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Abstract

A 10% loaded nickel on sepiolite catalyst has been prepared by a precipitation method and the characteristics of
the resultant material compared with a similarly prepared Ni/silica catalyst and a sample in which only ion exchanged
nickel was present in the sepiolite. Samples have been characterised by infrared (IR) and X-ray photoelectron
spectroscopies, 29Si MAS–NMR and X-ray diffraction in an attempt to determine the nature of the nickel species
present in the precursor stage. Nickel silicate species have been identified for both supports but this precursor is more
resistant to reduction for the sepiolite which leads to the formation of catalysts with lower metal areas than the silica
support. The nature of the reduced nickel particles has been determined by hydrogen chemisorption, IR of adsorbed
CO and temperature programmed desorption of hydrogen. © 1997 Elsevier Science B.V.
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1. Introduction

Nickel/silica catalysts have been widely studied
due to their importance in hydrogenation reac-
tions [1], in particular hydrogenation of olefins [2]
and natural oils [3,4]. Catalysts’ properties are
known to be influenced by preparation procedures
and the influence of preparation variables has

received attention [5–7]. Although normally con-
sidered an inert carrier, it is known that under
certain conditions, strong interactions between the
Ni precursor and the silica surface exist [4,8],
which leads to difficult-to-reduce nickel species
[9–11] and active catalysts, which contain a pro-
portion of unreduced nickel [4,5]. This is the case,
particularly, where precipitation procedures have
been involved [4,8,9,11,12].

Natural silicate materials have also been stud-
ied as supports for nickel hydrogenation catalysts
[13–16]. As observed for Ni/silica catalysts, com-
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plete reduction to the metal is seldom achieved,
even for high reduction temperatures [13–16]. In
a recent study, the hydrogenation of benzene and
styrene over Ni/sepiolite catalysts was investigated
for samples prepared by impregnation and precip-
itation procedures [15,16]. The two series of sam-
ples showed differences in catalytic behaviour
over a range of dispersions. IR results indicated
that differences in particle morphology existed
between the two series of catalysts. Although
blockage of certain planes or sites [7,17] or prefer-
ential exposure of certain crystal faces would give
a possible explanation of results, the role of unre-
duced nickel species was considered to play an
important role. Catalysts which exhibited the low-
est activity per exposed nickel atom in benzene
hydrogenation proved to be the most active in
styrene hydrogenation, and were those catalysts
which showed a high level of unreduced surface
nickel. Styrene was proposed to adsorb via the
ethylene double bond at incompletely-reduced
nickel sites, whereas ensembles of reduced nickel
atoms were required to allow planar adsorption as
a prerequisite for benzene hydrogenation or for
the non-selective hydrogenation of styrene to
ethylcyclohexane.

In order to ascertain whether unreduced nickel
may play a role in the hydrogenation behaviour
of these catalysts, the adsorptions of styrene and
benzene have been investigated using surfaces
which are rich in Ni2+ sites and on a catalyst
where the exposed nickel is mainly reduced. In
order to overcome the limitations of IR spec-
troscopy—mainly high absorption in the low fre-
quency region and loss of features due to the
surface selection rule—vibrational spectra have
been obtained using inelastic neutron scattering
(INS). The results of the INS study will be pre-
sented in a following paper [18]. In this paper we
report characterisation details of the sample used
in the INS measurements using in situ pretreat-
ments akin to those carried out prior to exposure
to the adsorbates in the INS cell. A similarly
prepared Ni/silica catalyst has been used to deter-
mine whether the interactions between metal and
support are of a similar nature for silica and
silicate materials.

2. Experimental

2.1. Catalyst preparation

The sepiolite (Yunclillos, Toledo, Spain, \95%
pure) and silica (Aerosil 200 Degussa) were used
as supplied. Catalysts were prepared by a precipi-
tation method [12] by firstly adding a solution of
nickel nitrate to a suspension of the support mate-
rial and adjusting the pH to 3.5 by the addition of
nitric acid. This was heated to 363 K before
addition of a urea solution which resulted in the
controlled precipitation of hydroxide over the
support. After 48 h, the suspension was filtered,
and the precipitate repeatedly washed with dis-
tilled water. Samples were dried at 383 K in air
for 16 h and then treated firstly in a N2 flow (100
cm3 min−1) at 573 K for 3 h and then in a
3.5%H2 in Ar flow (100 cm3 min−1) at 773 K for
5.5 h before cooling to ambient temperature in a
flow of N2.

2.2. Characterisation methods

In general, characterisation was carried out
over the high temperature (773 K) prereduced
sample which was passivated and then either out-
gassed in situ at 393 K or re-reduced at 673 K.
Additional experiments were carried out directly
on the dried precursor material.

