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A series of mesoporous silica supported cobalt catalysts for the Fischer-Tropsch reaction with pore diam-
eters from 3 to 22 nm was synthesized and characterized. Detailed X-ray diffraction measurements were
used to determine the composition and particle diameters of the metal fraction, analyzed as a three-
phase system containing Cof., Conep and CoO. Catalyst properties were determined at three stages of
catalyst history: (1) after the initial calcination step to thermally decompose the catalyst precursor into
Co304, (2) after the hydrogen reduction step to activate the catalyst to Co and (3) after the FT reaction.
Small Copp particles were detected in all reduced catalysts contributing significantly to the Co surface
area. The reaction rate increased with the pore diameter of the silica support. The results indicate the
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importance of careful catalyst characterization in determining the factors that contribute to reactivity. In

MCM-41

MCM-48 addition, the identification of significant quantities of two cobalt metal phases suggests that further study
HMS of the intrinsic activity of each phase, as well as the structural features of the supports that determine
SBA15 the distribution of cobalt phases and particle sizes is warranted.

X-ray diffraction
Turnover frequency
Pore size
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1. Introduction

Fischer-Tropsch synthesis (FTS) is receiving renewed attention,
driven by the global need to convert non-petroleum based energy
resources into fuels and chemicals. Cobalt catalysts are known to
favor the production of higher molecular weight hydrocarbons in
FTS and hence the characterization of cobalt-based catalysts sup-
ported on relatively high surface area materials has recently been
the focus of intense research [1-7]. These materials have several
key parameters that can be varied. Determining the influence of
any one parameter on the overall reactivity of the catalysts has been
challenging. The two factors that have received the most attention
are the influence of metal particle size [1,5,8-11] and pore diameter
[6,7,9,12-19]. Less attention has been focused on the influence of
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multiple Co phases [20-22]. In this paper we characterize a series
of Co catalysts on porous silicas and demonstrate the presence of
a substantial number of small Copc, particles. We suggest that a
failure to account for cobalt in small particles can lead to an over-
estimation of the effectiveness of a catalyst and conclude that by
accounting for both Cop, and Cog. surface areas, there is a clear
correlation between turnover frequency (TOF) and pore diameter
for support with 2-13 nm.

Turnover frequencies (moles of product produced - or substrate
consumed - per surface metal per unit time) provide insight into
which fundamental factors affect catalytic activity and can facilitate
rational catalyst design. TOFs depend on estimates of surficial metal
area, which are calculated using experimentally-measured average
particle size [1,8,9,11,20,21,23]. Many authors calculate the sur-
face area of Co FT catalysts based on the size of the Co304 particles
(determined by XRD [1,9]) on as-prepared catalysts. However there
is evidence that particle size and hence surface area may change
during pretreatment. Prieto et al. found larger particles (18-71%
larger) when looking at reduced catalysts (using chemisorption)
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relative to oxidized material (by XRD) which they attribute to sin-
tering of particles during reduction [24]. Song and Li showed that
estimates of particle diameters vary dramatically when incomplete
reduction of Co304 particles is taken into account [19].

In general, FTS has been thought to be insensitive to structure
[7] but there are some data that suggest that very small metal par-
ticles (below a critical threshold of approximately 7-10 nm) lead
to less effective catalysts [7,10,11,25]. Small particles might be less
active because they contain fewer edge defects where catalysis can
more easily occur [10], because they contain more low coordinate
Co that might bind reactants more tightly and slow reaction rates
[25], or because the high surface area could destabilize the par-
ticles and prevent reduction [3,9,14] or promote reoxidation [1].
Some experiments suggest a particle size threshold (approximately
10 nm) above which TOF are unchanged [2].

Furthermore, several researchers have noted that after reduc-
tion multiple metal phases can exist, which could affect reactivity
[10]. Srinivasan et al. [22] and Enache et al. [21] found both fcc and
hcp phases after reduction. Enache et al. noted higher TOF with
materials that contained more Cop,, than materials with more Cog,
[21], but thought that this might be due to defects and disorder [21].
Ducreux et al. were able to preferentially prepare the hcp phase by
reducing Co,C precursors and found that predominantly hcp mate-
rial converted almost two times as much CO as the predominantly
fcp material [20].

In this paper, we describe the characterization of cobalt metal
catalysts analyzed with XRD as CoO and two metal phases: Co¢.. and
Copcp and report on the relationships between metal phases, par-
ticle diameters, support pore diameters and turnover frequencies
for nine different catalysts. Additional characterization with nitro-
gen porosimetry, X-ray absorption near edge structure (XANES),
and transmission electron microscopy/selected area diffraction
(TEM/SAD) supports our materials analysis. Cobalt catalysts were
impregnated onto silica supports with different pore diameters and
calcined to yield Co304 particles, reduced with hydrogen to pro-
duce CoO and Co metal, and then exposed to FTS conditions for 10 h.
We characterized the catalyst properties at three different stages
in catalyst history: (1) after calcination, (2) after H, reduction and
(3) after FT reaction. X-ray diffraction data was used to determine
the particle diameters of Co304 (Stage 1) and Copp, Cogec and CoO
(Stages 2 and 3) as well as the relative amounts of Copp, Cogec and
CoO at Stages 2 and 3.

The most notable relationship we find is that turnover frequen-
cies, based upon total metal surface areas determined after FTS, are
very well correlated with pore diameter. We also note that signif-
icant changes in dispersion occurred during the 10 h time under
reaction conditions. Hence a failure to account for cobalt in small
particles can lead to an overestimation of the effectiveness of a
catalyst. We also find evidence that solid supports with extensive
networks of small micropores may decrease the overall efficiency
of FT catalysts.

2. Experimental
2.1. Materials and methods

Ammonium hydroxide (NH4OH, 28%) and hydrochloric acid
(HCl, 37%) were obtained from Fischer Scientific. Cetyltrimethy-
lammonium chloride (CTMACI, 25%), cetyltrimethylammonium
bromide (CTMABT), hexadecylamine (HDA) and tetraethylorthosil-
icate (TEOS, 99%) were obtained from Aldrich. Tetramethylammo-
nium hydroxide pentahydrate (97%), cobalt(Il)nitrate hexahydrate
and ethanol (EtOH, 99.5%) were obtained from Acros Organics.
Cabo-sil M5 fumed silica (200m?/g (BET) 0.2-0.3 wm parti-
cle size, >99.8% SiO,) was obtained from Cabot, poly(ethylene

oxide)-poly(propylene oxide)-poly(ethylene oxide) (M;=5750,
EO,oP0O79EOq, Pluronic P123) was obtained from BASF. All mate-
rials in this work were used without further purification.

