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EXAFS analysis and Temperature-Programmed Reduction experiments (TPR) have been carried
out on calcined Ni/SiO, materials prepared by incipient wetness impregnation at different pH
values, ion exchange with ammonia and ethylenediamine solutions, and deposition—precipitation.
The interaction of the Ni(II) ions with silica is shown to be dependent on the first steps of catalyst
preparation, i.e., deposition, washing, and drying. Silicates with a layer structure are formed in
samples prepared by deposition—precipitation and ion exchange from ammoniacal solutions. Silicate
formation inhibits the NiO crystallization up to 500°C. The silicate decomposition is favored when
the thermal treatment is performed under reduced pressure. The reducibility of the nickel oxide
phase resulting from silicate decomposition is strongly hindered in comparison with that of unsup-
ported nickel oxide. The silicate formation is avoided using a strong chelating ligand such as
ethylenediamine during ion exchange. With ethylenediamine, isolated Ni(II) species stable to 500°C

are obtained. © 1992 Academic Press, Inc.

INTRODUCTION

Silica-supported nickel catalysts have
found widespread application in hydrogena-
tion and hydrogenolysis reactions, such as
the methanation of coal synthesis gas (/-3),
or in olefin dimerization (¢, 5). It is well
known that the preparation method has a
significant effect on the properties of
Ni/SiO, catalysts, such as reducibility and
Ni particle size distribution. For example,
Ni/SiO, catalysts prepared by incipient wet-
ness impregnation or by deposition—precipi-
tation have been shown to present quite dif-
ferent behavior upon reduction/oxidation
treatments (6-8). In the former case, large
NiO crystallites are formed upon calcina-
tion, leading to large nickel particles and
broad size distributions after reduction. In
the latter, finely dispersed and evenly dis-
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tributed nickel particles are obtained. This
has been suggested to result from the forma-
tion of nickel ‘‘hydrosilicate’ layers during
the deposition—precipitation, thus limiting
the coalescence of large nickel particles
upon reduction. Nickel catalysts with ho-
mogeneous particle sizes were also pre-
pared by the sol-gel method involving the
hydrolysis of a mixed solution of ethyl sili-
cate and Ni(II) nitrate in ethylene glycol fol-
fowed by suitable calcination and reduction
treatments (9, 10).

The importance of the operations preced-
ing reduction, i.e., impregnation, washing,
drying, and calcination steps, is thus empha-
sized and more insight on their respective
role is clearly needed. In previous papers,
we focused our attention on the impregna-
tion, washing, and drying steps for the prep-
aration of Ni/Si0Q, materials by deposi-
tion—precipitation (//), impregnation from
Ni(II) ammine solutions with and without
washing (/2), and ion exchange from Ni(II)
ethylenediamine solutions (/3). A detailed
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description of the adsorbed state of the
Ni(II) ions was obtained using UV-visible,
IR, and XAS spectroscopies. During depo-
sition—precipitation, silicates with a layer
structure are formed, independent of the Ni
content. No Ni(OH), epitaxially deposited
onto the silicate layers is observed by
EXAFS in the washed samples. Ion ex-
change from Ni(II) ammoniacal solutions
also leads to silicates with a layer structure,
either during the impregnation or the drying
steps, depending on the pH of the solutions.
The hexaamminenickel(II) complexes ad-
sorb electrostatically onto the silica surface
during impregnation. Then, the removal of
the ammine ligands from the Ni(II) coordi-
nation sphere during drying at ambient tem-
perature leads to Ni(II) silicate formation.
Silicate formation is avoided using chelating
ligands such as ethylenediamine instead of
ammonia. Incipient wetness impregnations
with ammontacal Ni(II) solutions lead to a
mixture of Ni(II) nitrate salt trapped in the
pores of the support and layered Ni(Il) sili-
cates, depending on the pH of the solutions.
The silica is suggested to act as a dispersing
agent for acidic pH impregnation (pH < 4),
whereas Ni(I) silicates are formed when the
pH is near 8.3.

