in situ by hydrogen (10 kPa) at 723 K and then
activated by 1 h outgassing at the same temperature.

Carbon monoxide (>99.5% purity) was supplied by
Merck. Before adsorption it was passed through a liquid
nitrogen trap.

Results and discussion
Preparation of the samples

Series of samples were prepared by 1-5 successive adsorp-
tion—reduction—passivation (SARP) cycles as described in
the Experimental part. Figure 1 presents a scheme of the
mechanism of this method.

The preparation conditions were chosen on the basis of
the earlier investigations with the Ni/SiO, system [12, 13].
It was found that grafting of nickel on silica resulted in
formation of surface Ni** species of weak electrophilicity
participating in philosilicates of the talk type. These Ni*™
species were highly resistant to reduction as elucidated by
the temperature-programmed reduction experiment with H,
up to 1073 K (TPR peak at ca. 956 K). After contact of the
reduced samples with synthetic air at room temperature,
core—shell particles are formed. The shell represents a new
NiO-like phase which can be much easier reduced than the
initially deposited nickel (TPR peak at 470 K). This allows
reducing the shell of the particles at much lower temper-
atures than required for the reduction of the initially
deposited nickel. Consequently, the authors have chosen a
temperature of 723 K for in situ reduction of the passivated
samples.

In this study the authors have used a higher concentra-
tion of nickel solution (0.3 M Ni*") as compared to the
earlier investigations (0.1 M Ni*") in order to achieve
higher nickel concentration in the samples. It was assumed
no significant changes in the state of nickel deposited by
the two preparations. Consequently, reduction temperature
of 973 K was chosen for preparation of the samples under
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Table 1 Notation of the samples and some of their characteristics

Sample Preparation method Ni content (wt%) a (umol H, per 1 g of sample) D Sep m* g™
Ni-1/Si0, One SARP cycle 3.63 68.5 0.22 147.2
Ni-3/Si0O, Three SARP cycles 7.61 119.7 0.18 123.6
Ni-5/Si0O, Five SARP cycles 12.62 144.9 0.13 90.2

a quantity of H, chemisorbed on 1 g catalyst
D nickel dispersion

Sp specific metal surface area

this study (obtained by 1-5 SARP cycles). To restrict
reoxidation of metal particles between the SARP cycles,
they were passivated before exposure to air.

Characterization of the samples

Because of their more pronounced difference in concen-
tration, only samples prepared by 1, 3, and 5 SARP cycles
have been chosen for further investigation. Their notation
and some of their characteristics are summarized in
Table 1.

Different techniques giving complementary information
were used to characterize the metal particles obtained.
Hydrogen chemisorption experiments give the metal dis-
persion for fully reduced samples, while XRD and FMR
results are related to the metal core of the passivated par-
ticles. TEM provides information on the size of the whole
core—shell particle.

According to the TEM observations, the nickel particles
on the Ni-1/Si0, sample are uniformly distributed and the
size varies between 4 and 5 nm. Uniform particles of

Fig. 2 TEM image of Ni-5/SiO,

around 6 nm were observed on the Ni-3/SiO, sample. The
largest particles (7 nm) were registered for the Ni-5/SiO,
sample (Fig. 2). In this case, however, some smaller par-
ticles were also detected.

The average metal particle sizes on the passivated
samples were also determined by broadening of Ni(111)
line in the X-ray diffraction patterns. Figure 3 shows that
the Ni(111) line increases in intensity and, at the same
time, narrows with the increase of the number of SARP
cycles. This is in consistent with the increasing nickel
loading and the increasing mean particle size detected by
TEM. The data on the mean particle size calculated on the
basis of the XRD and TEM results are presented in
Table 2.

In order to be able to determine the TOF of the samples
in the test reactions, it was measured the metal surface area
by H, chemisorption (see Table 1). The results showed that
the metal-specific surface area and, respectively, the metal

R .
o i)

XRD Intensity, a.u.