IR spectra were recorded as an average of 100
scans (resolution of 4 cm−1) using a Perkin Elmer
1720X FT spectrometer fitted with TGS detector
and connected to a Perkin Elmer 7300 computer
or PC. Self supporting wafers of 25 mm diameter
were located in a high vacuum system fitted with
an external furnace and CaF2 windows allowing
sample pretreatment to be conducted in situ.
These were reduced in a flow (100 cm3 min−1) of
H2 (3.5% v/v) in Ar by raising the temperature by
5 K min−1 to 673 K and then maintaining this
temperature for 1 h. The cell was evacuated for 10
min with the sample at the elevated temperature,
before cooling to ambient temperature in dynamic
vacuum. Samples were exposed to CO pressures
of between 1 and 20 torr and then the CO re-
moved by evacuation at ambient temperature for
periods of between 30 s and 10 min. Spectra are
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presented by subtraction of a background spec-
trum, recorded after sample pretreatment but
prior to exposure to CO. Spectra in the 1100–500
cm−1 range were obtained using :5% of sample
in KBr discs. Spectra in the OH stretching region
(3800–3400 cm−1) were obtained in the diffuse
reflectance mode with the sample contained
within a Harrick DRIFT environmental chamber.
Previously unreduced samples were heated under
vacuum to 573 K and then held at this tempera-
ture for 1 h or heated in a flow of H2 in Ar from
ambient temperature up to 773 K, maintaining
the temperature at each elevated value for suffi-
cient time to allow recording of the spectrum.

29Si NMR (59.6 MHz) spectra of the materials
were obtained using a chemagnetics multinuclear
FT spectrometer. Powdered samples were con-
tained within 7.5 mm diameter zirconia rotors and
spun using compressed air at 5 kHz at an angle of
54° 44’ to the magnetic field. One-pulse experi-
ments were conducted using a pulse width of 4 ms
and a 10 s delay. This delay was chosen following
saturation recovery experiments which indicate T1

to be of the order of 1 s. Up to 3500 acquisitions
were made. Instrument calibration was performed
using 3(trimethylsilyl)-1-propanesulphonic acid
sodium salt.

Nickel dispersion and particle size were calcu-
lated from hydrogen adsorption isotherms mea-
sured at 298 K and also from hydrogen
temperature programmed desorption (TPD) anal-
ysis performed using an Altamira AMI-1 catalyst
characterisation system. For these experiments,
samples were re-reduced in situ by heating in a
flow of H2 (100 cm3 min−1) at 673 K for 1 h. The
system was purged with Ar for 15 min at 303 K to
remove gaseous and physisorbed hydrogen before
monitoring desorbed hydrogen while heating at 10
K min−1 to 823 K. The analysis was repeated
four times using a fresh sample each time. Static
measurements were performed using similarly pre-
treated samples but then outgassing at 673 K for
30 min prior to exposure to hydrogen at 298 K.

The quantity of unreduced nickel remaining in
the 773 K reduced sample following re-reduction
in situ at 673 K was calculated gravimetrically
using a Sartorius 4102 microbalance. Samples
were re-oxidised by heating in a flow of O2 (50

cm3 min−1) at 10 K min−1 to 673 K and then
maintaining this temperature for 1 h. The appara-
tus was then flushed briefly in nitrogen before
introducing a flow of H2 (100 cm3 min−1) and
measuring the weight loss due to reduction at 673
K as a function of time.

BET surface areas were measured on a
Micromeritics model 2205 surface area analyser
from single point analysis using Ar as adsorbate
on samples pretreated in flowing Ar at 423 K.

3. Results

Table 1 lists BET surface areas of the supports
and catalysts. Incorporation of nickel in each case
leads to some loss of area for both support mate-
rials, although the effect is most pronounced for
silica. Reduction of the catalysts at 773 K leads to
further loss of area, although the supports alone
under similar thermal treatments show an equiva-
lent loss.