This paper examines the calcination step.
In particular, we are concerned with the
thermal stability of isolated Ni(II) species
grafted onto silica by ion exchange from
Ni(II) ethylenediamine solutions. Likewise,
the reducibility of the NiO resulting from
the thermal decomposition of Ni(Il) silicates
is studied. A detailed description of the
Ni(II) state during the various steps of the
preparations techniques listed above is pre-
sented in the Discussion.

EXPERIMENTAL

Ni/SiO, samples were prepared by incipi-
ent wetness impregnation, ion exchange,
and deposition—precipitation techniques;
see Table 1. Details on the preparation pa-
rameters can be found in the references
listed in Table 1.

The heating was performed in a tubular
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TABLE 1

Preparation Procedures and Nickel Contents of
Samples A-G

Nickel
content
(wt%)“

Sample Preparation procedure Ref.

A Incipient wetness 1.4
impregnation
Solution at pH 5.7 and
(NHNO;y) = 1 M
Drying at 120°C
B Incipient wetness 1.4
impregnation
Solution at pH 6.9 and
(NHNOy) = 1 M
Drying at 120°C
C Incipient wetness 1.4
impregnation
Solution at pH 8.3 and
(NHNO;) = 1 M
Drying at 120°C
D Incipient wetness 1.4
impregnation
Solution at pH 10.2 and
(NH,NO;) = 1 M
Drying at 120°C
E Ion exchange with an 1.1
Ni(II) ammoniacal
solution at pH 9.8 and
(NH4NO3) =1M
Drying at 120°C
F Deposition-precipitation 7.5
(urea decomposition)
Drying at 120°C
G Ion exchange with an 1.1
Ni(II) ethylenediamine
solution at pH 9.3
Drying at 120°C

12

(12)

(12)

2

(12)

(an

U3

¢ As determined by atomic absorption after acid ex-
traction.

furnace in air or ir vacuo (reduced pressure:
20 Pa). The calcination temperature was in-
creased with a heating rate of 5°C/mn then
kept at the desired value for 16 hr. The
nickel contents of the samples calcined at
650°C were measured by atomic absorption
after acid extraction and are reported in Ta-
ble 1.

The TPR measurements were performed
in an apparatus described previously (11).
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The heating rates were 7.5°C/min and the
reducing mixture was 5% H, in argon (Air
Liquide).

The EXAFS measurements were per-
formed at the LURE radiation synchrotron
facility on X-ray beamline D44 emitted by
the DCI storage ring (positron energy, 1.85
GeV; ring current, 300 mA). The spectra
were recorded in transmission mode at am-
bient temperature using two air-filled ioniza-
tion chambers. The monochromator was a
channel-cut single crystal of silicon, the
(331) reflexion being used. The resolution
SE/E at the Ni K-edge was 2 X 107%. The
energies were scanned with 2-eV steps from
100 eV below up to 700 eV above the Ni
K-absorption-edge. The samples were in
powder form screened to 60-130 um. The
sample thicknesses were chosen such that
the edge jump heights (wx variation through
the edge, i being the linear absorption coef-
ficient) ranged from 1.0 to 1.5. The Ni(II)
absorption was obtained by fitting the pre-
edge absorption curve with a Victoreen’s
function and extrapolating the absorption
beyond the edge, then subtracting the theo-
retical from the experimental absorption
(I14). A polynomial spline procedure was
then used for background removal and nor-
malization. The origin of energies was iden-
tified to the maximum of the absorption de-
rivative. The data in k-space were Fourier
transformed over a 3 to 12 A~! Hanning
window after weighting by a & factor. The
fittings were performed simultaneously in
the k- and R-spaces, using reference com-
pounds for the determination of the back-
scattering phase and amplitude functions.
Pure NiO, a well-crystallized Ni(OH), sam-
ple, and an Ni-doped magnesium hydroxide
sample were chosen as references for the
Ni-O, the Ni-Ni, and the Ni-Si systems,
respectively; see Table 2 (11-13, 15, 16).

RESULTS

Samples Prepared by Incipient
Wetness Impregnation

The TPR profiles of samples A, B, C, and
D caicined at 500°C are presented in Fig. 1.