2.2. Catalyst synthesis

2.2.1. Synthesis of silica supports

MCM-41 was synthesized following a literature procedure [26],
in which 28% NH40H (1 g, 28.53 mmol) was mixed with the sur-
factant, a 25% solution of CTMACI (21 g, 65.63 mmol). The solution
was then added to tetramethylammonium hydroxide pentahydrate
(5.3 g, 29.24 mmol). Cabo-sil M-5 fumed silica (5.6 g, 27.6 mmol)
and deionized water (11.4g, 633.33 mmol) were subsequently
added to the mixture, and the solution was stirred at room tem-
perature for 30 min. The mixture was then transferred to a polymer
flask, sealed and heated at 373 K for 24 h in an oven. After filtration
and washing with deionized water, the solid product recovered was
air-dried at room temperature for 24 h. The sample was then cal-
cined in air by a ramp of 1K/min to 773K and held at 773K for
6h.

MCM-48 was synthesized by a conventional hydrothermal path-
way [27]. CTMABTr (2.4 g, 6.6 mmol) was dissolved in 50 mL Milli-Q
water. Ethanol (50mL) and NH4OH (5N solution, 12mL) were
then added, and the solution stirred for 10 min. TEOS (3.64 mL,
16.3 mmol) was added and the reaction stirred for 2 h. The solid
product was recovered by filtration, rinsed with Milli-Q water and
then calcined for 6 h at 823 K.

For the preparation of HMS [28], hexadecylamine (0.80¢g,
3.33 mmol) was added, at room temperature, to a solution of Milli-
Q water (6.3 mL) and ethanol (99.5%, 4.1 mL) and stirred until a
homogenous mixture was obtained. TEOS (2.23 mL) was then added
under vigorous stirring. The reaction was stirred overnight and
the solid was recovered by centrifugation. The solid product was
washed with Milli-Q water during vacuum filtration, air-dried at
room temperature and calcined at 823 K for 10 h.

SBA-15 was synthesized using a non-ionic surfactant as the
structure-directing agent according to reported procedure [29,30]
as follows: amphiphilic difunctional block copolymer, pluronic
P123 (6g, 1.04 mmol) was dissolved in deionized water (45g,
2500 mmol) and 2 M HCl solution (180g, 4931.5 mmol) with stir-
ring. Then, TEOS (12.75 g, 61.20 mmol) was added to the solution
with stirring at 313 K for 24 h. The homogeneous gel mixture was
then transferred into a polymer flask, sealed and heated at 373K
for 48 h. After filtration and washing with water, the white solid
product recovered was air-dried at room temperature for 24 h. The
sample was then calcined in air by a ramp of 1 K/min to 773 K and
held for 10 h.

The synthesis of cobalt incorporated MCM-48 (Co-MCM-48)
used the same procedure as that used to prepare MCM-48 except
Co(NO3);-6H,0 (0.47 g, 1.33 mmol) was added before the addition
of ethanol and NH4OH.

Cobalt modified HMS (Co-HMS) was prepared by following
the same procedure used to prepare HMS except Co(NOs3),-6H,0
(0.291 g, 1.00 mmol) was added before the addition of TEOS.

Cobalt modified SBA-15 (Co-SBA-15) was prepared using
the same procedure used to prepare SBA-15 except that
Co(NO3),-6H,0 (1.886 g, 6.48 mmol) as added with TEOS.

Two sources of commercial silica gel were also used as supports:
silica gels from Qingdao Haiyang Chemical Ltd. (silica gel no. 775,
30-50 mesh, 300-700 p.m particle size) and silica gel granules from
Grace Davison (silica gel no. 646, 35-60 mesh).

2.2.2. Synthesis and metal determination of catalysts

All of the supports were impregnated using a one-step wet-
ness impregnation method where an appropriate amount of cobalt
nitrate, corresponding to a nominal 9.1 wt.% Co metal content in
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the final catalysts, was dissolved in excess water and added to the
support. The mixture was then left overnight at ambient tempera-
ture. After impregnation, the samples were dried at 373K for 12 h,
and subsequently calcined in a flow of dry air by a ramp of 1 K/min
to 773K and held for 5h (Stage 1 in catalyst history). They were
then pressed and sieved to obtain 180-450 pm particle size. Cobalt
metal loading was determined by ICP-OES (using a Perkin Elmer
Optima 3000 XL) or by Galbraith Laboratories using ICP-MS. Sam-
ples analyzed in-house were digested in a microwave digester using
concentrated nitric acid and hydrochloric acid. In-house results
gave good agreement with those from Galbraith.

Overall, the supports have very similar chemical properties. Sil-
ica MCM-41 [31-33], MCM-48 [34], SBA-15 [35], and HMS [36] are
minimally acidic, especially in comparison to alumina or alumina-
doped supports. Silica gel has also been shown to be less acidic
than HZSM-5 and tungsten-doped silica gels [37]. Incorporation of
heteroatoms into a silica framework has been reported to increase
thermal stability [38-41] and may also increase the acidity of the
supports [4,28]. Experiments to test these hypothesis are under-
way.

Data for the following catalysts are reported in this paper:
Co/MCM-41, Co/MCM-48, Co/Co-MCM-48, Co/HMS, Co/Co-HMS,
Co/SBA-15 Co/Co-SBA-15 Co/silica gel no. 775, Co/silica gel no. 646,
where the “/Co-X” indicates cobalt incorporation into the frame-
work.

2.3. Nitrogen porosimetry

Nitrogen sorption isotherms were measured at 77K using a
Micromeritics ASAP-2020; surface area, pore size and pore vol-
ume analyses were done using the Micromeritics software. Prior
to analysis the samples were outgassed under vacuum. MCM-41
was outgassed at 623 K for 10 h while all other mesoporous silica
supports and Co impregnated supports were outgassed at 523 K for
8h.