Fig. 1 shows spectra of the catalysts in KBr
discs. Samples of Ni/silica after drying but prior
to reduction (Fig. 1A(b)), show a doublet at 670/
661 cm−1 not observed for silica alone (Fig.
1A(a)) in addition to the band at 806 cm−1 and a
weak shoulder at :900 cm−1 present for both.
The 806 cm−1 band is due to an O–Si–O sym-
metric stretching mode of the silica, whereas the
670/661 cm−1 doublet is clearly related to the
nickel precursor as shown by the depleted inten-

Table 1
BET (Ar) surface areas for sepiolite and silica supports and
10% Ni catalysts

PretreatmentSample BET surface area
(m2 g−1)

Sepiolite Dried 423 K 135
Reduced 773 K 119

125Ni ion exc Dried 423 K
sepiolite

Dried 423 K10% Ni/sepiolite 112
110Reduced 773 K

Dried 423 KSilica Aerosil 200 179
14010% Ni/Silica Dried 423 K
116Reduced 773 K
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Fig. 1. A, IR spectra of (a) silica, (b) Ni/silica dried at 383 K and (c) Ni/silica reduced at 773 K. B, IR spectra of (a) Ni/sepiolite
dried at 383 K, (b) sepiolite dried at 383 K (c) Ni/sepiolite reduced at 773 K and (d) sepiolite reduced at 773 K.

sity of the feature following reduction at 773 K.
No three-dimensional structures were detected of
the nickel precursor by powder X-ray diffraction.

Fig. 1B compares bands in the low frequency
region for dried and reduced Ni/sepiolite with
similarly pretreated samples of the support. The
band at 1032 cm−1, present for both catalyst and
support, is centred at 1005 cm−1 for the samples
which were not treated at high temperature. The
773 K treatment essentially removes the species
responsible for the band at 980 cm−1 and allows
the band at 902 cm−1 to be resolved. The other
features which were observed were all of lesser
intensity, with the most important being found at
692/669 cm−1 for the 773 K reduced sepiolite and
Ni/sepiolite samples (Fig. 1B(c,d)) and at 783/762
and 687/648 cm−1 in the case of the dried samples
(Fig. 1B(a,b)). The latter doublet appeared to be

better resolved for the sepiolite alone, probably
due to the presence of an additional component at
:670 cm−1 for the dried Ni/sepiolite (Fig.
1B(a)). Under the same conditions in the O–H
stretching region (not shown), maxima at
3631(sh), 3560, 3404 and 3262 cm−1 were ob-
served for the 383 K dried, unreduced catalyst.

To obtain further information from the O–H
stretching region, DRIFT spectra were recorded
following outgassing at 573 K to remove much of
the physisorbed water. The main features of the
spectrum are bands at 3733, 3712, 3685, 3672,
3603, 3593, and 3528 cm−1 (Fig. 2(a)). Under
similar conditions, the main features for the Ni/
sepiolite precursor were maxima at 3672, 3644,
3617, 3603(sh), 3593 and 3528 cm−1 (Fig. 2(b)).

The 29Si MAS–NMR spectrum of sepiolite
shows three main lines at −92, −95 and −98
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ppm (Fig. 3(a)) in agreement with previous studies
[19–21] and as expected for a structure where the
tetrahedral layer exhibits inversion at every sixth
silicon, giving rise to three different sites (centre,
near edge and edge) of similar concentrations. In
further agreeement [19–21], an additional weaker
line at −85 ppm was observed. This feature was
not observed under similar conditions for a sam-
ple of the Ni/sepiolite prior to reduction (Fig.
3(b)). Additionally, the sample containing the
nickel precursor exhibited poorer resolution be-
tween the three main lines, part of which might be
attributed to the appearance of an additional
component at :−93.5 ppm. However, when
deconvolution techniques were applied to the
spectra, it was found that a three-component fit
could be used to adequately account for both
spectra in the −90 to −105 ppm region, with
enhanced line width for the Ni containing sample

Fig. 3. One-pulse 29Si MAS–NMR spectra of (a) sepiolite and
(b) unreduced Ni/sepiolite.

Fig. 2. DRIFT spectra of (a) sepiolite and (b) Ni/sepiolite
precursor following outgassing in situ at 573 K for 1 h.

accounting for the loss in resolution between the
components.

To determine how the hydroxyl species, and in
particular those which might be related to the
nickel precursor, were affected during the reduc-
tion procedure, some dried, unreduced sample
was heated in a flow of H2 in Ar and spectra
collected at 100 K intervals up to 773 K. Spectra
of the Ni/sepiolite (Fig. 4B) are compared with
those for a similarly pretreated nickel-free sample
(Fig. 4A). Samples treated at 473 K still contained
molecular water within the sepiolite channels re-
sulting in high absorption of radiation by the
sample and leading to a high level of noise in the
spectra recorded. At 573 K the spectrum of sepio-
lite (Fig. 4A(b)) resembled the 573 K outgassed
sample (Fig. 2(a)). By 773 K, the main spectral
features for sepiolite were bands at 3733/3712,
3672, 3593 and 3525 cm−1 (Fig. 4A(d)), whereas
at the same temperature the Ni/sepiolite showed
maxima at 3672, 3644 and 3593 cm−1 (Fig.
4B(d)).

