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An X-ray photoemission spectroscopy study of a series of standard nickel compounds (Ni, 
NiO, Ni(OH)g, NiSi03) and silica-supported nickel methanation catalysts has been conducted. 
The binding energies and spectral shapes of the standard samples provide a data base which 
has been used to understand the catalyst spectra. 

The activity and thermal stability of coprecipitated nickel catalysts has been attributed to 
the metal-support interaction. This interaction has been observed in two coprecipitated nickel- 
on-silica catalysts. The nickel spectra closely resemble those of amorphous NiSiOa. The inter- 
action varies somewhat between the two catalysts studied as evidenced by differences in their 
reducibility. 

INTRODUCTION 

The production of pipeline quality sub- 
stitute natural gas from coal requires the 
methanation of coal synthesis gas using 
metal catalysts such as nickel (1, 2). These 
catalysts can be quickly deactivated by 
poisoning from sulfur in the gas stream 
and by sintering of the dispersed nickel 
particles (1). In general, catalysts that are 
more resist,ant to both chemical poisoning 
and thermal sintering while maintaining 
good activity are required if this process 
is to become economically viable in the 
future. In addition, a better understanding 

*To whom further correspondence should be 
addressed. 

of the mechanism of methanation is highly 
desirable in order to develop catalysts 
with improved selectivity. A program has 
been initiated which has the broad ob- 
jective of gaining a better understanding 
of the chemical and physical character- 
istics of typical methanation catalysts in 
order to provide a basis for designing im- 
proved catalysts. Some of the results ob- 
tained have been reported previously (3-5). 

X-ray photoelectron spectroscopy (XPS) 
is a powerful tool for characterizing the 
chemical and physical state of surfaces (6). 
XPS has been found to be particularly 
useful in the study of catalyst poisoning 
(7, 8) and changes in the chemical state 
occurring after reducing or oxidizing treat- 
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ments (9). The surface sen&ivity of XPS 
(sampling depths are less than 18 A (10)) 
makes the technique highly appropriatle 
for the study of fresh and tleated cat*alysts. 

In the present work, the surfaces of 
silica-support)ed coprecipit,ated nickel meth- 
anation catalysts have been examined 
using XPS wit.11 the goal of characterizing 
the chemical state of the catalysts. Fresh 
(unreduced) samples have been evaluat,ed. 

These catalysts provide a good balance 
of methanat’ion activity, select,ivit’y, ther- 
mal stability, and reducibilit,y (11). Inter- 
action of t,he dispersed NiO particles and 
the silica support during catalyst prepara- 
tion has been suggested as an important 
factor in providing this favorable set of 
properties (11). 

The spectra of t’he dispersed nickel and 
the silica support show evidence of this 
interaction. How the interaction is affected 
by specific details of the coprecipitation 
technique used has also been investigated. 
From an understanding of how the method 
of preparation affects the chemical stat,e 
of the dispersed nickel, improvements in 
catalyst performance may be obtained 
through refined preparational techniques. 

EXPERIMENTAL DETAILS 

The data were acquired using a com- 
puter-controlled AEI ESSOOB electron 
spectrometer. This syst,em used unmono- 
chromatized Mg radiation and was oper- 
ated in a variable analyzer transmission 
energy (of the electrons) mode giving good 
resolution (Au 4fTlZ full width at half 
maximum is 1.2 eV) and a linear (in 
electron kinetic energy) analyzer efficiency. 
Pressure in the analysis chamber was 
typically 5 X 1O-g Torr. The spectrometer 
was calibrat,ed in the present work by 
setting the kinetic energy difference he- 
tween the Ya 1s and 2p core levels (in 
Na$OJ at’ 1041.1 eV or the Cu 2~3, 3~3 
core level spacing (in copper) at S57.6 eV. 
The spectrometer work function was de- 

termined by using the Au 4S,,, peak 
(binding energy = 84.0 eV (12) relative 
to spectrometer Fermi level). The calibra- 
tion was checked at least weekly and 
adjusted as needed. Adjustments of more 
than 0.2 eV were seldom necessary. 