197

TABLE 2

Structural Parameters of References and Samples E
and G as Determined by EXAFS Spectroscopy at the
Ni K-edge

Sample Shell Distance  Number o (A) 1]
atom (1"\)
NiO [¢] 2.09 6 0.090
Ni(OH), Ni 3.13 6 0.090
Ni: Mg(OH), Mg 3.13 6 0.090
Sample E, 120°C o] 2.04 6.0 0.090 0.001
Ni 3.0 6.0 0.097
Si 3.31 1.9 0.065 0.0016
Sample E, 500°C o] 2.04 5.7 0.098 0.0003
in air Ni 3.09 4.8 0.104
Si 3.23 4.8 0.075 0.0070
Sample E, 700°C (0] 2.04 5.7 0.103 0.0003
in air Ni 3.08 3.0 0.104
Si 3.25 4.2 0.075 0.0042
Sample E, 700°C (o] 2.03 5.0 0.098 0.001
in vacuum Ni 3.05 0.9 0.100
Si 3.33 4.1 0.083 0.0061
Sample G, 500°C ¢} 2.02 5.0 0.100 0.001
in air Ni 3.03 0.55 0.098
Si 3.27 2.8 0.090 0.0088

Note. The best fits are obtained by minimizing the agreement factor Q.
The mean free path parameter is taken equal for all samples. The precision
on the distances is 0.05 A. The precision on the backscatterer numbers
is +0.5. The precision on the Debye-Waller factors is +0.005.

The reduction profile of a well-crystallized
NiO sample obtained by calcination of
nickel nitrate at 500°C is also shown. It ap-
pears that the pH of the impregnating solu-
tion plays a major role in the reducibility of
the calcined samples. The reduction profiles
of samples A and D resemble that of NiO,
suggesting that Ni(Il) is mainly present as
NiO crystallites in these samples. Sample B
is quantitatively reduced only at tempera-
tures higher than 800°C, even though the
maximum of the profile is close to that of
unsupported NiO. Sample C exhibits a dif-
ferent reduction behavior, with two hydro-
gen uptake maxima around 620 and 820°C.
The determination of Ni species from TPR
by itself is a difficult problem (see Discus-
sion). A previous study has shown that the
Ni(II) ions form layered silicates in dried
sample C (12). The complex TPR profile of
sample C calcined at 500°C may be due to
the reduction of the thermal decomposition
products of layered Ni(Il) silicates. Reduc-
tion profiles exhibiting two hydrogen con-
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F1G. 1. TPR profiles unsupported NiQO and of samples
A, B, C, D prepared by incipient wetness impregnation
(see Table 1) then calcined at 500°C.

sumption maxima have already been ob-
served in nickel-silicate-containing samples
(17, 18). pH values higher than 11 were not
tested since strongly basic pH values are
known to be aggressive for silica (/9).
The Fourier transforms of the EXAFS
spectra of NiO and sample A calcined at
500°C are shown in Fig. 2. The spectra are
identical, thus the presence of NiO crystal-
lites in sample A calcined at 500°C is con-
firmed. This sample being X-ray amor-
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FiG. 2. Fourier transformed EXAFS spectra (&°
weighted; without phase correction) of sample A cal-
cined at 500°C and of unsupported NiO.
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F1G6. 3. Fourier transformed EXAFS spectra (&3
weighted; without phase correction) of sample E pre-
pared by ion exchange from ammoniacal solution, dried
at 120°C, calcined at 500, 700, and 900°C, and of unsup-
ported NiO.

phous, the EXAFS technique appears to be
more sensitive than XRD in detecting small
nickel oxide crystallites.

