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In situ X-ray diffraction was employed to characterize the structure of several cobalt catalysts on
a silica support. The catalysts were reduced in flowing hydrogen at 350°C for about 16 h and X-ray
diffraction patterns were collected. After reduction metallic cobalt was found to be present in the
hcp and fcc forms in the ratio of 7:3 and 17% of the hexagonal close-packed planes were found to
be faulted. If surface atoms adjacent to stacking faults are sources of active sites, the density of

active sites was estimated to be 4.0 x 10" per gram of cobalt.

INTRODUCTION

Cobalt is one of the most active catalysts
for CO methanation and in the Fischer—
Tropsch synthesis, which involves the for-
mation of hydrocarbons by the passage of
CO/H; mixtures over metallic catalysts at
elevated temperatures (/, 2). The use of co-
balt catalysts is based upon the increased
activity and selectivity of hydrocarbon
products. This unique behavior has been at-
tributed to its fault structure (3). Metal par-
ticles of cobalt, supported on ZSM-5, pro-
duce bifunctional catalysts that offer shape
selectivity due to the channel structure (4,
5). A study of the preparation of cobalt cat-
alysts revealed that carbonyl impregnation
yielded very small metallic particles with a
high degree of dispersion after reduction.
The type of impregnation of cobalt onto
ZSM-5 has been found to have a consider-
able effect on the metallic particle size,
which is estimated to be at least three times
larger for aqueous nitrate impregnation
than for carbonyl impregnation (6). The se-
lectivity to aromatics was higher with the
catalysts prepared by a physical admixture
method, while those prepared by impregna-
tion of cobalt nitrate solution yield lower
selectivity to aromatics (7). Recently it was
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reported that the cobalt interior to the
ZSM-5 is in an irreducible form and the co-
balt exterior to the ZSM-3 is in the form of
large Co;0, crystallites that are reducible
under hydrogen at 350°C to hcp metallic co-
balt and CoQO. By varying the preparation
methods, either of the forms can be ob-
tained (8). One of the objectives of this in-
vestigation is to identify if the method of
preparation has an effect on the formation
of the CoO phase.

The addition of a second metal or oxide,
usually called a ‘‘promoter,’’ to a catalyst is
often found to increase the activity and se-
lectivity. Generally this promoter, if added
in small amounts, has a significant effect on
the activity and the selectivity of the cata-
lysts (9). For instance, the addition of tho-
ria as a promoter to cobalt—kieselguhr cata-
lysts resulted in an enhanced yield of C5
hydrocarbons (/0). A recent investigation
on cobalt—thoria-ZSM-5 has revealed that
even a small amount of thoria promoter
(about 0.4%) causes a remarkable increase
in the conversion, shift activity, and C5 se-
lectivity (7).

Cobalt catalysts supported on silica sup-
port are believed to yield hydrocarbons up
to C5. The main objective of this paper is to
report the results of the structural and mor-
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phological characterization of five cobalt
catalysts supported on silica. Since struc-
tural defects could be associated with the
activity and selectivity of such catalysts,
the fault structure is also characterized and
discussed.

MATERIALS AND EXPERIMENTAL

The Co/Si0O, catalysts, used in the
present investigation, were supplied by the
U.S. Department of Energy, Pittsburgh En-
ergy Technology Center (I1). The descrip-
tions of these five catalysts are given in Ta-
ble 1. The support used for impregnating all
the cobalt catalysts was Davison 952 silica.

The catalyst CAT-33 was prepared by a
carbonyl vapor impregnation technique
with 4.1 wt% cobalt on silica. The required
amount of silica support was taken in a
flask, evacuated, and heated to 360°C for 2
h. It was cooled to room temperature and
then again cooled in dry ice. The desired
amount of Cox(CO); was mixed with silica
and the flask was evacuated again. The
mixture was heated at 50°C for about an
hour and the temperature was raised to
70°C. The mixture was heated at 70°C over-
night in order to decompose the carbonyls
and it was cooled in a refrigerator overnight
prior to being exposed to the atmosphere
(12). The catalyst CAT-153 containing 6.0
wt% cobalt was made by aqueous nitrate
impregnation of cobalt nitrate with silica.
Aqueous nitrate impregnation involves dis-
solving the desired amount of metal nitrate
in water and impregnating the solution on
to the support until incipient wetness is
reached, and then drying the catalyst at