Surface charging on an insulating sample 
introduces an additional complication in 
the det,ermination of binding energies (IS). 
Sample charging of 1 to 4 eV was ob- 
served for t’he standard samples and the 
catalysts. The best way of determining the 
charging shifts for powdered samples is 
still a matt’er of debat’e. In this work the 
shift,ing of the binding energy of the con- 
taminant C 1s line from its neut$ral value 
of 285.0 eV was used as a measure of the 
surface charging. This method gives results 
which are of comparable reliability to 
those obtained using an elect’ron flood gun 
to neutralize the surface charge (IS). 
However, the binding energies obtained 
are still considered to contain uncertainties 
of f0.3 eV. 

The charging corrected binding energies 
determined using the C 1s line were found 
to be comparable with those obtained by 
a -4g spot,ting technique (14). The use of 
the C 1s line also gave consistent results 
for the variet,y of sample mount,ing tech- 
niques used (In foil, Cu-backed adhesive 
tape, or pressing the powder into a shallow 
cavity in a Cu block). Sample charging 
determined varied by over 1 eV as a func- 
tion of the mounting technique used. 

Recent studies have shown that core 
level binding energies determined in dif- 
ferent laborat,ories for identical samples 
can differ by more than 1 eV for a speci- 
fied st,rong peak, even in the case of con- 
ductive, clean metal foils (15, 15). Con- 
sistency of data taken within a laboratory, 
however, was found to be quite good and 
reproducible. Variations in the techniques 
of spectrometer calibration appear to be 
primarily responsible for the systematic 
variation of data t,aken in different labo- 
ratories. Consequently, standard samples 
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of several forms of nickel likely to appear TABLE 2 

in the catalyst samples have been examined Standard Sample Binding Energiesa 

prior to studying the catalysts. This set 
of binding energies and peak shapes formed Sample Ni 2pl Ni 0 Is: Si 2p 

a data base for interpretation of the 
satellite 

catalyst spectra. 
splitting 

The standard samples were obtained Ni 852.8 

from commercial sources and were exam- NiO 856.0 7.0 529.6 

ined as powders mounted on copper backed 854.6 

adhesive tape or on In foil. The nickel 
NizOab 855.8 5.6 531.4 

855.5 5.8 531.0 
silicate sample was prepared by precipita- 

Ni(OH)t 
Nisi03 856.7 6.0 532.5 103.5 

tion from Ni(NOs)z and NaGSi solution SiOz 532.6 103.4 

followed by calcination in air at 400°C 
for 20 hr (16). The catalyst samples were a In electron volts. 

furnished by United Catalysts, Inc. of 
b Ref. (19). 

Louisville, Kentucky. The C150-l-01 cata- 
lyst was obtained by precipitation a com- of good activity and small catalyst particle 

plex carbonate from a nickel nitrate solu- size (11). Physical properties of these 

tion which contained SiOz as a slurry. materials are summarized in Table 1. 

After aging for 1 hr at 82°C the pre- Methanation activity studies have been 

cipitate was filtered, washed, dried, and described previously (11). 

calcined for S to 16 hr at 371°C. The 
material was ground to a fine mesh, mixed RESULTS 

with graphite (2-3%), and pressed into 
+” or &” tablets. The sample was then 

The work was divided into two parts: 

calcined further to remove any remaining 
measurements on the standard samples 

water. The C150-l-02 catalyst was pre- 
and studies on the catalysts. The experi- 

pared in a similar manner except that in 
mental details were unchanged between 
the two runs. 

this case the complex carbonate precipitate 
was obtained from an aqueous solution 
which contained nickel nitrate and sodium 

(a) Standard Samples 

silicate. These preparations gave catalysts Powdered samples of high purity Ni, 
NiO, NiO-NizOs, Ni(OH)*, and NiSiOs 

TABLE 1 

Physical Properties of Catalysts 

C150-l-01 C150-l-02 

Percent Ni (by weight) 51.7 46.6 
Percent C 2.9 2.1 
Total surface area 

W g-‘1 183 235 
Metal surface area 

Cm2 W 
(Reduced 450°C) 76 59 

Pore volume (cm3 gg’) 0.34 0.58 
NiO crystallite 

size (8) 20.4 22 
Density (g cmm3) 1.05 0.88 

were examined. The 2pl peak in the nickel 
spectrum was used to characterize the 
chemical state of nickel. It has the largest 
cross section in nickel (17) and has been 
studied extensively in other laboratories 
(18GZ9). A summary of the binding energies 
of the core levels is given in Table 2. All 
energies are given in electron volt’s and 
have been corrected for sample charging. 