The specific surface area, pore volume and average pore diam-
eter were calculated using standard approaches. The BET specific
surface area [42] was calculated using the adsorption branch of
the nitrogen sorption isotherm in the relative pressure range
of 0.05-0.25 (P/Py) and the total pore volume was recorded at
P[Py =0.995. Pore size distributions were calculated via the adsorp-
tion branch of the nitrogen sorption isotherm using the BJH method
[43], based on the Kelvin equation. However, the Kelvin equation
and statistical film thickness curve used for analysis were modified
to those reported by Kruk et al. [44] (Egs. (1) and (2) respectively):

r(}%>:#‘g/m)+t<%>+0.3nm (1)

; (2) —0 { 60.65
po/ 10.0307.01 —log (p/po)

:| 0.3968

(2)

2.4. Catalysts treatment

Catalyst material properties are reported in this paperinrelation
to three different stages in the catalyst history to develop a picture
of how these materials change in the presence of high temperatures
and hydrogen pressures and in the course of catalyzing FTS. Stage
1 is the as-prepared catalyst, after calcination. Stage 2 is after the
catalysts were reduced, but prior to FT synthesis. Stage 3 is after
Fischer-Tropsch synthesis. All treatments were carried out in an
Altamira AMI-200 R-HP catalyst characterization instrument.

For Stage 1, 200 mg of each catalyst was calcined in air at 773 K
for 5h before characterization with XRD and BET. For Stage 2,
100 mg of catalyst was calcined in air at 773K for 5h, followed
by reduction in 10% H,/90% Ar at 773K for 5h. The sample was
cooled down to ambient temperature in Ar and then characterized.

For Stage 3, 100 mg of catalyst was calcined in air at 773K for 5h,
followed by reduction in 10% H,/90% Ar at 773 K for 5 h. The sample
was cooled down to ambient temperature in Ar, followed by mea-
surement of the activity in Fischer-Tropsch synthesis at 543 K and
10 bar for 10 h. The sample was cooled down to ambient tempera-
ture in the reactant gas mixtures (10% CO/He and 10% H;/Ar) and
then characterized immediately with XRD.

2.5. Fischer-Tropsch synthesis (FIS)

Fischer-Tropsch synthesis was performed at 543 K and 10 bar
in an Altamira AMI-200 R-HP characterization instrument. During
the FT synthesis two independently controlled gas mixtures, 10%
CO in He and 10% H, in Ar (with a 1:2.1 mole ratio), were fed to
the catalyst in an up-flow configuration. The reactor was pressur-
ized and then heated at 10 K/min to 543 K where it was held for
10 h. The product stream was sampled through a 1 m long 50 um ID
capillary into a turbo-molecular pump station (AMATEK) and ana-
lyzed with an SRS RGA-300 Mass Spectrometer. Typically, 100 mg
of catalyst was packed into a 1/4-inch glass-lined stainless steel
reactor tube connected via Swagelock fittings. The thermocouple
probe is in contact with the top of the catalyst bed to control the
reactor temperature. The moles of reactants consumed were cal-
culated from the change in CO/He and H,/Ar ratios, using the inert
gases as internal standards, and was less than 10%. The conversion
of CO typically increased over a period of several hours; the steady
state reaction rates reported correspond to activity after 10 h on-
stream. After reaction, separate portions of the catalysts were taken
immediately for X-ray diffraction measurement or stored in glass
ampoules under vacuum for XANES measurements at the beamline.

2.6. XRD (phase identification and particle size)

Wide angle 6-26 X-ray diffraction patterns for Co, CoO and
Co304 phase identification and particle size determination were
acquired at room temperature on a PANalytical X'PertPro X-ray
diffractometer utilizing Cu K, radiation. The incident beam was
focused in line mode through a 0.145 mm Ni automatic attenuator,
a 1/2° divergence slit, and a 15 mm beam mask following reflection
off a parabolic W/Si mirror. To limit the Co fluorescence contribu-
tion to background, the diffracted beam was directed sequentially
through a 0.27° parallel plate collimator, a 0.04 radian Séller slit
assembly, and a (002) graphite monochromator before reaching
the proportional detector. The standard scan parameters for Co304
(Stage 1) were to scan from 15 to 70° 260 with a step size of 0.03°
and a counting time of 1 s per step. For Co and CoO (determined at
Stages 2 and 3, respectively) the samples were scanned from 30 to
160° 26, with a step size of 0.03° and a counting time of 7 s per step.
The powder catalyst samples (100 mg) were cast onto zero back-
ground single crystal quartz plates cut 6° off (001) as slurries in
2-propanol and, to avoid air oxidation, measured immediately fol-
lowing reduction or exposure to Fischer-Tropsch conditions. There
was no evidence of initial oxidation of the catalysts during XRD
measurements. However, if the catalysts were exposed to air for
several days, slow oxidation of the cobalt was visible by XRD. This
observation is consistent with other studies in which a surface wax
product layer is thought to build up after several hours of FTS,
protecting the cobalt particles from oxidation [45-47].

The instrumental contribution to line broadening was
accounted for by measuring a LaBg standard (NIST SRM 660)
from 20 to 140° 26 using an identical optical configuration to
that used for data collection on the catalyst samples, followed
by Rietveld refinement on the entire spectrum using EXPGUI
graphical interface for General Structural Analysis System (GSAS)
package [48,49]. In the GSAS program, the diffraction line positions
and intensities are calculated directly from the unit cell and
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Table 1
Phases analyzed at three stages of catalysts history and their structures and lattice
parameters.

Table 3
Particle size of Co304 at Stage 1 and predicted metal size and dispersion of Co(0)
after reduction.

Phases/Stages Space group Lattice parameters (A)

a b c
Co304/Stage 1 Fd—3m 8.084 8.084 8.084
Cogc/Stages 2 and 3 Fm—-3m 3.545 3.545 3.545
Copcp/Stages 2 and 3 P63/mmc 2.503 2.503 4.060
CoO/Stages 2 and 3 Fm—3m 4.260 4.260 4.260

the lineshape accounts for particle size, strain, and preferential
orientation effects. The contributions of the silica support to the
diffraction pattern were accounted for by measuring wide angle
XRD patterns of SBA-15, HMS and MCM-48 silica materials and
using them as background by fitting the amorphous scattering with
a non-linear function (a 12-term shifted Chebyschev polynomial).
The symmetry and lattice parameters of the phases analyzed are
shown in Table 1.