Sample Prepared by lon Exchange from
an Ammoniacal Solution

The Fourier transforms of the EXAFS
spectra for sample E dried at 120°C and cal-
cined at 500, 700, 900°C along with NiO are
shown in Fig. 3. The spectrum of the dried
sample has been already discussed in Ref.
(12) in conjunction with IR experiments.
Layered nickel silicates are present. The
Ni(II) ions are surrounded by six oxygen
backscatterers at 2.04 A, six Ni backscat-
terersat3.1 A,and 1.9 Siat3.3 A; see Table
2. Upon calcining to 700°C, a slight evolu-
tion of the spectra is observed. The intensity
of the nearest neighbor peak decreases,
whereas its width increases, suggesting an
increase of the static disorder around the
Ni(II) ions in calcined samples. The increase
of the disorder is accounted for by a slight
increase of the Debye—Waller factor; see
Table 2. The intensity of the next-nearest
peak slightly decreases, but the spectra do
not present the characteristic features of the
NiO spectrum (Fig. 2). By contrast, the
spectrum of sample E calcined at 900°C is
visibly similar to that of nickel oxide. The
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FiG. 4. Fourier transformed EXAFS spectra (&
weighted; without phase correction) of sample E heated
at 120 and 700°C in air and at 700°C under vacuum.

EXAFS data clearly suggest that no NiO is
formed upon calcination of sample E up to
700°C, whereas higher temperatures lead to
a rearrangement of the Ni(II) ions with NiO
formation. The presence of a small amount
of nickel silicates in sample E calcined at
900°C, in addition to NiO may not be ex-
cluded. Indeed, the first coordination shell
around the Ni(II) ions in NiO and silicates
with layer structure is nearly the same (six
oxygen backscatterers at distances ranging
from 2.04 to 2.09 10\). The second coordina-
tion shell around the Ni(Il) ions in layered
silicates (six Niand two or four Si backscat-
terers at distances ranging from 3.05 to
3.3 A) may be difficult to observe when NiO
particles are present (12 Ni backscatterers
at 2.94 A).

The Fourier-transformed EXAFS spectra
of sample E heated in air at 120 and 700°C
and under vacuum at 700°C are presented in
Fig. 4. Heating in vacuo rather than in air
visibly leads to a more pronounced decrease
of the height of the second shell peak. No
NiO phase is, however, detected.

The determination of the composition of
the second coordination shell around Ni(IT)
ions after calcination gives information on
the thermal decomposition of the silicates.
Two synthetic and well-crystallized nickel
silicates with layered structures, a nepouite
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and a nickel talc, were used in order to select
correct values for the Debye—Waller factors
(I1I1). The Ni backscatterer contribution
dominates at high photoelectron energies
whereas that of Si dominates at low photo-
electron energies (12). The Fourier back-
transforms of the next-nearest neighbor
peaks of sample E dried at 120°C and after
heat treatment in vacuo at 700°C are shown
in Fig. 5. It is apparent that, after heating in
vacuum, the EXAFS signal is more attenu-
ated at high energy values, This attenuation
may be due to a diminution of the Ni neigh-
bor number and/or an increase of the corre-
sponding Debye—Waller damping factor. In
a way opposite to that observed for high
energy values, the amplitude of the EXAFS
signal is enhanced at low energy values. The
backscattering amplitude becomes close to
that corresponding to Si backscatterers only
(12). A fit is proposed in Table 2. The preci-
sion on the Si and Ni neighbor numbers
(£0.5; see Table 2) is poor since the system
presents a large disorder (o; > 0.1) and
since oxygen backscatterers may also ac-
count for the enhancement of the signal at
low energy values. However, the drastic
diminution of the Ni backscatterer number
indicates both the decomposition of the sili-
cates layers and a ‘‘redispersion’’ of the
Ni(II) ions. This trend is less apparent in the
samples heated in air up to 700°C.
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F1G. 5. Fourier backtransform of the next nearest
neighbor peak in Fig. 4 of sample E dried at 120°C and
sample E heated under vacuum at 700°C.
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FiG. 6. TPR profiles of sample E dried at 120°C and
calcined at 500 and 900°C.

The TPR profiles of sample E dried at
120°C and calcined at 500 and 900°C are
shown in Fig. 6. Sample E exhibits a very
broad reduction peak around 650°C. This
profile appears similar to that observed dur-
ing the reduction of synthetic nickel antigor-
ite (20, 17, 18). Hence, the reduction behav-
ior is consistent with the EXAFS analysis
showing that the major part of Ni(Il) ions
forms nickel silicates. Upon calcination,
sample E becomes even less reducible (see
Fig. 6), in agreement with previous observa-
tions (21). When the calcination tempera-
ture reaches 900°C, the reduction extends
to very high temperatures (830°C), even
though EXAFS shows that the main part
of Ni(Il) is present as nickel oxide in the
sample. The reducibility of this NiO phase
is unusually low and strongly hindered in
comparison to that of unsupported nickel
oxide.