Fig. 5 shows spectra of CO adsorbed on the
prereduced catalyst which was subsequently passi-
vated and then outgassed in situ at 393 K. The
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Fig. 4. DRIFT spectra of A, sepiolite and B, Ni/sepiolite precursor heated in H2/Ar with spectra recorded at (a) 473, (b) 573, (c)
673 and (d) 773 K.

absence of bands below 2100 cm−1 indicates that
no Ni0 atoms are exposed at the catalyst surface
following the outgassing treatment and that the
reduced metal particles probably contain a film of
oxide with an outer layer of O2− ions or a layer
of chemisorbed oxygen atoms. The band at 2196
cm−1 with a shoulder at 2185 cm−1 indicates the
presence of Ni2+ centres [14–16,22]. In accor-
dance with the weak interaction with Ni2+, CO
was almost completely removed by brief evacua-
tion at 298 K (Fig. 5(1b)). Ni2+ sites were also
detected by CO in a sample where nickel had been
introduced by ion-exchange. The sample out-
gassed in situ at 393 K gave a band at 2196 cm−1

with slight asymmetry (2185 cm−1) towards lower
frequency (Fig. 5(2a)). The adsorbate was almost
completely removed by brief evacuation. A sam-
ple of nickel-free sepiolite, treated in a similar
manner, gave no evidence of adsorption (Fig.
5(3a)) confirming that the band at 2196 cm−1 can

be attributed to exposed nickel cations in the
structure.

X-ray photoelectron spectroscopies (XPS) of
the prereduced 10% Ni/sepiolite sample, out-
gassed in situ for 1 h at 393 K, showed two main
features in the Ni(2p3/2) region corresponding to
binding energies of 869.3 and 857.6 eV. The for-
mer is due to the Ni2+ shake up satellite. The
latter could be deconvoluted to give two compo-
nents with the smaller contribution corresponding
to a binding energy of 855.0 eV indicating Ni0.
The contribution of Ni0 to the total nickel signal
(including the Ni2+ satellite peak) was calculated
to be 0.08.

The bulk of the remainder of experiments were
performed on samples which were re-reduced in
situ at 673 K within the appropriate apparatus.
Fig. 6 shows IR spectra of CO adsorbed on
reduced samples. The 10% Ni/sepiolite sample
following re-reduction at 673 K and exposure to
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20 torr CO (Fig. 6(b)) showed features at 2196,
2175(sh), 2139, 2096, 2084(sh), 2066(sh), 2012,
1956 and 1945(sh). Evacuation for 5 min at 298 K
allowed several of the features to be more clearly
observed, and allowed identification of additional
bands at 2125, 1995(sh), 1985(sh) and 1904 cm−1

(Fig. 6(c)). Curiously, the band at 2196 cm−1,
already assigned to CO adsorbed at exposed Ni2+

sites, was still observed after evacuation for 5 min,
whereas similar species were readily removed from
a surface outgassed at 393 K.

In order to investigate the reducibility of the
nickel species, samples were reduced for 2 h at 873
K in the IR cell. Exposure to CO gave the spec-
trum in Fig. 6(a), with bands at 2196, 2139,

Fig. 6. IR spectra of prereduced (773 K, 5 h) catalysts exposed
to 20 torr CO at 298 K (a) Ni/sepiolite reduced in situ at 873
K for 2 h, (b) Ni/sepiolite reduced in situ at 673 K for 1 h and
(c) evacuation for 5 mins after exposure to CO, and (d)
Ni/SiO2 reduced in situ at 673 K for 1 h.

Fig. 5. IR spectra of (1) 10% Ni/sepiolite (prereduced at 773
K, 5 h), (2) Ni ion-exchanged sepiolite, and (3) sepiolite, all
out-gassed in situ at 393 K prior to (a) exposure to 10 torr CO
and (b) evacuation at 298 K for 30 s.

2096(sh), 2063, 2022(sh), 2015, and 2053 cm-1.
The additional thermal treatment involved in al-
most eliminating Ni2+ sites from the surface,
clearly results in considerable modifications to the
metallic nickel crystallites. The spectrum of the
high temperature treated Ni/sepiolite bears a
closer resemblance to the 673 K in situ reduced
Ni/silica sample (previously reduced at 773 K)
where maxima at 2080(sh), 2058, 2030(sh) and
:1950 cm−1 were observed (Fig. 6(d)) with no
evidence for surface Ni2+ species.

