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Different Ni/SiO, specimens have been synthesized by impreg-
nation (sample Ni-i-Si) and grafting Ni>* ions from nickel am-
minocomplex solution on (i) SiO, (sample Ni-1-Si) and (ii) reduced
Ni-1-Si (sample Ni-2-Si). They have been characterized by TPR,
IR spectroscopy, DR UV-VIS spectroscopy, XPS, XRD, TEM, and
FMR. Due to the formation of surface silicates, the Ni%* ions from
Ni-1-Si exhibits low acidity and forms carbonyls only at low tem-
peratures. They are characterized by a higher reduction tempera-
ture (TPR peak at 956 K) than the Ni>* ions from the Ni-i-Si sample
(two TPR peaks at 652 and 710 K). Highly dispersed metal particles
are formed after reduction of the Ni-1-Si sample (ca. 2 nm in dia-
meter), the CO adsorption reveals the lack of dense crystal planes.
The reduced Ni-i-Si sample is characterized by a lower dispersion
of nickel (main diameter of the metal particles of 16 nm). Expo-
sure of the reduced Ni-1-Si sample to oxygen causes oxidation of
all of the surface situated metal nickel to Ni?*. These Ni** ions are
reduced much more easily (TPR peak at 489 K) than those initially
deposited. Part of the silica surface is regenerated during the reduc-
tion of nickel and is not blocked again after oxidation, which allows
subsequent deposition of Ni?* ions on the reduced catalysts. As a
result, the nickel concentration increases. Reduced Ni-2-Si sample
is also characterized by small nickel particles (ca. 2-3 nm in diam-
eter). The results evidence that subsequent deposition-reduction of
Ni%* ions on silica can be used to prepare highly dispersed nickel
catalysts with different nickel concentration. @ 1999 Academic Press

1. INTRODUCTION

The synthesis of supported metal catalysts is generally
aimed at reaching maximum dispersion of the metal with a
view to its more efficient participation in the catalytic pro-
cesses. However, for a number of reactions (the so-called
structure sensitive reactions) the catalytic activity depends
onthe metal particle size, sometimes passing through a max-
imum (1). The data for the structure-sensitive reactions are
often scarce because of the lack of appropriate samples with
well defined monodisperse metal particles. For that reason,
it is of definite interest to develop reliable methods for syn-
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thesis of supported metal catalysts, which are characterized,
in the ideal case, by a predetermined diameter and a narrow
metal particle size distribution. This would allow obtaining
new data on the structure-sensitive reactions and thus de-
velopment of more effective catalysts.

The mean diameter of supported metal particles depends
on different factors, including synthesis method (1-11),
kind of the support (1-4, 12, 13), concentration of the
metal (1, 12), prereduction treatment (1, 14), and reduction
conditions (1, 12, 15). Impregnation is the most widely
applied technique for preparation of supported catalysts.
This method, however, often leads to inhomogeneous
distribution of the active phase and to its low dispersion.
Techniques usually ensuring the formation of highly
dispersed metal catalysts are ion-exchange, deposition—
precipitation, and coprecipitation (1-11). The so-called
ion exchange occurs only when there is specific interaction
between the metal ions and the support (1-8). This method
has restricted possibilities of controlling the active phase
content: the uptake coverage is limited by the number of
active sites for exchange.

By studying the mechanism of photocatalytic silver depo-
sition on titania (16) we established that the reduction of the
adsorbed Ag" ions leads to regeneration of the sites when
the silver has been initially located. This phenomenon has
been the basis for proposing, a few years ago, a new method
for the synthesis of supported metal catalysts, namely mul-
tiple ion-exchange (6). The metal ions are deposited by ion-
exchange and then reduced. During the reduction a large
fraction of the original sites for exchange are liberated.
This allows subjecting the reduced catalyst to a second ion-
exchange, etc. The method combines some of the advan-
tages of the ion-exchange (e.g., homogeneous distribution
of the active phase and formation of high-dispersion metal)
with the possibility of synthesizing catalysts with a higher
metal concentration. The multiple ion-exchange has been
applied successfully to the Pt/TiO; system and resulted in
formation of well defined platinum particles with a narrow
particle size distribution (6). It has been established, how-
ever, that the process is not a real ion-exchange, but rather
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adsorption of cations on titania, which results in blocking of
the Lewis acid sites. For that reason, we have proposed that
a more informative way of denoting the technique is suc-
cessive adsorption and reduction (17), or more generally,
successive deposition-reduction (SDR).