Sample Prepared by
Deposition—Precipitation

The Fourier-transformed EXAFS spectra
of sample F dried at 120°C then calcined at
500 and 600°C are shown in Fig. 7. After
drying, the spectra of samples E (Fig. 3) and
F are very similar. A detailed investigation
of the Ni(II) environment in Ni/SiO, materi-
als prepared by deposition—precipitation
then washed with distilled water has re-
vealed that the major part of the Ni(II) ions
form nepouite-type silicates and that
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FiG. 7. Fourier transformed EXAFS spectra (&
weighted; without phase correction) of sample F pre-
pared by deposition—precipitation, dried at 120°C, and
calcined at 500 and 600°C.

Ni(OH), is not present in detectable amount
(11). The thermal evolution of these silicates
is similar to that of silicates present in sam-
ple E: no NiO phase formation is detected
up to 500°C. When the calcination tempera-
ture reaches 600°C, however, the character-
istic features of NiO are observed in the
3-5A range (see EXAFS spectrum of NiO
in Fig. 3 for comparison).

The TPR profile obtained for dried sample
F (see Fig. 8) is similar to those obtained in
previous studies on Ni/SiO, catalysts pre-

120°C
S | 500°C
=
700°C
4£)0 600 800 T(°C)

F1G. 8. TPR profiles of sample F dried at 120°C and
calcined at 500 and 700°C.
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F1G. 9. Fourier transformed EXAFS spectra (&
weighted; without phase correction) of sample G pre-
pared by ion exchange from an ethylenediamine solu-
tion and calcined at 500 and 700°C.

pared by deposition—precipitation (8, 18,
22-24). The higher the calcination tempera-
ture, the more difficult it is to reduce the
sample. As in the case of sample E, the
Ni(II) reducibility is not enhanced when a
nickel oxide phase is formed.

Sample Prepared by Ion Exchange from
an Ethylenediamine Solution

A previous EXAFS study (13) has shown
that the nickel silicate formation is inhibited
by the use of a ligand such as ethylenedi-
amine. Isolated, grafted Ni(II) species are
formed upon calcination at 300°C. These
species are characterized by two silicon
backscatterers located at 3.30 A. The graft-
ing site is a pair of vicinal silanol groups.
The Fourier-transformed EXAFS spectra of
sample G calcined at 500 and 700°C are pre-
sented in Fig. 9. An NiO phase is observed
only when the calcination temperature
reaches 700°C. The composition of the sec-
ond coordination shell around Ni(II) ions is
reported in Table 2. Silicates are not de-
tected at either the calcination temperature.
On the contrary, the Ni(Il) ions are grafted
and well dispersed on the silica surface since
the Ni(II) backscatterer number is lower
than 1. This good dispersion of nickel ions
onto the silica surface is preserved for
calcination temperatures as high as 500°C.
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The TPR profiles of sample G calcined at
500 and 700°C are presented in Fig. 10. A
thermogravimetric analysis of sample G un-
der flowing helium showed a steady weight
loss up to 500°C assigned to organic frag-
ments arising from ethylenediamine decom-
position. Thus, calcination temperatures
higher or equal to 500°C are required in or-
der to quantitatively remove organic mole-
cules from the surface of sample G. The
measured H/Ni ratio is close to 2 for both
profiles presented in Fig. 10. This shows
that nickel is mainly present as Ni(II). Sur-
prisingly, well-dispersed grafted Ni(II) ions
appear to be as difficult to reduce as Ni(II)
silicates; compare Figs. 8 and 10.