Samples re-reduced at 673 K in situ in the XPS
chamber showed similar features to the 393 K
outgassed samples, although differing in fine de-
tail. The two main peaks were apparent at 869.3
and 857.5 eV with deconvolution of the latter
indicating a binding energy of 854.0 eV for the
Ni0 species. This peak represented only 0.05 of the
total nickel signal, and a decrease in the nickel/sil-
icon ratio from 3.93 to 3.52 from in situ out-
gassing at 393 K to in situ reduction at 673 K,
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Table 2
Catalyst characteristics

Metal area (m2 g−1 Ni) Degree of reduction Dispersion (%) Particle size (nm)Catalyst Ni (%)

Ni/silica
20.3 3.8(TR 673) 10.0 134.6 0.95

[40.2] [1.94]Ni/sepiolite 10.0 [162.5] 0.58
10.5 7.4(TR 673) 42.4

0.95 7.6(TR 873) 50.6 10.2

From hydrogen isotherms at 298 K and [ ] values calculated from hydrogen TPD.
a TR refers to the temperature of the in situ reduction temperature performed on samples previousy reduced at 773 K.

indicates some loss in dispersion during the latter
treatment.

Hydrogen TPD on the Ni/sepiolite sample gave
a positive detector response over the range 323–
923 K with three distinct maxima at 355–359,
689–706 and 815–848 K. From Table 2 it can be
seen that dispersion calculations made using this
data overestimate the amount of exposed nickel,
probably as a result of inclusion of the desorption
peak at 815–848 K, above the maximum pretreat-
ment temperature and probably resulting from
hydrogen desorption from the support. Ni/silica
samples gave higher metal areas than similarly
pretreated Ni/sepiolite, mainly as a result of a
higher degree of reduction. However, even ac-
counting for the unreduced nickel present, the
silica supported sample gave the higher disper-
sion. Increasing the reduction temperature to 873
K increased the total metal area as a result of the
higher degree of reduction, but this lead to a
decrease in the total dispersion.

4. Discussion

4.1. Nature of the nickel precursor: silica support

The high temperature (773 K) chosen to reduce
the nickel to the metallic state was instigated by
the known strong interaction between precursor
and silica surface [4–12]. Although studies con-
tinue with the objective of determining the exact
nature of the supported phases formed during the
preparation [23], there is general agreement that
nickel silicates are formed at the surface [5,8–

12,23]. The absence of an XRD pattern for NiO,
which was observed for an equivalent loading of
Ni on silica produced by impregnation and the
detection of IR bands in the 600–750 cm−1 re-
gion (Fig. 1A), suggest that surface phyllosilicates
(lamellar silicates) may have been formed. Careful
analysis of this region of the IR spectrum may
allow the phyllosilicates to be distinguished from
nickel hydroxides and oxyhydroxides and may
allow discrimination between different phyllosili-
cates (e.g. 2:1 and 1:1 structures) [23–26]. Layer
silicates exhibit bands in the 950–600 cm−1 re-
gion due to O–H bending modes and between
1200–700 cm−1 due to Si–O stretching vibrations
[24]. The dO–H band for Ni(OH)2 is sensitive to
the degree of crystallisation and the presence of
interlamellar water and gives a band between
520–640 cm−1 whereas the same mode for the
nickel phyllosilicate is less sensitive and gives a
band at :670 cm−1 [23]. As long as the amount
of water intercalated between layers is not so
great as to inhibit its observation, Ni talc (2:1)
gives rise to two bands in this region at 711 cm−1

due to dO–H and at :665 cm−1 due to superim-
position of dO–H and nSi–O modes while nepouite
(1:1) always give a single maximum at :665
cm−1 [23,26]. From the spectra recorded here,
giving a single band at :665 cm−1 with two
features at 670/661 cm−1 (Fig. 1A(b)), it would
appear that mainly Ni phyllosilicate rather than
hydroxide has been formed and that this has a
nepouite rather than talc-like structure. The pres-
ence of a tail on the band towards 620 cm−1 may
indicate the presence of some poorly crystalline
Ni(OH)2 which would be consistent with previous
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results where both hydroxide and nepouite were
identified following a similar preparation proce-
dure [23].

Even after reduction at 773 K, some evidence
for the nickel silicate structure remains (Fig.
1A(c)). Coenen [4] has suggested that some of the
Ni–O–Si linkages of the nickel silicates remain
following reduction and that these unreduced
nickel species are located at the interface between
the support and the hemispherical nickel particles
formed. As no band at 2200 cm−1 was observed
for CO adsorbed on the reduced catalyst (Fig.
6(d)), despite the detection of residual nickel sili-
cate by IR (Fig. 1A(c)) and the incomplete degree
of reduction measured gravimetrically (Table 2), it
may be that the inaccessible Ni2+ is located in
these environments.