Deposition of nickel by SDR could meet some difficul-
ties. Supported nickel catalysts are often oxidized in air
(12) which might lead to a redistribution of nickel onto the
support surface, and thus the next deposition might be hin-
dered. We have studied the possibility of applying SDR to
prepare titania- (17) and zirconia-supported (18) nickel. In
both cases SDR led to an increase in nickel concentration.
However, the SMSI affected the processes and the result-
ing metal particles were of low dispersion (about 20 nm in
diameter for the Ni/TiO; system). No SMSI is typical with
silica (19). In addition, silica, compared to other supports,
usually ensures a better dispersion of nickel, irrespective of
the preparation method (12). For these reasons we tried to
establish the applicability of SDR for synthesis of Ni/SiO,
catalysts. Ni/SiO; samples have been prepared by SDR and
have been characterized by different techniques. A sample
prepared by impregnation was also studied for the sake of
comparison. It was demonstrated that, here again, no real
ion-exchange occurs and the process is better described by
the term successive deposition-reduction.

2. EXPERIMENTAL

2.1. Catalyst Preparation

The silica support used was a commercial Aerosil sample
with a specific surface area of 336 m? g~2.

Two different methods were applied to the preparation
of the Ni/SiO, catalysts: deposition of Ni?* ions by grafting
from nickel amminocomplex solution (including SDR) and
impregnation. Some characteristics of the Ni/SiO, samples
studied, as well as the notations that will be used further on
in the text, are presented in Table 1.

To prepare Ni-1-Si, 10 g of SiO, was suspended in 150 ml
0.1 M Ni?* solution obtained from Ni(NO3), and containing
12.5 wt% ammonia (pH 12.3). The mixture was agitated for
1 hand then the precipitate was filtered, washed thoroughly

TABLE 1
Some Characteristics of the Ni/SiO, Samples Studied

Concentration

Notation Preparation technique of Ni (wt%o)

Ni-i-Si  Impregnation of SiO, by Ni(NOs3), solution 1.70

Ni-1-Si  Grafting Ni** on SiO, from 1.72
Ni?*(NHs), solution

Ni-2-Si  Second deposition of Ni?* on 2.63
reduced Ni-1-Si

Ni-3-Si  Third deposition of Ni>* on reduced Ni-2-Si 3.31
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with water, and dried. Finally, the sample was calcined for
1 h at 623 K in order to remove adsorbed ammonium
ions.

Ni—2-Si was prepared in the same way, but in this
case the reduced Ni-1-Si sample was utilized instead of the
pure support. All the other procedures were as described
above for the preparation of the Ni-1-Si sample. Analo-
gous were the procedures for the third deposition.

Ni-i—Si was synthesized by incipient wetness impregna-
tion of silica with a nickel nitrate solution. In order to de-
compose the nickel nitrate completely, the catalyst was cal-
cined for 1 h at 723 K. The nominal nickel concentration
was calculated in such a way that it corresponded to the
concentration in the Ni-1-Si catalyst.

All samples were reduced in a flow of 10 vol% H, in Ar
with a flow rate of 50 ml min~!. The samples were exposed
to this flow at ambient temperature, while the reduction
temperature (TR) was attained with a heating rate of 5 K
min~!. After 1 h reduction at TR the samples were cooled
to room temperature in argon. The TR for all Ni/SiO, spec-
imens prepared by deposition from nickel amminocomplex
solution was 973 K, whereas for Ni-i-Si it was 773 K.

2.2. Apparatus

The TPR experiments were performed with 10 vol% hy-
drogen in argon (30 ml min~!) at a heating rate of 10 K
min~!, the hydrogen consumption being measured by a
catharometric detector. All TPR profiles were normalized
for the same catalyst mass.

The IR spectrawere recorded by a Bruker IFS-66 appara-
tus ataspectral resolution of 1 cm~taccumulating 128 scans.
The insitu IR cell was connected to a vacuum/sorption sys-
tem with a residual pressure less than 1072 Pa. The specially
constructed cell allowed the IR measurements to be per-
formed between 85 K and ambient temperature. Prior to the
experiments, the samples were pressed into self-supporting
pellets and heated directly in a vacuum-absorption appa-
ratus. The activation was carried out by successive ther-
mooxidative (1 h, 20 kPa oxygen) and thermovacuum (1 h)
treatments at 673 K.

The XPS measurements were performed by an
ESCALAB Mk Il (VG Scientific) apparatus with a mag-
nesium anode (hv =1254.6 eV). The binding energy values
were corrected using the C 1s level (284.8 eV) of the carbon
contaminants on the surface.

The diffuse reflectance UV-VIS spectra were recorded
by a Beckman 5270 UV-VIS spectrometer utilizing BaSO,
as white standard.

The X-ray phase analysis was made by a DRON-3 appa-
ratus with a CuK, radiation source.

The electron microphotographs were taken by a JEOL
JEM 100B transmission electron microscope with an 80-kV
accelerating voltage.



316

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

The nickel content of the catalysts was determined by
flame atomic absorption spectrometry at the resonance
wavelength using a PYE-UNICAM SP 1950 apparatus.