Quantification of the relative amount of each phase present in
the catalyst samples at Stages 2 and 3 were determined from XRD
data. The peak intensity of the kth line of phase o was calculated
using I, = Sy MLy |Fy|?, where S, is the scale factor for phase o, M is
the multiplicity, L is the Lorentz Polarization Factor and F is the
structure factor of the kth diffraction line. The weight fraction of
phase o was calculated using Wy = (SaXaMWO,Va)/Z i(SiZiMW;V;)
where Z is the number of formula units per unit cell, MW is the
molecular weight and V is the unit cell volume. This method was
validated by analyzing the ratio of Copcp/Cog in a standard (Alfa-
Aesar, 22 mesh, 99.9998%). Our results were in excellent agreement
with the published ratio [50].

Quantitative XRD analysis allows us to determine both the par-
ticle size and relative amounts of each phase. It gives significantly
different total surface areas from stage to stage in catalyst history;
consequently, the calculated TOF varies significantly depending on
the stage in catalyst history upon which the specific metal surface
area is based.

2.7. Transmission electron microscopy (TEM) and selected area
diffraction (SAD)

Freshly prepared catalysts were examined using TEM and
selected area diffraction (SAD) with a Phillips CM 10 microscope
at 100 keV. Samples were ground and electrostatically transferred
onto carbon-coated grids. Images were recorded on Kodak 4489
electron image film.

2.8. X-ray absorption spectroscopy (XAS)

For the characterization of the local electronic structure of cobalt
in the catalysts, synchrotron based X-ray absorption near edge
spectroscopy (XANES) measurements were performed. The XANES

Table 2
Catalysts used in this study.

Catalyst Particle size(nm) Percent reduction Expected
(%) in Stage 2 dispersion (%)
Co304 CO(O)
Co/MCM-41 10.4 7.8 86.3 12.3
Co/MCM-48 4.8 3.6 28.4 26.6
Co/Co-MCM-48 309 232 53.9 4.1
Co/HMS 19.9 14.9 48.2 6.4
Co/Co-HMS 32.5 244 58.5 4.0
Co/SBA-15 10.0 7.5 834 129
Co/Co-SBA-15 14.9 11.1 78.5 8.6
Co/silica gel no. 775 12.4 9.3 96.4 10.4
Co/silica gel no. 646  17.9 13.5 94.7 71

spectra were acquired at the bend magnet beamline 8-2 at the
Stanford Synchrotron Radiation Laboratory. The powder catalyst
samples were deposited on carbon tape onto a stainless steel sam-
ple holder. A consistent powder thickness was maintained from
sample to sample. For analysis of post-temperature programmed
reduction (TPR) or post-FTS samples, the reacted materials were
vacuum-sealed in an ampoule upon completion of the reaction.
The vacuum-sealed samples were unpacked under ambient condi-
tions at the synchrotron beamline, mounted onto carbon tape and
immediately loaded into the UHV chamber. Total time of exposure
to air was less than 1 min (less than the time exposed to air during
the XRD experiments). Experimental measurements were taken at
base pressures of less than 5 x 10~9 Torr. XAS experiments were
conducted using the total electron yield (TEY) detection method
where the total photocurrent is measured as the photon energy
is scanned through the absorption edges. All spectra are normal-
ized to the photocurrent from a gold grid. The experimental energy
resolution is ~0.15 eV at the cobalt L3-edge.

3. Results
3.1. Materials characterization

Table 2 provides the characterization data of the silica supports
used in this study. The surface areas of the supports ranged from
300 to 1400 m? g~ and the total pore volumes (TPV) ranged from
0.67 to 1.2cm3 g~1. The primary pore diameters were estimated
from the maximum in the BJH pore size distribution. For these sup-
ports the primary pore diameters varied from 3.2 to 2 nm. After
impregnation and calcination, the surface areas decreased.

For particle size determination and phase identification, a
detailed peak shape analysis of the XRD pattern was performed
after all three stages of catalyst history. These were done by Rietveld
refinements of the scale factor, background coefficients, unit cell
lattice constants and profile-function coefficients in GSAS. Atomic
coordinates within the cell, site fractions, and thermal motion

Silica support (without cobalt)

Silica supported cobalt catalysts

Sample Sarea (M?/g) TPV (cm?/g) dpore (NmM) Sarea (M?[g) TPV (cm?[g) dpore (Nm)
Co/MCM-41 978 0.67 3.2 510 0.49 3.8
Co/MCM-48 1392 0.83 33 1152 0.62 3.1
Co/Co-MCM-48 941 0.71 3.5 495 0.49 29
Co/HMS 1001 1.31 4.6 783 0.88 43
Co/Co-HMS 515 0.63 3.8 431 0.62 3.7
Co/SBA-15 885 1.21 10.0 613 1.02 10.4
Co/Co-SBA-15 933 1.07 9.4 632 0.89 9.8
Co/silica gel no. 775 464 1.07 13.0 343 0.87 14.2
Co/silica gel no. 646 307 1.20 22.3 302 1.18 21.7
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parameters were kept fixed during the refinement. Effects of pre-
ferred orientation and shape anisotropy were significant in the hcp
phase. For comparison with previous studies [5,9,51,52], we mea-
sured the XRD after air-calcination to estimate Co304 particle size
at Stage 1. Table 3 provides the particle size and dispersion of the
cobalt metal, along with the percent reduction observed at Stage
2, to calculate specific surface areas that would be expected after
reduction. The Co304 particle diameter was calculated from the
GSAS fit to the XRD data.! The cobalt metal particle size expected
after reduction was calculated by scaling the Co304 particle size
by 0.75 [9]. The cobalt metal particle diameter (d) was used to cal-
culate the dispersion using the relation D=96/d (nm) for spherical
cobalt particles, assuming a site density of 14.6 atoms nm~2 [9]. The
dispersion values calculated from Stage 1 data were fairly constant
for all the catalysts used in our study.