TABLE 1

Specifications of the Cobalt Catalysts
under Investigation

Reference Method of preparation Wt% W%
1d. cobalt promoter
CAT-33 Carbonyl vapor impregnation 4.1 —
CAT-153 Aqueous nitrate impregnation 6.0 —
CAT-1T1A Physical admixture 14.4 —
CAT-65 Physical admixture 14.2 0.8% Cu
CAT-18A Physical admixture 4.8 0.8% ThO;,
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about 110°C. The catalyst CAT-171A was
made by physically admixing 14.4 wt% pre-
cipitated cobalt (as oxide) with silica. The
catalyst CAT-65 was prepared from a phys-
ical admixture of 14.2 wt% precipitated co-
balt (as oxide) and 0.8 wt% Cu (as oxide)
with silica. The catalyst CAT-18A was ob-
tained by the same admixture technique
from 4.8 wt% cobalt (as oxide) and 0.8%
wt% Th (as thoria) with silica. In the physi-
cally admixed preparation, cobalt oxide
was initially made as a precipitate by add-
ing 10 wt% sodium carbonate solution at
70°C to a second solution also at 70°C, con-
taining the desired amount of cobalt nitrate
until a final pH of 7 was reached. In the
case of promoters, cobalt nitrate and tho-
rium nitrate or copper nitrate solutions
were coprecipitated by the addition of so-
dium carbonate solution. The resulting pre-
cipitate was filtered, washed with water
several times to reduce the content of so-
dium to less than 0.1 wt%, and dried at
110°C. The dried metal oxide was physi-
cally mixed with the silica support (/12).
The catalyst powders were ground and
pressed into a disk of 18 mm in diameter
and 2 mm thick in an aluminum holder. This
was mounted into an in situ high-tempera-
ture X-ray diffraction camera, installed on a
Picker X-ray diffractometer. All treatments
to a specimen were performed in situ, en-
suring that the same volume of the sample
was observed during the experiment. A
nickel target X-ray tube operating at 35 kV
and 8 mA was used as the source of radia-
tion, with a single bent graphite monochro-
mator in the diffracted beam path. All the
X-ray diffraction data are replotted in terms
of CuKe radiation for the purpose of com-
parison to other data and are presented un-
der Results in terms of CuK« radiation.
The removal of moisture present on the
surface of the catalysts was ensured by
heating the sample at 150°C for about an
hour in a helium atmosphere. The camera
was evacuated to less than 1073 Torr at
150°C. These two steps were taken in order
to ensure the total absence of water vapor



146

on the catalyst surface, because the re-
moval of water vapor formed during the
preparation and reduction processes favors
the formation of small metallic particles.
The temperature was then lowered to 50°C
and hydrogen gas at a flow rate of 60 cc/min
was introduced into the camera. The tem-
perature was raised to 350°C at a rate of
2°C/min and the catalysts were reduced at
this temperature in hydrogen for 16 h. Then
the hydrogen was replaced by helium and
the temperature was reduced to ambient
and the X-ray diffraction patterns from the
reduced samples were collected in situ.
Prior to removing a specimen from the cam-
era, it was passivated at room temperature
for 24 h with a 2.0% oxygen—nitrogen mix-
ture. The reduction temperature of 350°C
was selected in order to avoid the transfor-
mation of hcp cobalt to fcc cobalt at about
415°C. The sequence of treatments is pre-
sented in Fig. 1.

As Received.

i

Heated at 150°C/1 hour in He Atm.

r

Evacuated to <10° TORR at 150°C.

'

Temperature Lowered to 50°C.
H, Introduced.

!

Reduced at 350°C in H,/16 hours.

'

Cooled to Room Temperature.
He Introduced.

k!

X-Ray Scan in He.

!

Passivated in O,/N, Mixture for 24 hrs.

Fi6. 1. Flow diagram of successive treatments given
to cobalt catalysts.
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TEM samples were prepared by suspend-
ing the passivated catalyst powders in abso-
lute alcohol. While the suspension was con-
stantly agitated ultrasonically, a drop of
this suspended solution was carefully
placed on a carbon-coated Formvar film
predeposited on a copper grid. These sam-
ples were examined in a Philips EM400T
microscope equipped with a field emission
gun, a 6585 STEM unit, and an EDAX
9100/70 system at Oak Ridge National Lab-
oratory. The microscope was operated at
100 kV.