3. RESULTS

3.1. Temperature-Programmed Reduction

TPR is a favorable technique for studying supported
nickel catalysts. Bulk NiO is characterized by a TPR peak at
673 K (20), whereas when the nickel ions interact with the
supports (e.g., forming surface compounds) their reduction
temperature considerably increases (10, 20, 21). A “NiO”-
like defect phase, produced by oxidation of supported metal
nickel, is reduced in the temperature interval of 383-628 K:
the higher the temperature of preliminary calcination, the
higher the reduction temperature (14, 20).

The TPR profiles of our Ni/SiO, samples are shown in
Fig. 1. The impregnated Ni-i-Si catalyst produces an asym-
metric peak consisting of two components with maxima at
652 and 710 K (Fig. 1, curve a). This evidences some inho-
mogeneity of supported nickel. According to data from the
literature (4, 8-10, 13, 22-24), the TPR peaks are due to
reduction of the supported “NiO”-like phase.

The TPR profile of sample Ni-1-Si displays a broad peak
with a maximum at 956 K (Fig. 1, curve b) which can be as-
cribed to reduction of Ni?* ions from surface nickel philosil-
icates to metal nickel (4, 8-11, 13, 22, 24). After the TPR
procedure, the sample has been contacted with air at ambi-
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FIG. 1. TPR profiles of Ni-i-Si (a), Ni-1-Si (b), Ni-1-Si subjected to
TPR and reoxidized in air at 293 K (c), and Ni-2-Si (d).
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ent temperature for 1 h. The properties of this reoxidized
Ni-1-Si strongly differ from those of the fresh sample: the
TPR pattern contains a peak with amaximum at 489 K; i.e.,
the reduction temperature is by about 470 K lower (Fig. 1,
curve c). These results evidence that, regardless of the fact
that exposing a reduced sample to air leads to oxidation of
part of the nickel, the oxidized phase obtained differs very
much in properties from the nickel-containing phase in the
fresh sample.

The TPR profile of Ni-2-Si shows two peaks with max-
imaat627 and 873 K (Fig. 1, curve d). The high-temperature
peak resembles in shape and position the peak for Ni-1-Si
and can be attributed to reduction of nickel ions from sur-
face nickel silicates. The presence of the low-temperature
peak evidences the inhomogeneity of nickel in this sam-
ple. This peak can be assigned to reduction of reoxidized
nickel ions originating from the first deposition. It should
be noted that the maximum is at a higher temperature than
the maximum of the peak detected with reoxidized Ni-1-
Si. This seems to represent a contradiction, but is in fact due
to the different reoxidation temperatures: before the TPR
the Ni—2-Si sample has been calcined at 623 K.

3.2. Infrared Spectroscopy

Infrared spectroscopy of probe molecules has been used
to estimate the state of nickel in the samples. Carbon
monoxide is a probe molecule which allows separate mon-
itoring of Ni?*, Ni*, and Ni° on the surface of supported
nickel catalysts. Carbonyls of the Ni?*-CO type are de-
tected only under equilibrium pressures and produce bands
at 2220-2180 cm~1 (3, 25-30). With Ni* ions carbon monox-
ide forms stable monocarbonyls (2160-2110 cm™1) (26-29),
which may be converted into dicarbonyls (vs(CO) at 2145—
2131 cm~! and v45(CO) at 2100-2081 cm™1) (26, 27) under
equilibrium CO pressures. The typical bands for linear car-
bonyls of metal nickel are observed at about 2060 cm™,
whereas the bridged nickel carbonyls are visible below
2000 cm~1 (3, 26, 29-32). In addition, bands due to Ni(CO)y
species can be detected below 2130 cm™* (17, 18, 33, 34).

The IR spectrum of activated Ni-1-Si is essentially the
same as those observed with pure silica. It exhibits three
broad bands within the 2000-1600 cm™! region which
characterize overtones of lattice vibrations (1990 and
1626 cm~1) and a combination frequency (1872 cm™1) (35).
Own absorption of the sample determines the so-called
“cut-off” at about 1350 cm~*: below this frequency the sam-
ple is opaque and no spectra of surface compounds can be
detected there. In the region of the OH stretching modes
there is a narrow band with a maximum at 3742 cm~! which
characterizes terminal groups of the Si—-OH type.

The introduction of CO (1.6 kPa) to the Ni-1-Si sample
produces no CO bands. This indicates that either nickel has
penetrated in the catalyst bulk or Ni?* ions are present on
the surface but possess a very weak electrophilicity. The
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FIG. 2. FTIRspectraof COadsorbedon Ni-1-Siat85 K. Equilibrium
CO pressure of 10 Pa (a) and evolution of the spectra under dynamic
vacuum (b-i).

existence of surface Ni* ions or Ni® atoms can be excluded
because in both cases carbonyl complexes should be formed
and detected (26-30).