Careful analysis of the XRD data after hydrogen reduction (pre-
reaction Stage 2) and post-reaction (Stage 3) enabled us to detect
the presence of two cobalt phases (fcc and hcp) as well as a CoO
phase and to determine the particle size of all three particle types.
Fig. 1A shows the entire XRD pattern after air-calcination of Co/Co-
HMS from 30 to 160° 26 along with the Reitveld refinement fit
and residuals. Reitveld refinement for samples after H, reduction
and FT catalytic testing was performed with all three phases over
the entire range, which allowed particle sizes of each phase to be
determined. For CoO and Cog., there was no significant particle
size anisotropy or preferential orientation. For Copp, refinement of
both particle size anisotropy and preferential orientation param-
eters significantly improved the fit.2 For the Copp particles, the
dispersion was calculated from the components parallel d;;, and
perpendicular d, to the c axis of a cylindrical particle using the
relation:

0.321d,(nm) + 0.642d,(nm)
d, (nm)d;(nm)

cyl =

Fig. 1B and C shows expanded regions of the XRD patterns of
Co/silica gel no. 646 and Co/SBA-15 taken at Stage 3. The fitted
profiles for each individual phase are shown along with the sum to
fit the entire diffraction data. For Co/silica gel no. 646, the narrow
peak at 44.3° corresponds to large fcc particles. The hcp peak at
47.0° and all related hcp lines are substantially broader, indicating
much smaller particle sizes. By contrast, in the Co/SBA-15, the broad
Copcp peak at 47° is not as apparent, because it is so broad and is
masked by the tails of the adjacent CoO and Cog. peaks.

TEM measurements were made on the Co/silica gel no. 646
catalyst at Stage 2 and the data obtained from this technique sup-
ports the phases observed in the XRD data. Fig. 2 shows a TEM
image revealing darker striations suggesting the presence of cobalt
within the pore structure, although individual particles could not
be resolved. Analysis of the corresponding selected area diffrac-
tion pattern gave all of the major lines in XRD for the hcp phase.
The d-spacings correlated closely with those determined by XRD
(R%=0.9992). The diffraction patterns obtained were always iden-
tified as the hcp phase. We were not able to identify large metal
particles or diffraction patterns associated with the fcc phase, but
the relative number of fcc particles should be small compared to
the number of hcp particles.

Table 4 shows the relative amounts of each phase in each sup-
ported catalyst at Stage 2 (also plotted in Fig. 3 against support

1 The particle size broadening for CoO and Co(fcc) was estimated from the 1/cos(6)
dependent term of the Lorentzian broadening of the continuous wave (CW) peak
profile function 2 in GSAS.

2 The particle size parallel to the ¢ axis was determined from the Lorentzian
Scherrer term (1/cos(#)), while the size perpendicular was calculated from the
cos(¢)/cos(6) term. The isotropic Lorentzian strain broadening term (tan(6)) was
varied but the calculated strain was only a few percent.
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Fig. 2. TEM image of a region of catalyst Co/silica no. 775 with the corresponding
Coy,p diffraction pattern.
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Fig. 4. XRD pattern illustrating the increase in the amount of CoO before (Stage 2)
and after (Stage 3) reaction under FTS conditions for the small pore diameter catalyst
Co/MCM-41.

pore diameter). The relative amounts of Coy,¢, and Cog, for the dif-
ferent supported catalysts at this stage show no relationship to pore
diameter. Apart from the Co/MCM-41 catalyst, the CoO mole frac-
tion decreases monotonically with pore diameter. Particle sizes and
dispersion, calculated from the XRD data, are also given in Table 4.
The Copp, particle size remains small and fairly constant while the
Cog particle size decreases with decreasing support pore diame-
ter. The CoO particle size does not show a dependence on support
pore diameter.

Table 5 shows the relative amounts of each phase in each sup-
ported catalyst at Stage 3. The relative amount of CoO present after
10 h under FTS conditions still generally decreases with increasing
pore diameter. In the larger pore size catalysts, the relative amount
of CoO decreases, while in the smaller pore diameter supports, it
increases. Fig. 4 shows the expanded region of XRD spectra showing

Table 4
Mole fractions ( x), particle sizes and dispersion of Cog and Coy,, for Stage 2.
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Fig.5. Mole fraction of cobalt phases for catalysts after reaction for 10 h in FTS (Stage

3) showing a systematic decrease in CoO with increasing pore diameter, but no clear
dependence of the relative amounts of hcp and fcc phases.
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Fig. 6. Crystalite size for catalysts from XRD Reitveld refinement of the indicated
phases showing the small and constant size of Cop, particles, while the size of Cog,
particles increased with support pore diameter.

the evolution of CoO. In this case, the CoO peak at 42° grows while
the Cog. peak at 44.3° diminishes. The Copc, peak at 47° remains
fairly constant. Although the mole fraction of CoO varies with pore
diameter, the relative amounts of Cog. and Cop, do not show any
clear dependence on the support pore diameter, as shown in Fig. 5.
XRD data used to calculate particle sizes and dispersion at Stage 3
are given in Table 5 and shown in Fig. 6. Similar to the Stage 2 data,
the Cop, particle size remains small and fairly constant while the
Coy.c particle size decreases with decreasing support pore diameter.
The CoO particle size is also relatively insensitive to pore diameter
and generally smaller than the Cog. particles. The Coy¢, and Corgec
dispersion values are calculated from the particle sizes and mole
fraction determined from the XRD data.