4.2. Nature of the nickel precursor: sepiolite
support

We have previously demonstrated that the
above model [4], however, does not hold for
nickel/silicate catalysts from the shape of degree
of reduction/particle size plots [15] and the detec-
tion of surface Ni2+ species by probing with CO
[14–16]. Similarly here, the detection of IR bands
at 2196 and 2185 cm−1 for the in situ reduced
Ni/sepiolite confirm the accessibility, and hence
surface nature of such species. Although a pro-
portion of these Ni2+ sites are produced by ex-
changing Mg2+ for Ni2+, as confirmed by
detection of similar bands in the spectra of CO
adsorbed on the ion-exchanged sample (Fig. 5(2)),
the degree of reduction experiments confirm that
the quantity of nickel remaining in an unreduced
state (4.2% wt) is far greater than the quantity
which can be incorporated into the support struc-
ture via exchange (5–12 mEq/100 g) [21]. Atomic
absorption measurements indicate this to be
1.09% wt for the sample prepared here.

The nature of this nickel phase may be deduced
from differences between dried and reduced cata-
lysts when compared with the nickel free sepiolite
spectra (Fig. 1). Bands at 1032 and 692 cm−1

compare with those at 1039 and 687 cm−1 for Mg
talc which can be accounted for by the vibrations
expected for an ideal hexagonal (Si2O5)n layer

[24]. Similarly the 669 cm−1 band compares with
a similar feature in Mg talc due to the dO–H [24].
In previous studies where nickel was precipitated
onto silicate surfaces, the 1:1 type nickel hydrosil-
icate, antigorite [Ni2(OH)4Si2O5] was proposed as
the precursor formed [14,27]. Additional features
in the spectrum of the dried Ni/sepiolite (Fig.
1B(a)) at 1080, 980 and 648 cm−1 are in good
agreement (1078, 994/969, 646 cm−1) with the
antigorite spectrum [24] but as these appear for
sepiolite alone (Fig. 1B(b)) and are similarly af-
fected by high temperature reduction as the Ni/se-
piolite, it is unlikely that these bands are
indicative of the Ni precursor phase. It is more
likely that these differences between dried and
high temperature reduced samples are related to
the degree of hydration of the samples. Similarly,
although Kermarec et al. [23] state that a Si–O
vibration at 1005 cm−1 unambiguously character-
ises a nepouite-like phase, the detection of similar
maxima for both the support and supported cata-
lyst in their dried states indicate that the exact
position of the Si–O band is influenced by the
degree of hydration and may not be used as a
characteristic of the precursor phase.

As indicated above, the main difference be-
tween the spectra of dried catalyst and support is
the resolution between the 687/648 cm−1 pair,
probably due to the presence of a band at :670
cm−1 for the former. As discussed above for the
case of Ni/silica, the appearance of a maximum at
670 cm−1 in the absence of a band at 711 cm−1

would suggest [23,26] the presence of nickel in a
nepouite- rather than talc-like structure.

Spectra in the O–H stretching region for the
low temperature pretreated samples are rather
more complex than the four band spectrum re-
ported by Cannings [28], however, the four max-
ima correspond well with the observed features at
3733, 3672, 3603 and 3528 cm−1 (Figs. 2 and 4).
The latter pair are assigned to the asymmetric and
symmetric stretching modes of molecular water
coordinated to Mg2+ ions at the edges of the
channels [28]. These bands are absent following
heating between 673 and 873 K [28], consistent
with the known removal of water from these
positions at :723 K [21]. This water appears to
be more readily removed from the Ni/sepiolite
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(Fig. 4B(d)) than from the nickel free sample (Fig.
4A(d)). The band at 3672 cm−1 observed for
sepiolite [28–30] is also observed for antigorite
and Mg talc [24] and assigned to hydroxyls on
Mg2+ ions. Of greater interest are the bands at
3733 and 3712 cm−1, probably due to free [28]
and adjacent hydroxyls on silicon atoms, as these
are clearly affected by the presence of the Ni
precursor (Fig. 2(a,b) and 4A,B). These SiOH
groups are produced when Si–O–Si bridges link-
ing the silicate layers are broken, leaving terminal
OH groups. From the chemical shift value ob-
served (−85 ppm), it would appear that these are
geminal (Q2) rather than single silanols (Q3). Dur-
ing the preparation procedure, the pH varies from
B3.0 to :5.8. It is known that both acid [29]
and basic [30] media may attack the sepiolite
structure, although in both cases, an increase in
the number of SiOH groups is expected as acid
treatment leads to the extraction of Mg2+ ions
from the silicate leading to formation of SiO2

[13,29] and hydrolysis of the silicate structure
occurs in basic media [30]. Precipitation–deposi-
tion of the nickel precursor appears to consume
such hydroxyls.