Adsorption is favored at low temperatures and species
that are not stable at room temperature can thus be de-
tected. In order to establish whether Ni?* ions are present
on the Ni-1-Si surface, we have studied the adsorption of
CO at 85 K. Introduction of CO (10 Pa equilibrium pres-
sure) at 85 K to the sample leads to the appearance of three
principal bands in the IR spectrum, their maxima being at
2184, 2157, and 2137 cm™~* (Fig. 2, spectrum a). The band
at 2137 cm~! is typical of physically adsorbed CO and dis-
appears easily upon evacuation (Fig. 2, spectra b-i). The
next band that vanishes with pumping is that at 2157 cm™1,
Its intensity changes simultaneously with the red shift of
the 3742 cm™! Si-OH band by —93 cm™'. This behavior
is typical of the silanol groups on pure silica where the
same shift of the OH stretches has been detected upon
low-temperature CO adsorption (36). Thus, the 2157 cm™?
band is assigned to H-bonded CO. The band at 2184 cm™!
has not been observed with silica and is thus attributed to
CO polarized by Ni?* ions (3, 25-30). This band decreases
in intensity during evacuation and its maximum gradually
shifts to higher frequencies. Even after 10 min evacuation
at 85 K, however, the band keeps a significant part of its
intensity.

To develop an easier way of detecting surface Ni?* ions
with a low acidity we also studied the adsorption of NO.
Nitrogen oxide is a little stronger base than CO and thus
cations, that are inert toward CO adsorption at room
temperature, may be monitored by NO. With supported
Ni?* cations NO forms nitrosyl species that are detected
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around 1870-1840 cm™. There is no agreement in the lit-
erature about the interpretation of this band and it has
been assigned to mono- (Ni?*-NO) (37-40) or to dinitrosyls
(Ni?*(NO),) (41, 42). At the same time adsorption of NO
did not lead to formation of nitrosyls on the pure SiO, sup-
port (43), in agreement with the lack of Lewis acidity on sil-
ica (34). Introduction of 2.0 kPa NO to the IR cell causes the
appearance of a band with a maximum at 1870 cm~* which
is assigned to nitrosyls of Ni>* ions (37-42). This is in agree-
ment with the results obtained by low-temperature CO ad-
sorption. A similar behavior has recently been reported for
Co?* ions adsorbed on silica (43): they are not electrophilic
enough to form carbonyls at room temperature and ad-
sorbed CO is detected at low temperatures only. On the
contrary, stable nitrosyls are formed at room temperature.

For the next experiments a sample of Ni-1-Si was re-
duced in situ at 973 K in flowing hydrogen. Adsorption of
CO (1.6 kPa) on the sample thus treated produces an in-
tense band with a maximum at 2050 cm~1, a shoulder at
2078 cm~!, and a weak band at 1922 cm~! (Fig. 3, spec-
trum a), which evidences formation of carbonyls with the
participation of metallic nickel (26, 29, 30). The 2050 cm™!
band initially increases in intensity with time and than starts
to decline (Fig. 3, spectra b—d). After evacuation only two
weak CO bands at 2060 and 1922 cm~! remain in the spec-
trum (Fig. 3, spectrum e). Subsequent cycles of introduction
of CO and evacuation result in the appearance and disap-
pearance, respectively, of the 2050 and 2078 cm~! bands:
the intensity of the former band decreases with the number
of cycles (Fig. 3, spectra f, g). In addition, in the gas phase a
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FIG.3. FTIR spectra of CO adsorbed at ambient temperature on a
Ni-1-Si sample in situ reduced at 973 K. Equilibrium CO pressures of
1.6 kPa (a) and evolution of the spectra in the CO atmosphere (b-d);
evacuation (e); introduction of 1.6 kPa CO (f); subsequent evacuation
and introduction of 1.6 kPa CO (g).
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band at 2057 cm~! assigned to gaseous nickel carbonyl (34)
was detected. These results evidence that a loss of surface
metal nickel occurs, as earlier reported for Ni/SiO, (34),
Ni/TiO; (17), and Ni/ZrO, (18) systems.

The reduced sample was tested by CO at low temper-
ature in order to check the eventual existence of residual
Ni?* ions. Adsorption of CO (200 Pa equilibrium pressure)
at 85 K results in appearance of bands due to physically ad-
sorbed CO (2138cm~1) and H-bonded CO (2157 cm ™). The
bands due to carbonyls of metallic nickel were visible below
2100 cm~. No bands assignable to Ni**—CO species were
detected, which implies a full reduction of the nickel ions.