Because our XRD analysis only quantified the material in
ordered crystalline cobalt phases, XANES measurements were
made to provide complementary information regarding the pres-

Catalyst Mole ratio Particle size (nm) Dispersion (%)
FCC Co® HCP Co® CoO FCC Co® HCP Co° CoO FCC Co® HCP Co® Weighted sum
Py Py

Co/MCM-41 0.80 0.13 0.07 7.5 3.6 7.2 39 12.8 17.7 15.3
Co/MCM-48 0.20 0.08 0.72 4.7 12 4.4 6.6 204 41.7 26.8
Co/Co-MCM-48 0.24 0.30 0.46 29.8 2 4.2 5% 3.2 42.2 24.8
Co/HMS 0.35 0.13 0.52 8.1 3.8 6.3 7.5 12.0 18.5 13.7
Co/Co-HMS 0.20 0.39 0.41 3.0 1.6 7.5 8.9 33 27.8 19.9
Co/SBA-15 0.21 0.63 0.17 8.2 4.0 8.3 8.9 %7 15.8 14.8
Co/Co-SBA-15 0.07 0.72 0.21 9.4 1.4 4.1 8.1 10.2 39.4 37.7
Co/silica gel no. 775 0.68 0.28 0.04 9.5 3.8 6.6 9.5 10.1 18.1 12.4
Co/silica gel no. 646 0.45 0.50 0.05 22.0 3.7 6.2 7.8 4.3 19.0 12.0
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Mole fraction ( x), particle size and dispersion of Co(fcc) and Co(hcp) for Stage 3 (Post-FTS).
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Catalyst Mole ratio (x) Particle size (nm) Dispersion (%)
FCC Co® HCP Co® CoO FCC Co® HCP Co® CoO FCC Co® HCP Co® Weighted sum
Py Py

Co/MCM-41 0.31 0.54 0.15 6.7 3.4 5.4 8.4 144 21.5 18.9
Co/MCM-48 0.23 0.14 0.63 5.1 1.2 33 4.8 18.9 46.0 29.0
Co/Co-MCM-48 0.22 0.62 0.16 46.7 1.5 4.6 6.0 21 35.8 271
Co/HMS 0.41 0.14 0.45 6.7 3.0 6.3 5.5 144 21.0 16.1
Co/Co-HMS 0.20 0.77 0.03 2.8 1.9 10.5 7.2 3.4 235 19.3
Co/SBA-15 0.21 0.53 0.26 7.8 2.8 8.5 5.7 124 18.9 17.0
Co/Co-SBA-15 0.18 0.72 0.09 7.8 1.6 49 6.2 124 32.6 28.5
Co/silica gel no. 775 0.42 0.44 0.14 17.2 3.1 6.2 6.4 5.6 20.7 12.7
Co/silica gel no. 646 0.35 0.64 0.01 18.5 3.1 58 4.2 52 215 15.8

ence of any additional amorphous cobalt species. Fig. 7A displays
Co L3 ,-edge XANES spectra for a selection of catalysts at Stage 1.
Irrespective of the support used, the data suggests that the cobalt
species observed via XANES is Co304, with little to no contribution
from other cobalt species. In particular, there is no significant differ-
ence between the impregnated catalysts with and without cobalt
in the framework. Selected area diffraction patterns in TEM also
confirmed the Co304 phase.

Fig. 7B compares L3-edge XANES spectra for selected catalysts
at Stages 2 and 3 with reference spectra and theoretical spectra. We
expect the XANES data to be a linear combination of both metal-
lic Co and CoO. The L;-edge for the metal appears at 777.5eV,
while that for CoO is shifted to 779 eV with a pre-edge shoulder
at 776 eV. The XANES spectra are qualitatively consistent with the
XRD data analysis. For example, in the cobalt-HMS catalyst tested
after reduction (Stage 2), a large peak appears at 779eV which,
when compared to the CoO standard, is in the energy range for CoO.
The strength of this peak suggests a nearly equal amount of both
metallic Co and CoO are present in our samples, similar to what was
observed via XRD (Table 4). XANES simulations for CoO in both octa-
hedral and tetrahedral coordination environments [53-55] were
undertaken to see if there was any evidence for tetrahedrally-
coordinated cobalt as might occur on surfaces. We observed fairly

broad absorption edges in our samples, which might reflect some
cobalt oxide in a non-octahedral coordination environment.

Table 6 shows the cobalt loading measured by inductively cou-
pled plasma-mass spectrometry (ICP-MS), measured reaction rates,
cobalt specific surface areas (assuming 14.6 Co atoms/nm?), and
calculated turnover frequencies for each supported catalyst. The
reaction rates decrease with decreasing support pore diameter as
shown in Fig. 8.

4. Discussion

The relationships between reactivity and catalyst support pore
structure [9,15-17], cobalt particle size [8,10,11,25], cobalt parti-
cle reducibility [3,9,15] and transport properties [9,57-59] have
been discussed extensively in the literature. In this work, we note a
correlation between the specific activity of the catalysts examined
and their pore diameter. We also observe a significant amount of a
Concp Phase, consisting entirely of small cylindrical particles. Others
have noted a relationship between pore diameter and CO conver-
sion, frequently attributing it to the formation of larger, more easily
reduced Co particles in larger pore materials [6,12,13,18,60,61],
but also invoking mass transport limitations [9,62] or CO adsorp-
tion properties [60]. To try to better understand the relationship
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Table 6

Catalysts, metal loading, reaction rate, specific surface areas (SSA) at each stage, and TOF.

Catalyst Metal Reaction rate Co SSA (m?/g)  Cogec SSA (m?/g Co) Copcp SSA (m?/g Co) Cogec SSA (m?[g Co)  Copep SSA (m?/g Co) TOF
loading (%) (10-®mol/gCos) Stage 1 Stage 2 Stage 2 Stage 3 Stage 3 (10-4s71)

Co/MCM-41 8.90 7.5 80 72 16 31 81 27.6
Co/MCM-48 7.50 5.04 52 29 23 30 45 27.7
Co/Co-MCM-48 8.25 9.95 15 5 89 3 155 25.9
Co/HMS 7.79 5.95 22 29 17 41 21 39.9
Co/Co-HMS 10.20 11.35 17 5 76 5 127 35.7
Co/SBA-15 9.38 20.7 76 17 70 18 70 99.1
Co/Co-SBA-15 10.10 5.97 48 5 199 16 164 13.7
Co/silica gel no. 775 9.11 23.8 70 48 35 16 64 139.7
Co/silica gel no. 646 9.06 25.2 47 14 67 13 96 95.2

between pore diameter and activity, we converted the specific
activity data to turnover frequencies (TOF) by dividing the number
of moles of carbon monoxide consumed by the number of suficial
Co atoms and then examined the relationships between TOF and
pore diameter, Co phase composition, and Copc, and Cog. particle
size.