It is observed that the binding energies 
of nickel 2pi level in many of the dif- 
ferent forms of nickel are similar if the 
uncertainty in the energies is recalled. To 
make an unambiguous identification of a 
particular compound, other core levels must 
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N(E) 

I II u 
NI 0 

Nickel 
Slhcate 

863 em 535 525 
BIndIng Energy (eV) 

FIG. 1. Principal core level peaks (Ni 2~4, 0 1s) for standard samples. All binding energies arc 
corrected for charging (C IS reference-285.0 eV). 

be examined, particularly the oxygen 1s of the elements of interest are shown in 
level. The shape of the peaks also con- Figs. 1 and 2 in the various standard 
tains information. For example, the separa- compounds. 
tion and intensity of the shakeup satellite The chemical forms of nickel have 
of the Xi 2p level can be helpful in iden- certain characteristics which serve to 
tifying a particular species. The spectra identify their presence. These charac- 
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FIG. 2. 0 1s and Si 2p core level peaks for NiO; SiOz, and NiSi09. 

teristics are summarized in Table 3. NiO 
has a unique doublet structure for the 
nickel 2p; level as well as having the 
smallest binding energy for the oxygen 
1s level. Conversely, the spacing of the Ni 
and 0 levels is larger than for the other 
standard compounds examined. N&O3 is 
similar spectrally to Ni(OH)s. It appears 
to be present in the surface regions of 
most NiO samples, being evidenced by the 
higher binding energy oxygen peak typi- 
cally observed in the spectrum of com- 
mercially obtained NiO samples and oxi- 
dized Ni foils (18, 19, 21, 25-29). It is not 

commonly found as a bulk material, how- 
ever. This material has been described 
rat.her as a gross defect structure of NiO 
(18, 19). Ni(OH) 2 has binding energies 
which are relatively distinct from both 
NiO and NiSiOs. It is also relatively dif- 
ficult to reduce the Ni+2 to NiO by argon 
ion etching of this compound. Other com- 
pounds such as NiO and NiSiOs have 
been observed to be reduced by the argon 
ion etching process usually used to clean 
the sample surfaces in situ. 

Nisi03 is observed to have high Ni and 0 
binding energies. The nickel core level, as 
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TABLE 3 

Summary of Distinguishing NIX Characteristics 

Material Characteristics 

Ni metal Ni 2p peak narrow, weak satellite struc- 
ture. No charging, no chemical shift. 

PJiO 

Ni203 

Ni 2p peak is doublet, large 0 Is 
chemical shift. 

Singlet Ni 2~ peak of intermediate bind- 
ing energy, reduced by Ar+ etching. 

Ni (OH) 2 Intermediate Ni 2p binding energy, 
stable against Ar+ ion induced 
reduction. 

Nisi03 High Ni 2p binding energy, High 0 Is 
binding energy. 

seen in Fig. 1, is dist’inct in shape from 
both Ni metal and NiO. The oxygen peak 
(Fig. 2) is similar to that observed in SiOz 
and again is quite distinct from that seen 
in NiO. The silicon 2p peak is similar to 
that for SiOZ, reflecting a similar chemical 
environment for silicon in these two 
materials. 

The nickel in this sample can be reduced 
by argon ion etching although not as 
readily as the nickel in pure X0. This 
material does not appear to be the NiSiOs 
spine1 which is very difficult to reduce, 
however (11). 