RESULTS
1. X-Ray Diffraction Studies

The X-ray diffraction patterns collected
from all the as-received catalysts prior to
reduction exhibited cubic Co3;04 phase.
However, CAT-33 showed no significant
cobalt or cobalt oxide peaks prior to and
even after reduction (see Fig. 2). This may
be due to the existence of very small parti-
cles (<2 nm) in the carbonyl-impregnated
sample, which caused extensive broaden-
ing of cobalt peaks. The X-ray diffraction
pattern of the reduced sample is shown in
Fig. 2, with the calculated positions of all
cobalt peaks indicated by arrows.

The X-ray diffraction patterns obtained
from the catalyst CAT-153 after reduction
are presented in Figs. 3a and 3b. These dif-
fraction patterns consisted of a sharp, in-
tense hcp Co(002) peak, a well-broadened
Co(101) peak, an overlapped Co(100), and
Co0O(200) peaks in addition to a broad
CoO(111) peak. The sharp intense peak of
Co(110) is also shown in Fig. 3b.

The X-ray diffraction patterns collected
from the catalyst CAT-171A after reduction
are depicted in Figs. 4a and 4b. These dif-
fraction patterns consisted of hcp Co(002),
Co(101), Co(110), an overlapped Co(100),
and Co0O(200) and CoO(111) profiles. The
expected position of CoO(200) is indicated
by the arrow. This diffraction pattern was
also found to consist of a diffuse and very
broad (200) peak from fcc cobalt at 26 =
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F1G. 2. XRD pattern from the reduced catalyst CAT-33 with 4.1 wi% cobalt prepared by carbonyl
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FiG. 3. XRD patterns from the reduced catalyst CAT-153 with 6.0 wt%6 cobalt, prepared by aqueous
cobalt nitrate impregnation (CuKa radiation). (a) 20 = 34°-52° and (b) 26 = 74°-79°.
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FiG. 4. XRD patterns from the reduced catalyst CAT-171A, with 14 wt% cobalt by physical admix-
ture technique (CuKa radiation). (a) 28 = 33°-53° and (b) 260 = 69°-81°.

51.6° (CuKa radiation). An attempt to col-
lect fcc cobalt peaks at higher angles failed
to yield reliable and clear results, owing to
the extensive overlapping of fcc and hcp
cobalt peaks. The only independent fcc co-
balt peak is (200), which occurs at 2 =
51.6° as can be seen in Fig. 4a.

The X-ray diffraction patterns from the
catalyst CAT-65 after reduction are shown
in Figs. 5a and 5b, which are similar to
those of CAT-171A. The absence of a de-
tectable CoO phase can be noted in this
pattern.

The X-ray diffraction patterns collected
from the catalyst CAT-18A after reduction
are presented in Figs. 6a and 6b, in which
all the significant peaks of metallic cobalt
can be seen, while the CoO profile is quite
obscure. The respective integrated inten-
sity data of all the peaks identified in these
five catalysts are presented in Table 2. In
the cases where the peaks overlapped, the
best estimates of the integrated intensities
were made by constructing the shape of the
individual profiles. The integrated intensity
of the hcp Co(101) profile for CAT-153 was
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Fic. 5. XRD patterns from the reduced catalyst CAT-65, with 14.2 wt% cobalt +0.8 wt% Cu
prepared by physical admixture technique (CuKe radiation). (a) 20 = 37°-53° and (b) 28 = 71°-81°.

anomalously large for reasons unknown
(Fig. 3a).

2. Particle Size Analysis

Particle sizes were calculated using both
the Scherrer equation and a Fourier single
profile analysis (/3) for all the catalysts.
However, particle size analysis could not
be made for the catalyst, CAT-33, as no

well-defined peaks appeared in the X-ray
diffraction pattern (Fig. 2).

Cat-153. The average particle size of the
hep Co(101) peak measured by the Scherrer
equation was found to be 5 nm. The particle
size distribution calculated from the shape
of this profile, using the single profile analy-
sis technique (13), yielded a particle size of
4 nm (Fig. 7a). The particle sizes calculated
from the CoO(111) and Co(002) profiles by
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FI1G. 6. XRD patterns from the reduced catalyst CAT-18A, with 4.8% cobalt +0.8 wt% ThO, by
physical admixture technique (CuKa radiation). (a) 28 = 33°-53° and (b) 26 = 73°--84°.