We utilized a three-phase system to determine the specific sur-
face area of metallic cobalt in each catalyst, which was then used
to calculate TOFs. After activation and reduction (Stage 2) and after
FTS (Stage 3), the catalyst properties (particle size and extent of
reduction) were determined by XRD. In both Stages 2 and 3 all
three cobalt phases were identified: Cofc, Copep and CoO. We rely,
in our analysis, primarily on data from XRD, with complementary
information from nitrogen porosimetry, TEM/SAD, and XANES. XRD
provides clear information on crystallites and their sizes but does
not provide information on non-crystalline particles. XANES, on
the other hand, is a local probe of electronic structure and does
not require crystalline order for a signal. Therefore, cobalt L3 -
edge XANES is a sensitive probe for analyzing non-crystalline cobalt
species that may be present in our samples. XANES can also be
used to qualitatively probe the level of reduction from Co304 to
CoO and Co metal upon both TPR and FTS. Taken as a whole, the
similarity in interpretations derived from our XRD and XANES mea-
surements gives us confidence that relying on data from diffracting
particles captures most of the cobalt chemistry occurring in these
materials.

These results raise three key questions. First - how does the sup-
port pore size control the amount of CoO and the ease of reducibility
of the Co304 catalyst precursor particles? Second - why are small
hcp particles present and what impact do they have on the reactiv-
ity? Third - why are the turnover frequencies smaller in materials
with small pore diameters? In addressing these questions, we
review published information on pore diameters, particle size,
reducibility and reactivity as well as on particle size and hcp/fcp
formation and reactivity and then offer additional comments based
on the novel observations reported here.
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Fig. 8. Measured activity (reaction rates in (moles CO)/[(g Co-cat) s]) for catalysts
as a function of pore diameter.

4.1. Dependence of the reducibility of CoO to Co on particle size

Smaller pore diameter supports show more CoO in both Stages
2 and 3, with the striking exception of Co/MCM-41. While oxida-
tion has been postulated as a possible deactivation mechanism for
FTS [9,17,45,63,64], in our materials we believe the presence of
high mole fractions of CoO reflects the materials’ intransigence to
reduction. In fact, from Stages 2 to 3, the materials that had the
highest mole fractions of CoO show reduction of CoO during FTS
while materials that initially had less CoO show some oxidation.
Formation of CoO between Stages 2 and 3 also correlates with the
Coy.. surface area: materials with more Cog. surface area in Stage
2 show an increase in mole fraction of CoO during FTS.

For small catalyst crystallites, particle size is known to alter
the chemical equilibrium. As Co crystallites become smaller (i.e.
~10nm), the contribution of surface energy to the chemical poten-
tial of the bulk material becomes significant, making reduction
more difficult [65]. Additionally, for smaller pore diameter sup-
ports, diffusive effects may be important. Even at pressures of
7500 Torr, as in our experiments, the Knudsen number (defined as
K, =A/d where A is the mean free path of the gas molecule and d is
the pore diameter) is approximately 6, indicating a Knudsen diffu-
sion regime. For Knudsen diffusion the diffusivity of a gas molecule
scales with the root of molecular weight, thus pH,O/pH, could
increase by a factor of three. Given these facts, it is plausible that
nanosized Co304 particles in mesopores could be more difficult to
reduce beyond CoO [3,5]. Thus, the main trend in the mole fraction
of CoO with pore diameter appears to be well explained by the size
of clusters and the constraint of the pores. We see no evidence in
the XANES data for non-crystallized cobalt silicate, whose presence
has been postulated to decrease the reducibility of cobalt ions [66].

4.2. Relationships between Co(fcc) and Co(hcp) phases

At room temperature, the hcp phase should be the preferred
phase, but under our treatment and reaction conditions, metastable
fcc particles commonly occur [67,68]. Bulk cobalt metal under-
goes a martensitic transformation, changing from hcp to fcc when
heated above 693K [67,69]. For smaller particles, phase trans-
formation becomes more difficult because the increased surface
energy of hcp particles favors the fcc structure [29,67]. Experimen-
tal results indicated that Cog. particles as large as 200 nm remained
stable upon cooling to room temperature [69]. In our catalysts we
see Cog.. particles with diameters less than 20 nm, consistent with
calculations of Kitakami et al. [67]. However, we also find small
Conep particles after the 773K reduction step, which is not pre-
dicted. These Copcp, particles remain stable through both Stages
2 and 3. The Coy, particles could form upon heating up to the
transition temperature in hydrogen (cobalt oxide reduction) and
remain in the Coy, phase at elevated temperatures, stabilized by
their environment. An alternative could be that the particles form as
Coc then transition to Copep upon cooling and during FT reaction.
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Fig. 9. Plot of turnover frequency vs. pore diameter.

In either case, we postulate that the environment surrounding the
Conp particles is energetically favorable for stabilization. The driv-
ing force for the bulk transformation is small, —16 ] mol~!, therefore
itis plausible that subtle changes in environment could provide the
required energy to stabilize a particular phase [69]. We note that
the mole fraction of Coyp, is particularly high in the MCM-41, sug-
gesting that the environment stablizes the hcp phase so strongly
that it is even favored over the CoO phase, perhaps accounting for
the low amount of CoO.

The highly reproducible particle shape anisotropy and preferen-
tial orientation is another indication that abnormally small Coy,
particles are stabilized in the silica pores. The XRD analysis is con-
sistent with disc-shaped particles (i.e. cylinders whose diameter is
twice its height) which, in comparison to spherical particles, have a
21% increase in surface area to volume ratio. Observation of prefer-
ential orientation suggests that the high index facets are in contact
with pore walls in order to lower surface energies. The connec-
tion between Coy, stabilization and secondary meso/micropores
in silica supports requires further investigation.

Prior work has suggested Co nanocrystals can contain hcp
domains within a larger particle [20,21,70-72]. Our TEM data is
inconsistent with that interpretation for the catalysts described
in this paper. We observe that the hcp particle size is relatively
indifferent to the size of the fcc particles in the various materi-
als synthesized, which also seems unlikely to be consistent with
the interpretation that the hcp particles are embedded in larger fcc
particles.