The loss of SiOH groups by interaction between
sepiolite and nickel precursor was confirmed by
the loss of the −85 ppm line in the NMR spec-
trum (Fig. 3). Although there is some disagree-
ment over the exact assignment [19,20], this line
would appear to be due to an edge silicon atom
bonded to hydroxyl, [19–21] probably Q2(Si–OH)
[19,21]. A reverse correlation between the −85
ppm line and the −98 ppm resonance, due to Si
atoms at the edge of a silicate ribbon and bonded
via a basal oxygen to an adjacent silicate layer
[19] would confirm the assignment to a hydroxyl
bound to an edge silicon.

The suppression of Si–OH species for the Ni/
sepiolite precursor is compensated by additional
bands at 3644 and 3634 cm−1 (Fig. 2(b)) which
do not appear in the spectrum of the outgassed
sepiolite alone. Similarly, although maxima ap-
pear in this region for sepiolite heated under
reducing conditions (Fig. 4A), the relative intensi-
ties (compare for example Fig. 4A(b) and B(b))
are considerably greater in this spectral region for
the nickel-containing sample, indicating addi-
tional types of hydroxyl groups to be present.

Ni talc and nepouite are expected to give bands
due to nO–H at 3625 and 3645 cm−1, respectively
[26]. However, partial replacement of magnesium
by nickel may give up to four stretching frequen-
cies (3677, 3663, 3646 and 3627 cm−1) corre-
sponding to the possible combinations of the two
different cations within the three octahedral sites
which are directly linked to a hydroxyl group [24].
High degrees of substitution give rise to a single
maximum at 3627 cm−1, consistent with the ex-
pected value for Ni talc [26]. The band pair at
3644 and 3634 cm−1 observed for the Ni/sepiolite
precursor may not be unambiguously assigned but
probably indicate the presence of Ni substituted
into the octahedral layer and Ni–OH in a
nepouite type layer, the latter being consistent
with the band assignment at 670 cm−1 to dO–H of
a similar structure [24]. The presence of a nickel
silicate would be consistent with the detection of
an additional line at −93.5 ppm in the 29Si NMR
spectrum (Fig. 3(b)). However, as indicated
above, the spectrum shape can be accounted for
by line broadening without the need to include a
forth component.

The assignment of the precursor species from
IR data to a nickel silicate rather than Ni(OH)2 is
consistent with XPS analysis, where values for
Ni(2p3/2) satellite separation (DEsat) of 5.9 and 5.8
eV (383 and 673 K treatments, respectively) corre-
late with a value of 6.0 eV for nickel silicate rather
than 5.4 eV expected for Ni(OH)2 [27].

These precursor species appear to undergo
dehydration/decomposition/reduction between
573–673 K in accordance with the dramatic losses
in the OH band intensity over this temperature
range (Fig. 4B(b,c)), although evidence for their
presence exist even at 773 K. This is completely
consistent with the failure to obtain complete
reduction at this temperature (Table 2) and the
detection of surface Ni2+ by adsorption of CO
(Fig. 6). Differences between the reducibility of
the Ni/silica and Ni/sepiolite samples indicate dif-
ferences in the exact nature of the silicates
formed, which will be important in determining
particle morphology and the nature of the ex-
posed metal surfaces in the reduced catalysts.
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4.3. Nature of exposed metal faces

IR spectra of CO adsorbed on nickel surfaces
indicate the presence of three main adsorption
modes which are characterised by bands at 2070–
1950, 1950–1900 and 1900–1850 cm−1 due to
linear, 2-fold and 3-fold bridging modes, respec-
tively. In addition to these main features appear-
ing on low index faces, bands appearing between
2100–2075 cm−1 for both sepiolite and silica
supported nickel catalysts (Fig. 6) do not coincide
with features detected on extended faces of single
crystals. These can be attributed to linear adsorp-
tion on small particles where the high frequency
position results from the metal–support interac-
tion where a large number of interface sites are
present, or due to coupling interactions between
molecules on non-equivalent sites with short
range order. The reduced intensity of bands at
2096 and 2084 cm−1 for Ni/sepiolite following an
increase in reduction temperature to 873 K (Fig.
6(b)) and a corresponding decrease in dispersion
(Table 2) are consistent with this assignment.