DISCUSSION
Stability of Supported Silicates

When the samples are prepared by ion
exchange from Ni(II) ammoniacal solutions
(sample E) or the deposition—precipitation
technique (sample F), silicates with a layer
structure are formed at the solid-liquid in-
terface during the first steps of catalyst prep-
aration, i.e., the impregnation or the drying

500°C
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w
c
S
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s 700°C
153
o
S
)
I
200 400 600 800 1000
Temperature(°C)

F16. 10. TPR profiles of sample G calcined at 500 and
700°C.
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steps (/1, 12). The formation of layered
structures is confirmed by other character-
ization techniques. In Ref. (/1), an electron
microscopy study showed the presence of
thin platelets in Ni/SiO, samples prepared
by deposition—precipitation and dried at
100°C. In Ref. (12), 8gy bands characteristic
for layered talc (716 cm ™) or nepouite (670
cm ™) structures were observed in Ni/SiO,
samples prepared by ion exchange from
ammoniacal solutions, before or after dry-
ing, depending on the pH of the exchange
solutions. Other Ni silicates, such as Ni
olivine which has the spinel structure, do
not have such characteristic OH groups
(25).

This paper characterizes the effect of
calcination on silicate containing samples E
and F. Silicates with a layer structure usu-
ally have a high thermal stability (20). The
Ni(II) environment in samples calcined up
to 500°C, as revealed by the EXAFS tech-
nique, appears similar to that observed
after drying; see Figs. 3 and 7. The NiO
phase is not present in detectable amount
in these samples and silicates appear to be
the main Ni(Il) species present. The ther-
mal decomposition of the supported sili-
cates in samples E and F starts for calcina-
tion temperatures higher than 500°C and
leads to the formation of nickel oxide. The
decomposition temperature of supported
silicates is similar to that of unsupported
synthetized silicates (20). Regardless of the
nickel content (samples E or F), calcination
temperatures lower than 500°C do not sub-
stantially modify the local composition
around the Ni(II) ions, as measured by
EXAFS (Fig. 3). Interestingly, in sample
E, the silicate thermal decomposition leads
to a redispersion of the Ni(II) ions prior
to NiO formation. This redispersion is ac-
counted for by a nickel next-nearest back-
scatterer number around 1, instead of 6 in
silicate structure, and is favored by heating
in vacuo instead of air. Heating in vacuo
may facilitate the water removal resulting
from the dehydroxylation of the silicates
(20). It is likely that well-dispersed Ni(II)
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species are only obtained for low Ni con-
tents, since a substantial support surface
area is required. The redispersion of Ni(II)
is followed by the formation of small crys-
tallites of NiO, as revealed by EXAFS.
This formation is not detected by X-ray
diffraction: the EXAFS technique is more
effective than XRD for detecting small NiO
particles. For higher nickel contents, as in
sample F (7.5 Ni wt% instead of 1.1 Ni
wt% in sample E), the decomposition of
silicates leads directly to nickel oxide for-
mation and no Ni(II) redispersion is ob-
served.

Reducibility of the NiO Phase Formed
upon Silicate Thermal Decomposition

The reduction of the NiO particles re-
sulting from the decomposition of the sup-
ported silicates is unusually difficult; see
Figs. 6 and 8. The question arises as to
whether the hindered reducibility and more
generally the thermal stability of the silica
supported NiO particles are a surface (silica
“‘skin’’ outside the NiO particles) or a
“bulk’ phenomenon, due to silicate ions
present inside the particles. The first hy-
pothesis is supported by similar studies on
the Fe;0,/Si0, (26, 27), Fe,0,/Al,0; (28),
and NiO/Al,O; (29) systems. The latter has
been suggested for Ag-, Li-, (30) or Al-
doped nickel oxide (31). We discuss these
two hypotheses successively in view of the
TPR and EXAFS results presented.

The presence of a silica *‘skin’’ partially
covering the NiO particles may hinder the
reduction of the nickel oxide phase (32).
Furthermore, silicate ions in the surface re-
gion of NiO particles may significantly hand-
icap the growing and crystallization of the
nickel oxide phase. The following question
arises: If present, where does the silica
“*skin’’ originate from? For silica-supported
iron oxide, silica migration has been ob-
served upon treatment in H,O/H, gas mix-
tures (33), leading to strong oxide—oxide in-
teractions between silica and magnetite (26,
27). The dehydroxylation upon thermal de-
composition of layered silicates produces
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water (20). Thus, silica migration during
calcination leading to partially covered NiO
particles may also be involved.