TABLE 2

Integrated Intensities of Observed X-Ray Profiles

Reference Id. CoO(111) Integrated intensity (arbitrary units)
Co0(200) Co(100)y;, Co(002), Co(101)ye, Co(110)se,  C0(200)¢
CAT-33 —a — —_ — — — —
CAT-153 1.75 0.73 5.0 10.25 17.1 4.55 A
CAT-171A 1.5 0.50 6.25 19.60 8.65 7.12 3.35
CAT-65 AP Ac 59 29.5 10.3 6.86 3.2
CAT-18A — — 2.4 8.50 — 3.10 1.30

a2 could not be determined.

5 A, not available.
¢ A, absent.
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FiG. 7. Particle size distribution function vs particle size of CAT-153 for (a) Co(101) and (b) Co(110).

the Scherrer equation were 10 and 13 nm,
respectively. The Scherrer equation for the
hep Co(110) profile yielded a value of 14 nm
and the particle size distribution for this
profile was observed to be bimodal (Fig. 7b)
with two modes at 5 and 12 nm.
CAT-171A. The particle sizes of the
CoO(111) and Co(002) profiles determined

by the Scherrer equation were 7 and 16 nm,
respectively. The particle size of the
Co(101) peak calculated using the Scherrer
equation was 4 nm and the single profile
analysis of this peak yielded a particle size
of 4 nm (Fig. 8a). For the Co(110) profile a
bimodal distribution was obtained with
modes at 12 and 17 nm, as shown in Fig. 8b.
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F1G. 8. Particle size distribution function vs particle size of CAT-171A for (a) Co(101), (b) Co(110),

and (c) Co(200)y..

The Fourier single profile analysis for the
fcc Co(200) profile showed a bimodal distri-
bution with modes at 6 and 11 nm (Fig. 8c).

CAT-65. The particle size of the hcp
Co(002) profile estimated using the Scher-
rer equation was found to be 14 nm. For the
Co(101) profile, the Scherrer equation and
the single profile analysis yielded values of

4 and 5 nm, respectively. The Scherrer
equation gave a value of 2 nm for the
Co(110) profile, while the single profile
analysis for the same peak showed bimodal
distributions with modes at 5 and 12 nm,
the average of which was about 10 nm. The
execution of the single profile analysis on
the fcc Co(200) profile yielded a particle
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size estimate of about 4 nm. The particle
size distribution functions are shown in
Figs. 9a—-9c.

CAT-18A. The particle size of the
Co(002) profile from the Scherrer equation
was found to be about 12 nm. As the
Co(101) profile was very broad and diffuse,
particle size analysis could not be carried
out. However, the scattered data for the
Co(110) profile were smoothened and the
Scherrer equation yielded a particle size of
6 nm, while the single profile analysis gave
a value of 5 nm (Fig. 10a). The single profile
analysis for the fcc Co(200) profile gave a
value of 10 nm (Fig. 10b).

The complete particle size measurement
data for all the observed peaks are tabu-
lated in Table 3.

3. Determination of Growth Fault
Probability

The growth fault probability, 8, was esti-
mated from the particle sizes of the Co(110)
and Co(101) profiles, using the faulting rela-
tionship developed by Warren (/4). These
results yielded a 8 value of about 0.16-
0.18, and the inverse of 8 is the average

number of planes between the faults, which
was about 5-6.

4. Calculation of Percentage of fcc Phase

The presence of the fcc phase was identi-
fied in three of the reduced catalysts. The
percentage of the fcc phase was calculated
from the integrated intensities of the (200)¢..
and (100),, profiles using the two-phase re-
lationship. These calculations indicated the
presence of about 30% fcc phase in CAT-
65, CAT-18A, and CAT-171A.

5. Determination of Number of
Active Sites

The number of surface atoms per gram of
cobalt was calculated from the following re-
lationship, assuming the cobalt particles to
be spherical in shape,

2mFn

N = , (1

B agPco Vp

where N is the surface atoms per gram of
cobalt; 7, the average radius of the particle
(nm); a,, the length of the a axis (nm); pc,,
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F16G. 9. Particle size distribution function vs particle size of CAT-65 for (a) Co(101), (b) Co(110), and

(c) Co(200)..

the density of cobalt (g/cc); V,, the volume
of the spherical particle (cm?); n, the num-
ber of planes per particle. The value of n
was determined from the relationship

_2RB
- 00/2 ’

e

where R is the radius of the particle; 8, the
fault probability; ¢y, the length of the ¢ axis.
Assuming the average cobalt particle size
of 15 nm, which is comparable to the value
obtained from the X-ray data, the number
of planes n was calculated. Substitution of
n and other constants in Eq. (1) yielded N,
the number of surface atoms per gram of
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cobalt. N was found to be 2.5 x 10%. This
value when multiplied by the fault probabil-
ity B8 yielded a value of 4.0 x 10'°, the num-
ber of active sites per gram of cobalt, as-
suming that the active sites are associated
with the faults.