0, degree

Fig. 3 X-ray diffractograms of the samples: Ni-1/SiO; (a), Ni-3/SiO,
(b), and Ni-5/Si0O, (¢)
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Table 2 Mean particle size (nm) determined by different methods

Sample XRD TEM H, chemisorption Theoretical®
1 2 3 4 5

Ni-1/Si0O, 4.1 4-5 4.6 -

Ni-3/SiO, 5.1 6 5.5 5.89
Ni-5/8i0, 6.1 7 7.5 6.97

* For details see text

dispersion, decreased with the increase of the number of
SARP cycles (Ni content, respectively). The results are in
agreement with the metal particle size increase observed by
the other techniques. The particle diameter was calculated
on the basis of H, chemisorption data assuming the surface
stoichiometry of one hydrogen atom per nickel atom,
spherical shape of the particles and equal proportions of the
three low-index planes (111), (100), and (110) on the their
surface [25]. Particle sizes obtained by different methods
are summarized in Table 2.

The authors have also calculated the mean particle size
for the samples Ni-3/Si0, and Ni-5/SiO, taking for a base
the H, chemisorption results concerning the Ni-1/SiO,
sample. In these calculations it was assumed that (i) each
SARP cycle led only to increase of the size of already
existing particles and (ii) & (d stands for the mean diam-
eter) was proportional to nickel concentration. Thus,
coincidence between the calculated and experimental par-
ticle size should indicate that the metal particles produced
during the first SARP cycle indeed acted as seeds and each
next SARP cycle led mainly to increase in particle size. On
the contrary, deviations of the theoretical values from the
experimental ones should indicate either increase of the
number of metal particles (larger theoretical values) or
sintering (smaller theoretical values).

The good coincidence between the theoretical and H,
chemisorption results for the particle sizes (see Table 1,
columns 4 and 5) suggests that the process follows, to a
great extent, the Scheme presented in Fig. 1. Small devi-
ations indicate that few new metal particles have been
produced, as already observed by TEM.

The characterization by XRD and TEM was performed
ex-situ which means that the formed NiO-shell had led to
actual decrease of the metal particle size. This effect could
not be easily distinguished by TEM but should reflect in the
XRD observation. However, the differences between XRD
and the hydrogen chemisorption experiments, although
observable, were very small. This shows that passivation
was efficient and metal particle size was only weakly
affected during the exposure of the samples to air.

Ex situ characterization was also performed with fer-
romagnetic resonance (FMR). This technique can provide
information on the dispersion degree of ferromagnetic

@ Springer

metals (Ni, Fe, and Co) [2, 26]. A rough estimation of the
particle size could be made on the basis of its effect on the
FMR line characteristics. The size reduction weakens
magnetization and anisotropic effect. As a result, the FMR
line shifts, narrows, and becomes less intense [26]. How-
ever, for very small clusters with a size of about 1-1.5 nm
(“superparamagnetic” particles) the line can appear
extremely broad and consequently not observed. Intense
broad signals (g factor of about 2.22) typical of nanosized
nickel particles were recorded for all the samples. The
FMR line (AH = 760 G) of the Ni-5/SiO, (Fig. 4, spec-
trum b) is broader as compared to the line (AH = 395 G)
of Ni-1/Si0, (Fig. 4, spectrum a). Thus, these results
confirmed that the metal particles on the Ni-5/SiO, were
larger than those on the parent Ni-1/SiO, sample.

FTIR spectra of adsorbed CO

CO is an IR probe molecule that not only allows distin-
guishing between nickel in different oxidation degrees but
also provides details on the state of metal and cationic
species [27, 28]. Here the authors shall consider adsorption
of CO on reduced Ni/SiO, prepared by one SARP cycle
(Ni-1/SiO,, see Table 1). Generally, the results with the
other two samples are similar.