Another explanation for a silica ““skin”’
formation can be suggested from our data.
The thermal decomposition of layered
nickel silicates leads to the formation of
nickel oxide and silica. The silica phase re-
sulting from silicate decomposition may re-
main in close proximity to the formed NiO
particles, possibly partially covering them.
Thus, the presence of silicate ions in the
surface region of the NiO particles, as a
consequence of silicate decomposition, is
probable.

On the other hand, the presence of silicate
ions trapped in the NiO particles can also
provide an explanation for the unusually low
reducibility of the nickel oxide phase,
through a possible increase of the activation
energy of reduction (30, 31). It is likely that
the thermal decomposition of layered nickel
silicates do not lead to pure nickel oxide.
Si** impurities may be included in the NiO
lattice. As the samples are X-ray amorphous
whatever the calcination temperature, this
assumption can unfortunately not be con-
firmed in view of a shift of the NiO lattice
parameters. The presence of small amounts
of silicon ions inside the NiO particles can-
not be rejected from the EXAFS data. Thus,
it is not possible to definitely conclude from
the data, whether or not the difficult reduc-
ibility of the nickel oxide phase arises from
the presence of silicon ions located inside
the NiO particles, or on them. Neverthe-
less, since silicate decomposition is in-
volved for the NiO formation, the presence
of silica on the NiO particles provides a
reasonable explanation for their thermal
stability.

In short, for Ni/Si0O, samples prepared
by deposition—precipitation or ion exchange
from ammoniacal Ni(I1I) solutions, layered
silicates are formed during the impregna-
tion or the drying step. The Ni(II) ions
are not atomically dispersed on the silica
surface. Further calcinations at tempera-
tures below 500°C do not alter significantly
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the samples. Silicate decomposition takes
place progressively for higher calcination
temperatures. When the Ni content is low,
a ‘“‘redispersion’’ of the Ni(II) ions, is
observed prior to NiO formation. This
Ni(II) redispersion is favored by heating in
vacuum instead of air. When the calcina-
tion temperature reaches 900°C, NiO parti-
cles are formed regardless of the nickel
content. This NiO phase has an unusually
large thermal stability, which is likely to
be related to the decomposition of Ni(II)
layered silicates, leading to the presence
of silicon ions in the surface region of the
NiO particles.

Role of pH on the Phases Present in
Samples Prepared by Incipient
Wetness Impregnation

The role of pH of the impregnating solu-
tion on Ni/SiO, materials prepared by incip-
ient wetness impregnation confirms the
EXAFS results obtained in a previous study
(12). It was shown that a part of the Ni(II)
ions reacts with silica to form nickel sili-
cates, the other part recrystallizing in the
pores of silica as nickel(II) nitrate. The frac-
tion of Ni(II) ions reacting with silica is re-
lated to the pH of the impregnating solution,
i.e., the type of Ni(Il) ammine compiex pre-
dominant in solution. For acidic impregna-
tion (pH < 5), nickel is mainly present as
nickel nitrate crystallized in the pores of
the dried samples. By contrast, when the
pH ranges from 8 to 8.5, silicates are the
main Ni(Il) species. For impregnation pH
values ranging from 6 to 8.5, both nickel
nitrate crystallites and nickel silicates are
formed.

The TPR profiles presented in Fig. 1 can
be interpreted assuming that nickel nitrate
decomposes to nickel oxide upon calcina-
tion in air, while nickel silicates remain un-
modified, as already observed for silicates
calcined at 500°C in samples E and F. When
the impregnation pH is acidic (sample A) or
higher than 10 (sample D), the support acts
as a simple dispersing agent. The NiO phase
forms at low calcination temperature and is
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weakly bonded to silica. Hence its reduction
profile resembles that of unsupported nickel
oxide. For impregnation pH near 8.3,
calcining leads to a mixture of layered nickel
silicates and nickel oxide supported on sil-
ica. It was suggested that nickel nitrate, ba-
sic nitrate or nickel oxide can react with
silica during calcination to form silicates
(34, 35). Silicate formation during calcina-
tion can not be excluded by our results,
but it is probable that the main part of
silicates is already formed during drying
{12).