6. TEM Results

Bright-field images from the catalyst
samples prepared by physical admixture
technique are shown in Figs. 11-15. Cobalt
particles are seen as dark areas on the
lighter background of the silica support.
The micrograph of CAT-171A in Fig. 11 in-
dicates the average size of the cobalt parti-
cle to be about 36 nm. The micrograph of
CAT-65 is shown in Fig. 12, wherein the
average cobalt particle size is about 34 nm.
Stacking faults were observed in several
cobalt particles in these figures and the dis-
tance between the stacking faults was about
3 nm. The stacking fault spacing was in
good agreement with the value calculated
from the X-ray data.

DISCUSSION

The carbonyl impregnated catalyst CAT-
33 failed to exhibit any metallic cobalt

peaks after reduction at 350°C. This was
due to the fact that carbonyl-impregnated
cobalt catalysts are known to yield a high
degree of dispersion of metallic particles af-
ter reduction treatment (6), which cause the
extensive broadening of X-ray profiles.

The catalyst CAT-153, prepared by an
aqueous impregnation technique with a co-
balt loading of 6.0 wt%, indicated the pres-
ence of hcp metallic cobalt and also the
CoO phase. CAT-171A, which was pre-
pared by the precipitation technique and
contained 14.4 wt% cobalt, showed an X-
ray diffraction pattern, which was similar to
that of CAT-153 with an obscure CoO
phase. The fault probability was also the
same for both. The particle sizes deter-
mined for all the profiles from these two
samples are more or less the same. Neither
of these catalysts contained promoters. It
appears that a lower percentage of cobalt
loading prepared by the aqueous impregna-
tion technique may yield similar results in
the activity studies, as a higher percentage
of cobalt loading prepared by the precipita-
tion technique.

The catalysts CAT-171A and CAT-65
were both prepared by the physical admix-
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Fic. 10. Particle size distribution function vs particle size of CAT-18A for (a) Co(110) and (b)

Co(200).

ture method. While the former contained
14.4 wt% cobalt without any promoters, the
latter had about the same cobalt loading
with 0.8% wt% Cu as a promoter. While a
broad and diffuse CoO(200) peak is hardly
seen in CAT-171A, this phase is practically
absent in CAT-65 (compare Figs. 4a and
5a). All cobalt oxide in CAT-65 appears to
have been fully reduced to metallic cobalt.

The absence of CoO phase in all the cata-
lysts prepared by the precipitation tech-
nique indicates that this technique pro-
duces catalysts in which CoO is completely
reduced to metallic cobalt after the reduc-
tion treatment. The particle size and fault
probability for both these catalysts are
comparable.

The catalyst CAT-18A, which was pre-
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TABLE 3

Particle Size Measurement Data (nm)

Sample Id. CoO(111) Co(002) Co(101) Co(110)
Scherrer Scherrer
Scherrer  PSD Scherrer PSD
Mi M2 Average
CAT-33 — — — — — — — —
CAT-153 10 13 5 4 14 13 10
CAT-171A 7 16 5 4 15 11 17 12
CAT-65 A 14 4 5 16 5 12 10
CAT-18A — 12 — — 6 5 NA¢ 5

« — could not be determined.
b A, not available.
< NA, not applicable.

pared by the precipitation technique, con-
tained 4.8 wt% cobalt with 0.8 wt% ThO, as
the promoter. ThO; is known to increase
the selectivity of C§ and higher hydrocar-
bon products (/5). The absence of CoO
phase and the presence of fcc cobalt in the
X-ray diffraction of this catalyst are note-
worthy.