After the evacuation of CO, the sample was passivated by
adding 200 Pa of O, into the IR cell at ambient temperature.
After 5 min the oxygen was pumped out and the sample was
tested by CO. No band of metal nickel carbonyls have been
detected, which evidences that all of the surface situated
Ni°® atoms have been oxidized. Only a band at 2178 cm™*
with a very low intensity was detected. It disappeared after
evacuation and is assigned to Ni**—CO carbonyls (3, 25—
30), thus evidencing the existence, on the sample surface,
of Ni?* jons with a higher acidity than that of the initially
adsorbed ions.

After CO evacuation, the sample was subjected again to
oxidation; however, this time the interaction with oxygen
was performed at 623 K. In order to detect all Ni?* ions we
performed the CO adsorption at low temperature. Intro-
duction of CO (10 Pa) to the sample at 85 K (Fig. 4, spec-
trum a) resulted in the appearance of an asymmetric band
at 2156 cm~! (H-bonded CO) with a lower-frequency shoul-
der at 2138 cm~! (physically adsorbed CO). Decreasing the
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FIG. 4. FTIR spectra of CO adsorbed at 85 K on a Ni-1-Si sample in
situ reduced at 973 K and reoxidized at 623 K. Equilibrium CO pressures
of 10 Pa (a) and evolution of the spectra under dynamic vacuum (b-g).
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equilibrium pressure/evacuation results in disappearance
of the H-bonded and physically adsorbed CO and a Ni**—
CO band at 2175 cm~! is now clearly detected (Fig. 4, spec-
trad—g). The intensity of this band is lower than the intensity
of the Ni?*—CO band detected with the fresh Ni-1-Si sam-
ple. Taking into account that the CO extinction coefficient
of o-bonded and/or polarized CO weakly depends on the
CO stretching frequency (37), it can be concluded that the
number of accessible Ni?* ions on the reoxidized sample is
smaller than on the fresh one.

These above results show that even at room temperature
O, oxidizes all accessible Ni atoms to Ni?* ions. Higher
oxidation temperatures lead to an increase in concentration
of these Ni?* ions due to an additional oxidation of nickel
from the metal particles and, most probably, to redispersion
of the Ni?* containing phase.

A Ni-2-Si sample was reduced in situ at 723 K. According
to the TPR results, after this treatment all nickel deposited
by the first procedure has to be in a metal state but no reduc-
tion of the nickel deposited by the second procedure is ex-
pected. The samples were tested by CO at 85 K. The results
evidence a simultaneous existence on the sample surface
of Ni?* ions (band at 2193 cm~* red shifted with increasing
coverage) and metallic nickel (bands below 2100 cm™1).

3.3. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy is a convenient meth-
od of studying supported nickel catalysts (8, 12, 44, 45).
The dispersion of the supported phase may be judged by
the intensity of the Ni 2ps, peak, while the peak position
is informative with respect to the oxidation state of nickel:
metal nickel is characterized by a peak at about 853 eV,
and peaks above this energy correspond to Ni?* (44, 45).
In addition, XPS can give information about the presence
of a separate NiO phase which produces a doublet at about
853.5 and 855.5 eV (44).

The XPS spectra of the Ni/SiO, samples are presented in
Fig. 5. The spectrum of Ni-1-Si exhibits a Ni 2p3, band at
857 eV, which is typical of Ni?* ions (Fig. 5, spectrum a). The
ex situ reduced Ni-1-Si sample also shows a Ni 2pz/, band,
however at lower energies, 856 eV (Fig. 5, spectrum b). In
addition, the band is weaker in intensity and a careful study
of the spectrum permits detecting a low-intensity shoulder
at about 853 eV, which is characteristic of metallic nickel.
These results show, in agreement with the results obtained
by the other methods, that part of the metallic nickel has
been oxidized after the contact of the sample with air. The
lower intensity of the signal (related to the nonreduced sam-
ple) suggests a lower dispersion of nickel and is likely due to
its redistribution in islands on the surface. The lower energy
of the Ni 2ps/, peak can be explained by the formation of a
disperse two-dimensional “NiO”-like phase on the surface.

The spectrum of the ex situ reduced Ni-2-Si sample
(Fig. 5, spectrum c) has a distinct peak of metallic nickel
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FIG.5. XPS spectra of: Ni-1-Si (a), Ni-1-Si, ex situ reduced at
973 K (b) and Ni-2-Si ex situ reduced at 973 K (c).

(853 eV). The peaks of Ni?* and Ni° are more intense than
the respective peaks recorded with the reduced Ni-1-Si,
which is due to an increase of the total nickel concentra-
tion. However, in contrast to sample Ni-1-Si (see spec-
trum a), the detected surface concentration of Ni** in the
reduced Ni-2-Si sample is lower, which (when compared
to the total nickel concentration) indicates a lower disper-
sion. The small difference between the Ni?* peak positions
(by 0.5 eV) in spectra “b” and “c” probably arises from the
different Ni?*/Ni° ratio in both samples.