4.3. Relationship between TOF and pore diameter

The turnover frequencies were calculated using the cobalt load-
ing, measured reaction rate at the end of the FT reaction, and a
mole fraction weighted sum of the dispersions of each Co metal
phase (Stage 3). There is a linear relationship between TOF and
pore diameter up to a pore diameter of 13 nm, as shown in Fig. 9. At
pore diameters larger than 13 nm, it appears that TOF is insensitive
to pore diameter (see Fig. 9), or perhaps that it even decreases. This
analysis suggests three possibilities: (1) the Co phase is intrinsically
more active in the larger pore materials to the extent that larger
pores contain larger metal particles, which have higher activity; (2)
wide pore catalysts have more CO adsorption sites [60] or (3) the
diffusion of reactants and products is faster with larger pore mate-
rials [57]. We favor the latter interpretation because the majority of
the surface area comes from hcp particles, whose size does not vary
much (Fig. 6), and the amount of it shows no correlation with pore
size (see Fig. 5). The size of Cog, particles does generally increase
with pore diameter, but the mole fraction of fcc is similar in mag-
nitude to that of the hcp. This data argues against a particle size
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Fig. 10. (A) TOF vs. Coyp, particle size and (B) TOF vs. Cog. particle size.

effect. Iglesia et al. point out that CO diffusion can limit reaction
rates for 1-3 mm catalyst particles [58] and that particles smaller
than 200 p.m are necessary to avoid diffusional limitations. Our par-
ticles range in size from 180 to 400 wm. However it is possible that
a combination of factors contribute to the reactivity reported here.
We note also that there is an inverse relationship between TOFs
and surface area.

A decrease in TOF below a critical particle size has been inter-
preted to mean that the reaction is sensitive to the structure of
the cobalt metal, whereas if the TOF is independent of particle size
then neither electronic effects nor defect sites affect the intrinsic
reaction rate of the catalyst particle. In a number of FT studies, the
TOF decreases below a particle size of about 8 nm [9-11]. Because
our catalysts are comprised of two phases - a Cog phase in which
particle size does scale with pore diameter and a Cop, phase that
is uniformly made up of small particles whose size does not vary
with pore diameter - it is not surprising that there is no clear corre-
lation between particle diameter and TOF. We plot TOF vs. particle
size for both the Cog.. and Copp, particles (Fig. 10) and see no trend
between TOF and the size of the Coy, particles. We do, however,
see a correlation between Coy.. particle size and TOF, but the Co.
particles make a small contribution to the overall surface area of
metallic cobalt so it is unlikely that Cos. particles are determining
reactivity. Rather the relationship between Cog particle size and
TOF is likely to be simply a function of the fact that the Coy.. parti-
cle size scales with pore diameter and pore diameters and TOFs are
correlated.

A number of groups have determined dispersion from either the
Co304 particle size after calcination [9,73] or the Cog. particle size
after reduction or post-reaction [20]. In Fig. 11, we plot the Cog.
and Copp, particle sizes determined at Stages 2 and 3, respectively
from XRD against the particle size estimated from Co304 particles
at Stage 1. Cogc and Co304 particle sizes are correlated but there is
essentially no correlation between Coyp, particle sizes and Co304
particles size estimates. The large mole fraction and high dispersion
of the Copcp, phase (dispersions of 20-50% in our catalysts) produces
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Fig. 11. Relationship between Co metal particle size estimated from Co304 and par-
ticle sizes of fcc and hcp particles determined (A) after reduction (Stage 2) or (B) after
FT synthesis (Stage 3), showing that there is a strong correlation between Co3;04
particle size and Cog particle size, but no correlation with Coy,, size.

large hcp specific surface areas. If the hcp phase is as active as the
fcc phase, then our specific surface areas would suggest that as
much as 95% of the reaction could take place on the hcp phase.
Thus, calculations of TOF that neglect the Coy¢, content and base
dispersion on total (reduced) metal content and the Cog.. dispersion
(from XRD), could generate overly optimistic estimates of intrinsic
reaction rates.

Annealing Co-containing materials at high temperature under a
hydrogen atmosphere has been shown to change the cobalt disper-
sion [24]. Whether the particles become larger or smaller (as well
as the extent of any phase changes) is likely to depend on the pre-
cise conditions of FTS. We provide evidence that both particle size
and Co phases depend on treatment conditions [20]. Our data are
consistent with a model in which small hcp particles can be stabi-
lized in mesoporous materials, despite high thermal treatment and
these small particles can, when present, contribute significantly to

the total fraction of Co in a catalyst. Our data is also consistent with
amodel in which the Cog.. particles contribute to the catalytic activ-
ity. In some materials, a fraction of these particles may be on the
exterior surfaces of the silicas and not inside the pores, although
our data shows no clear consequence of the presence of a small
fraction of surface particles.

The post-reaction characterization of the materials shows a
strong correlation between TOF and pore diameter (see Fig. 9). It
seems likely thatlarger pores (up to approximately 13 nm) facilitate
diffusion of reactants and products, thereby speeding up reaction
rates. Larger pores are also less prone to occlusion and oxidative
inactivation.

5. Conclusion

We have synthesized and characterized silica supported cobalt
catalysts with different pore diameters for evaluation in the
Fischer-Tropsch reaction. Our characterization included determin-
ing detailed catalyst properties at three stages of catalyst history:
(1) after the initial oxidation step to thermally decompose the cat-
alyst precursor, (2) after the hydrogen reduction step to activate
the catalyst and (3) after FT reaction. The careful use of XRD anal-
ysis allowed the particle size of each Co phase, fcc and hcp, to be
determined as well as the quantification of the amounts of each
phase. The particle sizes of the Cog.. decreased with decreasing sup-
port pore size whereas the particle size of Coy,¢, remained constant
and anisotropic in shape for Stages 2 and 3. The Coy,, particle size
was consistently smaller than the Cog. particle size. The CoO mole
fraction is larger with smaller pore materials, indicating that those
materials are more difficult to fully reduce. We find a very good
correlation between pore diameter and TOF with a maximum TOF
occurring at materials with a pore diameter around 13 nm.
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