Selective broadening due to faults in the
hcp Co(101) reflection was observed in all
the samples studied in the present investi-
gation. The particle sizes measured from
the (101) reflections were always smaller
than those measured for other peaks of the
same sample (see Table 3). This behavior of
selective broadening is related to the exis-
tence of stacking faults in the hcp cobalt
(14). The average particle size estimates for
this fault-affected profile from the Scherrer
equation and the Fourier single profile anal-
ysis for all catalysts are in the neighbor-
hood of 4.5 nm. Because the faulting is
heavy, the average distance between the
faults can conveniently be assumed to be
the particle size of the Co(101) profile,
which is affected by faulting. Assuming the
presence of only growth faults caused by
heat treatments, the probability of faulting
for all the samples is found to be in the
neighborhood of 0.16. This indicates that
every sixth hexagonal close-packed plane is

faulted. Earlier observation on Co/ZSM-3
indicated that there was an average of 12
planes between the faults (16). Thus it is
clear that in Co/SiO,; the density of faulting
is twice as high as that in Co/ZSM-5. An
increase in faulting may result in an en-
hanced activity and selectivity of the cobalt
catalysts on silica support. In the present
investigation, the number of surface atoms
per gram of cobalt is found to be 2.5 x 1020,
of which about 4.0 x 10" would be the
number of active sites. However, only 4 X
10'7 active sites per gram of cobalt were
estimated for Co/ZSM-5 (/7). Thus the in-
crease in the number of faults may play an
important role in the enhancement of activ-
ity and selectivity of the Co/SiO, catalysts.
The results thus indicate that increased
stacking fault density may favor the forma-
tion of products of higher molecular weight
and inhibit the formation of products of
lower molecular weight. This is consistent
with recent results (I8) on the effect of the
allotropic transformation of cobalt on the
rate of methanation of CO,. In this study, it
was found that the rate of methanation pro-
duced by the fcc (high temperature) form of
cobalt was lower than that produced by the
hcp (low temperature) form.

Stacking faults in cobalt reduce the dif-
fracting particle size as can be seen in the



FiG. 11. The bright-field micrograph of CAT-171A, prepared by physical admixture technique with
14.4 wt% cobalt.

158




LYSTS ON A SILICA SUPPORT

FIG. 12. The bright-field micrograph of CAT-65, prepared by physical admixture technique with 14.2
wt% cobalt and 0.8 wt% Cu.
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Fi1G. 13. A bright-field micrograph of an 80-nm cobalt particle. Distance between the faults is
observed to be about 3 nm.

particles imaged in Figs. 11 and 12. Stack-
ing fauits in a large cobalt particle of about
80 nm in diameter can be clearly seen in a
bright field micrograph of CAT-171A (Fig.
13). Two faulted regions of different orien-
tations connected at an interface are shown
in Fig. 14. Another interface can also be
seen between a smaller particle and a larger
one in Fig. 15. Strains associated with such
interfaces may give rise to additional cata-
Iytic activity. The faults in these TEM mi-

crographs appear to be about 3 nm apart.
The average particle size measured from
the micrographs of CAT-171A and CAT-65
was found to be 36 nm. The diffracting par-
ticle sizes measured by X-ray line broaden-
ing were about 15 nm. The difference be-
tween the two sizes could be accounted for
by particles, on the average, containing a
single interface.

The presence of 30% fcc phase could be
due to the heavy faulting or it is possible
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F1G. 14. Fringes in a cobalt particle oriented in different directions, connected at an interface.
Strains associated with such interfaces may offer active sites.

that some particles are fcc while others are
faulted hcp, or one single particle may con-
sist of both phases. The formation of prod-
ucts of high molecular weight by cobalt par-
ticles appears to be related to the existence
of faults. The presence of finely dispersed
CoO particles is also believed to contribute
additional activity. The overall selectivity
and activity appear to be controlled by the
presence of faulted metallic cobalt and the
dispersed form of its oxide.

CONCLUSIONS

It has been confirmed that the method of
preparation of silica-supported cobalt cata-
lysts has a significant effect on the phases
formed after reduction treatment. CoO
phase is completely reduced to metallic co-
balt in the catalysts prepared by the physi-
cal admixture technique, whereas the aque-

ous nitrate impregnation method leaves a
small amount of unreduced CoO phase.
The carbonyl vapor impregnation method
yields very fine metallic particles after re-
duction treatment. The physically admixed
catalysts yield a mixture of fcc and hcp
phases. Fault densities in silica-supported
cobalt catalysts are twice as high as in
ZSM-5-supported ones, and this high de-
gree of faulting may be generating a greater
number of active sites. One out of every six
hcp planes is faulted and the particle size
distribution functions of hcp cobalt are
mostly bimodal in nature.
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