(B) Fresh (Unseduced) Catalysts 

The fresh catalysts were examined as 
supplied (no pretreatment other than a 
light roughing up of the surface imme- 
diately prior to study). As coprecipitat)ed 
catalyst,s display bett,er performance than 
conventionally prepared catalysts (11) it 
was of interest to see how the two co- 
precipitation methods of preparation affect 
the chemical state, reducibility, and ther- 
mal &ability of the nickel dispersion. The 
simplest spectrum would be a superposi- 
tion of those of NiO and SiOZ. The relative 
signal intensities would be modulated by 
the Xi0 particle sizes (3, 30) and the 
physical character of the support itself, 
especially the pore size (31). The spectral 

characteristics of NiO as given in Table 3 
would nonetheless be present. As nickel 
silicate has been observed to form under 
certain coprecipitation conditions (11), it 
would not be surprising to find some inter- 
action between the NiO and SiOZ which 

would affect the catalyst’s properties. 
The two cat,algst samples (Cl50-l-01 

and Cl50-l-02, referred to as l-01 and l-02 
henceforth) have quite similar spectra 
(Figs. 3 and 4). These spectra are quite 
distinct in both peak binding energy and 
spectral shape from those of NiO. The 
spectra resemble (in shape and binding 
energy) those of the Nisi08 standard 
sample most closely although the matchup 
is not perfect. The variation in peak 
widths also suggests that the systems being 
examined are not necessarily simple com- 
pounds of one t,ype, specifically that the 
catalysts are not solely composed of 
NiSiOs. Nonetheless, the agreement be- 
tween the catalyst’s spectra and the 
spectra of the NiSi03 sample is quite 
good, particularly when the uncertainty 
in the binding energies is considered. It 
may be definitely said that NiO, as char- 
acterized by the Ni 2pg doublet peak, is 
not present in the surface regions. 

An argon ion etching study was per- 
formed additionally on each sample. Ac- 
cording to previous reports (18, 19), some 
forms of nickel are reduced by the bom- 
bardment of the surface with charged 
energetic argon ions (Ar+) as used in the 
etching process. The primary purpose of 
et.ching is to clean the surface by removing 
the exposed atoms on the surface thereby 

TABLE 4 

Catalyst Binding Energies and FWHMa 

Sample Ni 2pvz Xi 0 ISU? Si 2p 
satellite 
splitting 

_____ 

Cl50-l-01 857.0 (3.3) 6.0 532.5 (2.8) 103.6 (2.1 
c150-I-09 850.0 (3.1) 5.9 532.5 (2.6) 103.2 (2.1) 
NiSiOa 856.7 (3.8) 0.0 532.5 (3.1) 103.5 (2.4) 
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N(E) 

FIG. 3. The Ni 2pt core level peak for the fresh (unreduced) catalysts and nickel silicate. 

exposing the underlying material. How- 2 X lop5 Torr was established before 
ever, nickel is reduced only for materials etching was begun. An etching routine of 
with a heat of formation of less than 2 min (1 kV beam energy), 5 min (1 kV), 
about 60 kcal/mole (20). This process and 28 min (1.5 kV) was performed se- 
may be used to further characterize the quentially on each sample with spectra 
surface regions when the XPS spectra of recorded after each etch. The spectra 
two different chemical states of an atom recorded after the second and third etches 
are similar but where only one of the forms are shown in Figs. 5 and 6. A repetition 
is reducible by argon ion etching. of the study at a later time gave similar 

The samples (in pellet form) were results. 
etched with a 2 kV Physical Electronics The reduction of some nickel atoms to 
gun. The normal to the sample’s surface the metallic state is clearly seen for each 
was at a 30” angle to the axis of the sample. The amount of reduction, esti- 
incoming beam. A flow of research grade mated from areas under the silicate and 
Ar giving a dynamic system pressure of reduced nickel peaks measured with a 

Ni2pj 
‘2 

IU__LI 
860 850 

Blnding Energy (eV) 
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N(E) 0 Is 

FIG. 4. The 0 Is and Si 2p doublet core level peaks for the fresh catalysts and nickel silicate. 

planimeter using a linear baseline cor- 
rection (S), is 45% for the l-01 and 25y0 
for the l-02 catalyst. This difference in 
reduction is in agreement with that ob- 
served in Thermal Gravimet’ric Analysis 
(TGA) studies of these samples (3.2). The 
reduction observed is less than that found 
for NiO when similarly treat’ed. The oc- 
currence of reduction for these samples is 
in agreement with the characterization of 

the surface by XI’S as being primarily 
amorphous nickel silicate. An alt#ernate 
form of nickel t’hat could be indicated by 
XPS spectra, Ni(OH)2, is not reduced by 
argon etching and hence is not the pre- 
dominant form of nickel in the catalyst 
surfaces. 