3.4. Diffuse Reflectance UV-VIS Spectroscopy

To determine the initial state of the deposited nickel, the
Ni-1-Si sample (ligh green in color) has been studied by
electron spectroscopy. Its spectrum contains, in the 1300- to
300-nm region, four bands with maxima at 1080, 735, 660,
and 400 nm (Fig. 6, spectrum a). These bands are typical
of Ni?* ions in octahedral surroundings and are due to the
transitions *Agg — 3Tag (1080 nm), 3Ayq — 3T14(F) (735 and
660 nm), and 3Ayg — 3T14(P) (400 nm) (46). The 3Ay —
3Tlg(F) band is observed as a doublet due to the mixing
of the close 3Ty4 and 'Ey level states. The 660-nm band
is more intense than that at 735 nm which proves weak
exchange interaction between the nickel ions and indicates
a high dispersion of the supported Ni>* phase (46).

The spectrum of Ni-i-Si (grayish in color) manifests
a high absorption background without distinct maxima
(Fig. 6, spectrum b). This suggests the presence of Ni®+
ions (47) due to the formation (during the calcination) of
a low-dispersed “NiO” phase having superstoichiometric
oxygen in its structure.
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3.5. Metal Particle Sizes

Metal particle size in the reduced Ni/SiO, samples has
been determined by different techniques: XRD, TEM, and
ferromagnetic resonance.

The XRD pattern of Ni—2-Si (ex situ reduced) contains
a (111) nickel line with a half-width corresponding to a
mean particle diameter of about 2 nm. Unfortunately, exact
determination of the nickel particle size for Ni-1-Si sample
has proved impossible by XRD because of the large half-
width and the very low intensity of the line, but it seems
that the metal particles on this sample are comparable to
those on Ni-2-Si. In contrast, a rather sharp Ni (111) line
has been detected in the diffraction pattern of the Ni-i-
Si sample. Calculation has shown the mean metal particle
diameter in this case to be 16 nm.

The Ni-1-Si and Ni-2-Si samples (ex situ reduced) have
also been studied by TEM. The electron microscope pho-
tographs of Ni-2-Si show uniform nickel particles with a
diameter of about 2-3 nm. Metal particles have not been no-
ticed on the Ni-1-Si catalyst. This indicates that the Ni® par-
ticles in Ni-1-Si are probably smaller than those in Ni—2-Si.

Another technique giving information on the dispersion
of supported ferromagnetic metals is FMR (48). The in-
crease in metal particle size leads to an increase in the
magnetization and the anisotropic effect. As a result, the
resonance line broadens and the g-factor is shifted. It is still
possible to detect a signal even with ferromagnetic parti-
cles having a diameter of dozens of nanometers. With very
small particles (d <1 nm) and low metal concentration the
lines also become very broad and might not be detected.

The FMR spectra of Ni-1-Si and Ni-2-Si samples (ex
situ reduced) show symmetric signals with a g-factor of 2.22
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FIG.6. DR UV-VIS spectra of Ni-1-Si (a) and Ni-i-Si (b).
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and equal (within error limits) line widths, AH, of 300 G.
The Ni-i-Si catalyst is characterized by a much wider line
(AH =1540 G and g = 2.35), which is associated with much
lower metal dispersion of Ni-i-Si than that seen with Ni-
1-Si and Ni-2-Si.

3.6. Leaching Experiments

In order to establish whether some nickel from the re-
duced samples passes back into the solution when the next
deposition procedure is performed, we carried out some
leaching experiments. The reduced Ni-1-Si sample was sub-
jected to a treatment similar to that used for the preparation
of Ni-2-Si; however, ammonia (12.5 wt%) only was applied
in this case. The result obtained showed that about 15% of
the total nickel present in the sample had passed into the
solution. Experiments were also performed by suspending
silicain 12.5% ammoniasolution at the same condition used
for nickel deposition. No silica was detected to pass into the
solution.

4. DISCUSSION

4.1. Nickel lons on Silica

It is of interest to establish the mechanism of deposi-
tion of nickel cations on silica. Our results clearly prove
that the process is not ion-exchange. In numerous studies it
has been established that the ion-exchange on zeolites pro-
ceeds with the participation of the H™ cations of the zeolite
acidic surface hydroxyl groups (observed at ca. 3610 cm™!
in the IR spectra) but the terminal silanol groups are not
involved in the reaction (35, 49). Accordingly, the spectra of
our Ni-1-Si sample and SiO, do not differ from each other
in the v(OH) stretching region: in both cases terminal Si—
OH groups at 3742 cm~* have been detected. All this indi-
cates that the deposition of nickel ions from amminocom-
plexes on silica is not an ion-exchange process. In general,
the adsorption of cations on acidic oxide surfaces, such as
SiO,, proceeds at pH > ZPC (zero point charge) of the ox-
ide (50). Under these conditions the adsorbed hydroxyl an-
ions determine the negative surface charge and cations are
adsorbed electrostatically in a second layer in order to pre-
serve the neutral total charge. However, many cations (the
so-called specifically adsorbed cations) are bound to the
surface by additional forces. It has been found (51) that
the double layer plays no decisive role in the adsorption of
Ni?* ions from nickel amminocomplex solutions on various
oxides since the uptake coverage depends more strongly
on the solution composition (determining the kind of the
species being adsorbed) rather than the nature of the ad-
sorbent. At the pH values used by us, the real adsorption
species are expected to be [Ni(NH3)s]** ions (51).