In short, Ni(Il) is mainly present in NiO
crystallites and Ni layered silicates in cal-
cined Ni/SiO, materials prepared by incipi-
ent wetness impregnation. The fraction of
NiO with respect to silicates is related to the
composition of the impregnating solutions,
i.e., pH and NH; concentration.

Influence of the Ligand in the Production
of Isolated Grafted Ni(Il) Ions

The use of ethylenediamine instead of am-
monia as ligand for the ion-exchange pro-
cess offers an interesting alternative, since
silicate formation is avoided (13). Isolated,
grafted Ni(II) species are obtained upon
calcination and these species are stable up
to 500°C. The removal of ethylenediamine
from the silica surface and from the Ni(II)
coordination sphere needs calcination tem-
peratures higher than 500°C. No evidence
for partial reduction of Ni(II) into Ni(I) or
metallic nickel during the amine desorption
is found. This can be explained by the oxi-
dizing atmosphere used for heating. The
EXAFS analysis indicates that layered
nickel silicates are not formed during
calcination. Even though silicates are not
formed, the calcined samples are not readily
reduced. Si—O-Ni bonds need to be broken
for the Ni(Il) ions to be reduced. This may
explain why Ni silicates, as well as Ni(Il)
ions grafted on silica, are difficult to reduce.
Likewise, the NiO formation upon calcina-
tion needs to cleave Si—O-Ni bonds. Hence
it occurs at high temperatures for samples
E and F as well as sample G.

CLAUSE, BONNEVIOT, AND CHE

Complementarity of TPR and EXAFS
Experiments to Characterize
NilSiO, Samples

The TPR and EXAFS techniques are well
suited and complementary for the character-
ization of calcined Ni/SiO, materials. The
EXAFS technique is more effective than
X-ray diffraction for revealing the presence
of layered nickel silicates as well as small
nickel oxide particles. The thermal decom-
position of silicates is monitored through a
decrease of the Ni next-nearest backscat-
terer number. The grafting of isolated Ni(II)
ions is characterized by the presence of
silicon next nearest backscatterers. Thus,
EXAFS provides useful information both on
the ion—ion interactions (Ni-O-Ni bonds)
and on the ion—support interactions (Ni—O-
Si bonds) in calcined samples. However,
EXAFS fails to evaluate the interactions be-
tween the nickel oxide phase and the sup-
port. The Fourier-transformed EXAFS
spectra of sample A calcined at 500°C and
sample E calcined at 900°C are similar; see
Figs. 2 and 6. Nevertheless, the TPR profiles
of these samples are quite different, indicat-
ing different interactions between the oxide
phase and the support. This underlines the
usefulness of the TPR technique. It should
be mentioned, however, that TPR by itself
is not sufficient to fully determine the Ni(II)
species. Highly dispersed grafted Ni(II) spe-
cies as well as partially decomposed sili-
cates may account for TPR profiles between
500 and 700°C; see Figs. 8 and 10. Likewise,
the maximum of the hydrogen consumption
peaks at 500°C for NiO in sample A calcined
at 500°C and at 830°C for NiO in sample E
calcined at 900°C. Thus, TPR by itself can-
not be used as a fingerprint of the presence
of a given phase, nickel silicate or nickel
oxide, for example, in Ni/SiO, samples.

CONCLUSION

The type of Ni(Il) species present in cal-
cined Ni(II)/SiO, materials appear to be
mainly controlled by the ion—support inter-
actions generated during the impregnation
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and drying steps. When layered silicates are
formed, i.e., during deposition—precipita-
tion or ion exchange from ammoniacal solu-
tions, the Ni(II) species observed in the cal-
cined samples are the products of silicate
decomposition. NiO is not formed for
calcination temperatures below 500°C. Sili-
cate formation is avoided using ethylenedi-
amine instead of ammonia as ligand during
ion exchange. With ethylenediamine, sili-
cates are not formed at any calcination tem-
perature and NiO is not formed for calcina-
tion temperatures lower than 600°C. By
contrast, for incipient wetness impregna-
tions with acidic nickel nitrate solutions, a
nickel oxide phase is formed for calcinations
below 500°C, indicating a weak interaction
of the Ni(II) ions with silica.
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