DISCUSSION 

The standard samples have sufficient 
characterist’ics (Table 3) to permit the 
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FIG. 5. The spectra for the C150-l-01 catalyst (unreduced). (a) Unetched, (b) etched 7 min 
(total time) at I-keV beam energy, (c) etched an additional 28 min at 1.5-keV beam energy. 

different chemical forms of nickel to be binding energy peak of the 0 1s doublet 
distinguished. The fingerprint of NiO is (18, 19). The higher binding energy peak 
of particular concern in this study. In has been attributed to Ni(OH)z (27) and 
other studies (18-19) of the nickel oxide Niz03 (18, 19, 26). Both peaks of the 
system, two special features have been doublet have similar depth profiles (26) 
observed. The principal Ni 2~; peak dis- indicating that the higher binding energy 
plays an unique doublet structure (split- peak is not just a surface contaminant. 
ting: 1.8 eV). No completely satisfactory This suggests that the higher binding 
explanation of this structure is known (29). energy peak is due to the presence of N&03 
This does not lessen its usefulness as an at the surface of most commercially pre- 
identifier of NiO. The 0 1s spectrum is pared samples in NiO. Care would need 
commonly found (18, 19, 21, 23-28) to con- to be t’aken to eliminate the possible 
sist of two peaks as shown in Figs. 1 and 2. presence of Ni (OH) 2 when characterizing 
Stoichiometric NiO has just the lower an unknown sample. This could be done 
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FIG. 6. The spectra for the C150-l-02 catalyst (unreduced). (a) Unetched, (b) etched 7 min 
(total time) at l-keV beam energy, (c) etched an additional 28 min at 1.5-keV beam energy. 

using the Ni Auger spectrum (18, 19). Hence, if a nickel compound (as in the 
Some of the ambiguity in characterization catalysts) can be easily reduced by etching, 
may be removed by the additional infor- it is unlikely that that compound is hy- 
mation obtained from argon ion et#ch- droxide. This capability has been used to 
induced reduction of the samples. NiO clarify the characterization of the catalysts. 
and the NiSiO, sample are reduced by Some differences have been observed in 
etching while Ni(OH), is difficult to reduce. the properties of the two catalysts that 



346 SHALVOY, REUCROFT, AND DAVIS 

may be attribut’ed to the different pre- 
cipitation methods used to prepare them. 
The l-02 catalyst is a “true” coprecipi- 
tated catalyst. The l-01 catalyst, which 
was prepared with SiOZ in a slurry with 
Ni(NOs)z, is not a coprecipitated catalyst 
in the same sense, but rather may be 
called a precipitated catalyst. The l-01 
catalyst preparation is thus an inter- 
mediate type between coprecipitation and 
impregnation. Its properties (Table 1) and 
activity (11) are similar to those of the 
l-02 catalyst, however. 

The XPS spect’ra of the two catalysts 
indicate a similar chemical state (see 
below). The l-01 sample charges up less 
than the l-02 (2 vs 3.5 eV). The l-01 
sample is more readily reduced by argon 
etching than the l-02. Bulk NiO reduces 
more readily than either, however. These 
reduction findings are paralleled in the 
TGA studies (32). It was also observed 
from analysis of the X-ray diffraction lines 
of NiO that the l-01 catalyst sinters more 
rapidly than the l-02 catalyst (5, 32). 
These results suggest that the nickel in 
the l-01 catalyst is in a chemically more 
available form while the nickel in the l-02 
catalyst appears to be more stable re- 
garding reduction and sintering. The co- 
precipitation method appears to lead to 
a cat,alyst in which more nickel has inter- 
acted with the support forming a more 
stable phase. The precipitation method 
used to prepare the l-01 sample does, 
however, also lead to some nickel-silica 
interaction as indicated by the fraction of 
nickel not reduced at 400” (35ye as com- 
pared with 60% for l-02 and 0% for NiO). 
As it is possible to prepare an unreducible 
coprecipitated catalyst [due to the forma- 
tion of the NiSi03 spine1 (II)] it is reason- 
able to find a greater nickel-silica inter- 
action in the l-02 catalyst. That more 
than 800j0 of nickel in the catalysts could 
ultimately be reduced (at 500°C) shows 
that the interaction has not led to the 
formation of the NiSiOs spinel, however. 