Since the Ni?* ions on our sample are strongly bound to
the surface (for instance they are not removed by washing)
it is evident that silica has entered in the first coordina-
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tion sphere of the nickel. The IR spectrum of Ni-1-Si in
the region of OH stretching modes excludes the presence
of a nickel hydroxide or nepoulite surface phase (charac-
terized by OH bands at 3640 and 3645 cm—2, respectively)
and is rather similar to the IR spectrum of Ni/SiO; where
the surface nickel silicates have the structure of talc (2). In-
deed, it is reported in the literature that talc-type silicates
are formed when the ion-exchange is performed at pH > 10
(2). The Si: Niratio in these silicates (2: 1) is also consistent
with the relatively low nickel concentration in our sample.
We have no direct evidence of talc formation but similar
structure is supported by the IR spectra of adsorbed CO.
The relatively big chemical shift of CO evidences interac-
tion between the adsorbed molecules through the solid.
This may be explained by the fact that the nickel ions are
placed in —O-Ni—-O-Ni-O- rows, as in the talc structure.
Note, however, that the Ni?* ions are accessible for adsorp-
tion of probe molecules. This means that, if talc structure is
formed, planes with exposed nickel are produced. There are
data in the literature suggesting formation of talc structures
where the nickel ions are sandwiched between two SiOg-
constituted layers (2). To obtain such a structure it is neces-
sary to dissolve partially silica. Such a dissolution, however,
can occur when the synthesis temperature is relatively high
(ca. 370 K) and the contact time sufficiently long (at least
several hours). Our experimental conditions are different
and as a result the nickel ions on our sample are surface
situated. It is possible, however, that negligible dissolution
of silica has favored the formation of ordered structures.

One of the main conclusions to be drawn as a result of
this study is that the properties of silica-supported nickel
ions depend strongly on the sample synthesis method. The
grafting leads to the formation of surface silicates (4, 8-
10, 22, 52, 53) which are characterized by a high reduction
temperature. The latter usually favors a large metal parti-
cle size. Irrespective of this, the characterization of the cat-
alyst by various methods showed a high dispersion of the
supported metal nickel. The impregnation method leads to
less dispersed and inhomogeneously distributed Ni’* as a
“NiO”-like phase. Ni-i-Si can be reduced at a much lower
(by 250 K) temperature than Ni-1-Si but the metal particles
obtained after reduction are much larger.

4.2. Silica-Supported Metal Nickel

The metal particles on our Ni-1-Si sample are of high
dispersion. This was observed by direct techniques, like
TEM and XRD. However, the only information for the
metal particles obtained in situ is by the IR spectra of
adsorbed CO. Many data in the literature concerning
CO adsorption on metallic nickel show that, in general,
the adsorption forms at ambient temperature can be
divided into two groups: (i) reversible and (ii) irreversible
adsorption. The irreversible adsorption is also attributed
to two different species: linear and bridged CO. If regular
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crystal planes such as (100) and (110) are exposed on the
metal surface (big nickel particles), the linear species are
observed at ca. 2030 cm~? (32). In addition, the bands due
to bridged species (around 1900 cm~Y) are relatively in-
tense. On the contrary, if the surface is “amorphous” (small
metal particles) the bands due to linear species are more
intense than the bands characterizing bridged species and
are detected at higher frequencies (>2040 cm™?) than the
bands of CO linearly adsorbed on regular planes. With our
sample the irreversibly adsorbed CO (Fig. 3, spectrum e)
produced a band due to linear complexes at relatively high
frequencies (2060 cm™') and was more intense than the
band due to bridged CO. This clearly evidences that the
“in situ” formed metallic nickel is highly dispersed.

Another set of bands arising after CO adsorption on
nickel concerns the reversibly bound CO. There is agree-
ment in the literature that these bands are typical of highly
dispersed nickel (32-34). In our case these are the bands at
2078 and 2050 cm~2. The first one is assigned to Ni(CO)y
species (x=2-3), whereas the latter band characterizes
physically adsorbed Ni(CO), (33, 34).