Spectra of CO adsorbed on the 773 K reduced
(673 K re-reduced) 10% Ni/sepiolite resemble
spectra previously reported for lower loaded Ni/
sepiolite catalysts [15,16], although for higher
loadings (but less than 5% Ni), previously re-
ported spectra are more akin to the 873 K re-
duced sample used here. Results presented here
confirm that the metallic particles formed from a
precipitated precursor are morphologically dissim-
ilar to those formed via a route involving impreg-
nation. In a previous study, IR bands due to
adsorbed CO were observed at 1995 and 1945
cm−1 for samples prepared by impregnation but
not those prepared by precipitation [16]. This was
attributed to an absence or a physical blocking of
(111) faces for the precipitated sample. A more
complete study performed here (only selected
spectra are shown) involving adsorption and des-
orption reveals (Fig. 6(c)) that such features are in
fact present, but represent a small proportion of
the exposed surface. The 1945 cm−1 assigned to
CO adsorption on 2-fold bridging sites on Ni(111)
planes [31], is represented by a weak shoulder on
the more intense band at 1956 cm−1. This rela-
tionship in intensities is the opposite to that ob-

served for catalysts prepared by impregnation
[15,16]. At saturation coverage, the band due to
CO on 2-fold bridging sites on Ni(100) appears at
higher frequencies than the equivalent carbonyl
on the Ni(111) face [31–33] and so the 1956 cm−1

band may be attributed to this species. Further
evidence for the assignment of exposed (111)
planes is the appearance of the 1904 cm−1 band
following evacuation (Fig. 6(c)) which corre-
sponds with an EELS feature at 1911 cm−1 for
the same face. While CO on Ni(111) at saturation
coverage adsorbs exclusively in the 2-fold bridging
mode [31], CO on Ni(100) adsorbs in both bridg-
ing and on top modes with the latter giving rise to
a band at 2056 cm−1 at saturation coverage [33].
The band at 2066 cm−1 observed here (Fig. 6(b))
may be attributed to this species, with the ratio of
intensities between the 2066/1956 cm−1 pair being
in agreement with the :1:2 ratio observed for a
pair of bands at 2056/1976 cm−1 observed at
saturation coverage on the Ni(100) single crystal
face [33]. In further agreement and in support of
the above assignments, Vasquez et al. [33] showed
that decreasing coverage led to the on-top posi-
tion being favoured at the expense of bridging
sites, while here the relative intensities of the
2066/1956 cm−1 pair is reversed on evacuation
(Fig. 6(c)).

Results presented here are for an average parti-
cle size of :7 nm are roughly in agreement with
results of Coulter et al. [32] for model Ni catalysts
with a particle size of 8 nm where results indicated
the surfaces to consist of mainly (100) and (111)
faces. The appearance of additional high fre-
quency bands between 2100–2070 cm−1 here
which they observed only for 4 nm particles,
would indicate that catalysts here have a wider
particle size distribution than these model cata-
lysts.

Results here confirm previous reports, that the
precipitation of Ni on to sepiolite leads to a
particle morphology which favours the exposure
of (100) over (111) faces [15,16]. This may be
assumed to occur due to growth of a particular
precursor orientation followed by direct reduction
without nucleation and movement of metal atoms
(which would cause clustering and result in ran-
dom crystal growth). Differences between these
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two low index faces in terms of catalytic activity
is well known for hydrocarbon reactions with
these differences explained in term of steric con-
straints, electronic differences and differences in
terms of carbonaceous laydown [34]. These dif-
ferences may have been responsible for the dis-
similar behaviour observed between catalysts in
the hydrogenation of benzene [15] and styrene
[16]. It is anticipated that the ability to control
the predominant crystal faces exposed during
catalysts preparation may be significant in the
formation of highly selective catalysts, particu-
larly in the case of reactions showing a degree of
site sensitivity.

5. Conclusions

IR and 29Si MAS–NMR confirm that Si–OH
groups at the edge sites of silicate layers are
consumed when Ni is precipitated on to the sepi-
olite surface. The formation of nickel silicate
rather than hydroxide is distinguished by analysis
of the nO–H and dO–H modes by IR. The silicate
appears to take the form of a 1:1 phyllosilicate
(nepouite) rather than a talc (2:1) structure. This
precursor–sepiolite interaction is stronger than
the interaction between similar species formed
over the surface of a silica support. The nickel
present is still incompletely reduced after ex-
tended treatment in hydrogen at 773 K. Studies
of CO adsorption on the reduced catalyst indi-
cate a high concentration of highly dispersed Ni
with more open planes and less (111) faces than
catalysts of equivalent dispersion formed by
other preparation methods. Attempts to com-
pletely reduce the nickel by higher temperature
treatments result in significant morphological
changes.
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