This interaction, while hindering the re- 
ducibility of the nickel does give good 
stability and dispersion to the catalysts. 
The reducibility problem can be overcome 
by the higher metal content of the co- 
precipitated catalysts. 

The reduction and sintering studies point 
toward a NiO-SiOz interaction of varying 
degrees of completeness in these two cata- 
lysts. The XPS spectra (Figs. 3 and 4) 
support this finding. The Ni 2pg and 0 1s 
spectra do not indicate NiO, but rat.her 
are similar to those for the NiSiOB sample 
both in binding energy and spectral shape. 
As the samples are pellets formed from 
the precipitate which is expected to be 
of reasonably homogeneous composition, 
we expected (and have found) that the 
spectra of the pellet surface also reflects 
the chemical composition of the interiors 
of the pellets. 

This interpretation is in some conflict 
with the X-ray diffraction (XRD) spectra 
used to characterize the catalyst particle 
size (5). The diffraction spectra show lines 
due to NiO and none that are attributed 
to the NiSiOa spinel. A diffraction scan of 
the Nisi03 standard sample (calcined at 
400”) did not show any lines at all. After 
being calcined at 1100°C for 20 hr lines 
due to NiO, SiOZ, and the Nisi03 spine1 
were observed. The XPS spectra of these 
samples before and after heating were 
essentially unchanged, however. This sug- 
gests that the NiSiOs present in the cata- 
lysts and the standard sample is basically 
amorphous in structure and that the core 
level XPS spectra of the Nisi03 spine1 
are similar to those of amorphous NiSiOs, 
at least within the accuracy of the binding 
energy determinations for these samples. 

However, a problem remains as to why 
NiO is not observed in the XPS spectra 
when it is readily visible in the XRD 
spectrum. In the reduction studies, it is 
found that some (3Ooj, for the l-01 cata- 
lyst) of the nickel reduces almost im- 
mediately (at 4OO”C), while some (40%) 
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of t,he nickel reduces more slowly, requiring 
1 hr. The remainder of the nickel can 
only be fully reduced at 500°C. This 
behavior is attributed to, respectively, the 
presence of easily accessible NiO, less ac- 
cessible NiO, and amorphous NiSiOe. Any 
unreducible nickel would be due to the 
NiSiO, spinel. While the spine1 was not 
observed in these Ni/SiOz catalysts, it has 
been observed in anot,her coprecipitated 
Ni/SiO, catalyst (11) and in coprecipitated 
iYi/A1203 cat,alysts (33). Hence, the NiO 
in the l-01 and l-02 catalysts is present 
either within pores in the SiOz support 
or is covered by an amorphous NiSiOs 
overlayer, as KiO in these locations would 
not be visible through XPS, but would be 
seen by XRD. 

It is possible t)hat small NiO particles 
dispersed on a silica support do not 
display the characteristic Ni 2~; doublet 
st,ructure if the doublet’s origin requires 
a large-scale order that is not present in 
a small (20 A) particle. However, we not’e 
that the spectra of a NiO on MgSiO, 
catalyst which was prepared similarly to 
the l-01 catalyst do display the charac- 
teristic NiO spectra (33). As the porosity 
of the llIgSiOa support is similar to that 
of the Si02 in the l-01 catalysts, the ap- 
pearance of the singlet Ki 2p+ peak in the 
one case and not the other is due to 
changes in the chemical form of the nickel 
and not’ to the small parbicle size. 

CONCLUSIONS 

A study of the spectral shapes and 
binding energies of a series of nickel com- 
pounds and commercial coprecipitated 
nickel on silica catalysts has shown that 
the surface regions of the fresh (unreduced) 
catalysts are composed primarily, but, not 
solely of amorphous NiSiOs with some 
NiO part,icles present either within the 
pores of the support or covered by a 
NiSi03 layer. A large fraction of the nickel 
present has interacted with the silica sup- 
port which gives the catalysts good ther- 

mal st,ability and activity. The interaction 
is more complete in the coprecipit’ated 
l-02 catalyst than t’he precipitated l-01 
catalyst, which affects the stability and 
reducibility of t’hese mat,erials accordingly. 
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