The Ni atoms formed during the reduction migrate to
form metal particles. It is evident that this process liberates
a free silica surface which can be used for the next deposi-
tion. If all of the nickel deposited during the second SDR
procedure migrates during the reduction to the metal par-
ticles already formed with the participation of the nickel
deposited by the first procedure, the latter should increase
in diameter. This increase, however, should be very small
(ca. 1.15 times). Unfortunately, we cannot draw definitive
conclusions about such a small effect on the diameter of
the metal particles. The easier reoxidation of nickel on the
Ni-1-Si sample compared with the situation observed with
the Ni—2-Si specimen suggest, however, formation of bigger
metal particles in the latter case.

One of the main purposes of the present investigation
is to establish to what extent the reoxidation of nickel af-
fects the possibility of carrying out SDR. In principle, metal
particles of higher dispersion are oxidized more easily. The
results of the present paper show that a large part of metal
nickel in the reduced Ni-1-Si catalyst is reoxidized even at
room temperature when the sample is put in contact with
oxygen (air). The IR spectroscopy data evidence that all
accessible nickel atoms on the sample are oxidized to Ni%™.
This situation is different for Ni/TiO, and Ni/ZrO, samples
prepared by SDR, where Nit was found (17, 18).

The “NiO”-like phase obtained after oxidation of Ni
SiO, strongly differs in properties from surface nickel
silicates. On the one hand, itis reduced at a much lower tem-
perature and, on the other, the nickel ions in it have a more
pronounced electrophilicity and are able to form complexes
with CO at room temperature. It should be pointed out that
this phase differs also from usual bulk NiO, as evidenced
by TPR and XPS. The reduction temperature of reoxidized
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nickel ions depends on the temperature of the previous
calcination of the samples. This is evidently associated with
the dispersion of the “NiO” phase formed and is most prob-
ably due to the defects in the “NiO” structure. With rising
reoxidation temperature the concentration of nickel ions
detected by CO increases, which shows a higher oxidation
degree and a higher surface concentration of Ni®*.

It is evident that the reoxidation of nickel does not lead
to migration of nickel ions to their initial location. This sug-
gests that the main part of the silica surface liberated by
reduction can again be active with respect to adsorption of
Ni?* ions. Indeed, the chemical analysis data show that the
increase in nickel concentration after the second exchange
is 1.53. A small part of the initially deposited nickel has
passed into the solution during the second deposition and
the real fraction of regenerated surface is larger. The re-
maining surface is physically blocked by metal nickel and
“NiO”-like phase. The results presented in Table 1 demon-
strate that SDR can be performed several times, although
the amount of the deposited decreases with the number of
SDR cycles.

On the basis of the results obtained one may propose
the following scheme of Ni?** SDR on SiO, (Fig. 7). The
first deposition of Ni?* ions results in formation of surface
nickel silicates. Disperse metal particles are produced after
reduction, while the major part of the active sites for depo-
sition are liberated. After coming into contact with oxygen
at room temperature, the nickel particles are covered by
a layer consisting of a “NiO”-like phase which, however,
remains localized around the metal particle. This allows a
second deposition, as a result of which both, nickel silicates
and metal nickel particles covered by a “NiO”-like phase,
coexist on the sample surface. Reduction of this sample re-
sults in formation of metallic nickel particles with a mean
diameter comparable with (and most probably little larger
than) the particles formed on the reduced Ni-1-Si sam-
ple. At higher reoxidation temperatures (right hand side
of Fig. 7) more metallic nickel is converted to “NiO”-like
phase and the amount of surface Ni?* ions increases.

5. CONCLUSIONS

e The Ni?* ions deposited on SiO, by grafting from
Ni?*(NHs)y solution possess a low acidity: they form com-
plexes with CO only at low temperature. These nickel ions
are characterized by a higher reduction temperature (TPR
peak at 956 K) than the Ni%* ions from the sample prepared
by impregnation (two TPR peaks at 652 and 710 K).

e Highly dispersed (ca. 2 nm in diameter) metal particles
are formed after reduction of the grafted Ni’* cations. No
regular crystal planes are exposed on their surface. As a re-
sult CO adsorption easily reacts with nickel forming volatile
Ni(CO),asafinal product. The reduced sample prepared by
impregnation (and having the same nickel concentration)
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FIG.7. Scheme of subsequent deposition-reduction (SDR) of Ni?*
ions on silica.

is characterized by much lower metal dispersion (main di-
ameter of the nickel particles of 16 nm).

e The major part of the silica surface where the grafting
proceeds is liberated after reduction of the Ni?* cations and
is not blocked again after exposure of the sample to oxy-
gen (air). This permits subjecting the reduced sample to a
second deposition and, as a result, the nickel concentration
increases. Subsequent reduction results again in formation
of highly dispersed nickel (main diameter of the metal par-
ticles ca. 2-3 nm).

e Subsequent deposition-reduction of Ni>* ions on silica
can be used to prepare highly dispersed nickel catalysts with
different nickel concentrations.
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