Introduction of CO to reduced Ni/SiO, at 100 K leads to
the appearance of series of bands at 2186, 2156, 2137,
2098, 2052, 2045, 2028, 2002, 1943, and 1897 cm™'
(Fig. 5, spectrum a). Upon dynamic vacuum at low tem-
perature the bands above 2130 cm™" disappeared from the
spectrum, the stability increasing with the wavenumber
(Fig. 5, spectrum b). At the same time, in the region below
2130 cm ™', the doublet at 2052 and 2046 cm™ and the
broad band at 1897 cm™' decreased in intensity. The
2098 cm™ band lost some intensity and was gradually

Intensity, a.u.

T T T T T
2000 3000 4000

Magnetic field, G

Fig. 4 FMR spectra of the samples: Ni-1/SiO, (a) and Ni-5/SiO; (b)
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shifted to 2091 cm™'. The weak band at ca 2002 cm™ and a
component around 2070 cm™ were the only ones in the
spectrum that increased in intensity. Bands at 2129 and
2106 cm™! (shoulder) became clearly visible. At even
lower coverages a conversion of a band at 2060 cm™ ' to a
band at 2034 cm™"' was observed (Fig. 5, spectrum ¢ and
d). Finally, after evacuation at room temperature, only
bands at 2034 and 1943 cm™' left in the spectrum (Fig. 5,
spectrum d).

The band at 2156 cm™ is due to CO polarized by the
silanol groups [28] while the band at 2136 cm™ is attrib-
uted to physically adsorbed CO. The band at ca 2186 cm™
is assigned to Ni*"—CO species [12, 13, 28-34]. Its posi-
tion is rather typical of Ni*" ions from phylosilicates than
to Ni** ions produced after reoxidation of metal nickel.
Therefore, the results indicate that small amount of the
nickel ions resisted reduction at the experimental condi-
tions applied. It is considered that nickel cations are located
at the metal-support interface and act as anchoring sites for
the metal particles thus hindering their sintering [2, 7].

All bands in the region 2130-1800 cm™" were registered
only with the reduced sample and are thus assigned to
different carbonyls formed with reduced nickel sites. The
unstable species are different adsorption forms of adsorbed
nickel tetracarbonyl (2129, 2106, 2098, 2055, 2046, 2028,
and 1897 cm™) and products of its partial decarbonylation
(2070 and 2002 cm_l) [9, 35-37]. Development of the
latter bands upon evacuation supports this interpretation.
The conversion of the band at 2060 cm™' to the band at
2034 cm™' during coverage decrease is indication that the
former one is rather due to dicarbonyls formed on defect
metallic sites [35] than to linear CO bonded to Ni° sites
in vicinity of oxidized phase [38]. The stable species

2156 2045

2052
N

0.01

Absorbance

() 2106 1897

2186 2129
\

T T T T T T T T T
2200 2100 2000 1900 1800
Wavenumber, cm™

Fig. 5 IR spectra taken after CO adsorption at 100 K on Ni-1/SiO,.
Initial equilibrium pressure of 200 Pa and evolution of the spectra
under dynamic vacuum at 100 K (a, b) and at increasing temperature
(c, d)

are linear Ni’~CO (2034 cm™') and bridged Ni9—CO
(2060 cmfl) carbonyls [9, 12, 13, 27, 28, 35, 38].

The formation of nickel tetracarbonyl complicates the
system. Some nickel can be removed during the IR
experiment which makes the results irreproducible for
subsequent CO adsorption experiments. In addition, tetra-
carbonyl formation can play a role in catalytic processes
(removal of Ni, changing size, and morphology of the Ni
particles) with the participation of CO as a reactant or
product [2, 35]. Note that formation of nickel tetracarbonyl
occurs with small metal particles and the process is
favoured by high-CO equilibrium pressure and low tem-
perature [35]. Consequently, formation of nickel tetracar-
bonyl during the catalytic reaction could be expected with
methanol decomposition at low temperatures and, above
all, with the Ni-1/SiO, sample.

Methanol decomposition

The methanol decomposition test was carried out at three-
different temperatures (476, 500, and 511 K). Note that it
was observed the secondary interaction between CO and
H, (to produce CH,) practically at T > 515 K. It is seen
from Fig. 6a that the total activity of the catalysts passes
through a maximum, i.e., the highest activity is manifested
by Ni-3/Si0,, irrespective of the lower nickel concentra-
tion as compared to Ni-5/Si0,. In addition, the catalytic
activity was stable which indicated (i) no measurable effect
of eventual formation of nickel tetracarbonyl and (ii) no
blocking of the catalytically active sites by carbonaceous
deposit.

Figure 6b shows the TOF manifested by the different
catalysts. TOF represents methanol molecules converted
per surface nickel atom per unit time and was calculated
using the following formula:

12
2 {(@) ] (b)
S B 10 1
£ 80 |
c
8_
S
@ 60- - |
N
2 =6
S 40 O
[&] — 4 -
5
20
(s 2_
I B
(@)
0 - 0-
476 500 511 476 500 511

Temperature, K
BEBER Ni-5/Si0,  [DII Ni-3/Si0, [ Ni-1/Si0,

Fig. 6 Methanol conversion to CO and H, (a) and corresponding
TOF (b) on Ni-1/SiO,, Ni-3/Si0,, and Ni-5/SiO, at different
temperatures
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Fig. 7 Selectivity to methane at 520 K on Ni-1/SiO,, Ni-3/SiO,, and
Ni-5/Si0O, (a) and corresponding TOF (b)

TOF = ——

nma
where TOF is the turn-over frequency (hfl), s, methanol
weight velocity (mol h™"); x, methanol conversion (mol/
mol); m, the mass of the sample (g); a, the hydrogen uptake
on the catalyst (mol H, per 1 g sample); n, the chemi-
sorption stoichiometry representing the average number of
surface metal atoms associated with the adsorption of each
gas molecule at monolayer coverage (n = Nig/H, = 2).

It is clearly seen that TOF decreases with increase of
nickel loading. These results unambiguously demonstrate
that methanol decomposition to CO and H, is a structure
sensitive reaction. The fact that TOF decreases with the
increase of metal particle size in the range between 4 and
7 nm could be linked to the role of low-coordination sites
at edges and corners. However, Matrsumura et al. [16, 17]
reported that catalysts containing small nickel particles,
with a size of 2—4 nm, were with low efficiency. This
suggests that the catalytic reaction could require an optimal
particle diameter at around 4 nm. Indeed, for a number of
reactions the dependence of TOF on d passes trough a
maximum in the range about 2-3 nm [2]. Usually this
was explained by the existence of special sites (e.g., the
so-called Bs sites near edges). Alternatively, the authors
could suggest that very small particles interact readily with
CO to form nickel tetracarbonyl which reflects in a low
efficiency of the catalysts.

Catalytic experiments were also performed at tempera-
tures higher than 515 K in order to obtain information on
the performance of the samples in the CO methanation
reaction. Although the results are more difficult to interpret
because of the occurrence of two subsequent reactions, the
dependencies presented in Fig. 7 indicate that, in the
framework of the experimental error, this reaction is
structure insensitive. This finding is consistent with many
literature data [21, 22] pointing out that CO methanation is
a structure insensitive reaction.

@ Springer

Finally, the authors would like to note that the proposed
by us preparation technique appears to be convenient for
synthesis of catalyst with pre-set metal particle size. In
addition, it is suitable for studying structure sensitivity
because eliminates the effect of preparation and is thus
complementary to the approach used by Hou et al. [5, 6]
who kept the same nickel loading for catalysts prepared
using different precursors.

Conclusions

e Successive adsorption-reduction—passivation is a
promising method for preparation of silica-supported
nickel nanoparticles with increasing metal concentra-
tion and particle size.

e Methanol decomposition on Ni/SiO, catalysts is char-
acterized by structure sensitivity and TOF of the
catalysts decreases with particle size increase when
they range from 4 to 7 nm.

e CO methanation on Ni/SiO, catalysts seems to be
structure insensitive reaction.
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