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ABSTRACT: Transition-metal oxides and noble metals are well-
known selectivity and activity promoters in cobalt-based Fischer−
Tropsch catalysis. Niobia has been shown as an effective selectivity
promoter as support material; however, its low porosity limits the
cobalt loading. To combine the selectivity-promoting properties of
niobia with a highly porous support, niobia-modified silica was
prepared and applied as a support for Co and PtCo catalysts with
cobalt loadings up to 21 wt %. Niobia promotion was found to
increase the C5+ selectivity at 1 bar; however, it appeared to be
ineffective at 20 bar. Promotion of Co/SiO2 by a combination of
platinum and niobia yielded an increase of the cobalt-weight
normalized activity by a factor of 2−3 in the case of amorphous
niobia and by a factor of 3−4 with niobia nanocrystals present, due to both an increased number of active sites and an increased
cobalt-surface specific activity (turnover frequency).
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■ INTRODUCTION

Synthesis gas, a mixture of H2 and CO, can be obtained from
feedstocks other than crude oil, such as natural gas, coal, and
biomass. Via the Fischer−Tropsch process synthesis gas can be
catalytically converted into ultraclean transportation fuels and
chemicals. The Fischer−Tropsch reaction is typically catalyzed
by iron or cobalt catalysts. Utilization of iron catalysts leads to
the formation of (lower) olefins, the building blocks for a range
of products such as polymers, solvents, and drugs.1 Cobalt
catalysts exhibit higher selectivity toward high-molecular-
weight, paraffinic waxes which can be hydrocracked to produce
lubricants and diesel fuels.2−7

The active phase, i.e. metallic cobalt, is usually supported by
mesoporous metal oxides, which provide thermal, mechanical,
and chemical stability. High support pore volume and surface
area allow for facile catalyst preparation and mass transfer and
high cobalt dispersion, respectively. The nature of the support,
typically SiO2, Al2O3, or TiO2, determines the interaction with
cobalt species. Strongly interacting supports such as γ-Al2O3

usually lead to high cobalt oxide dispersions but also hard to
reduce cobalt species and vice versa.8,9 Cobalt oxide reduction
was found to be difficult, especially for small particles or in the
case of strong interaction with the support10 and can be
promoted by the addition of a noble metal such as Pt, Pd, Ru,
or Re. The role of the noble metal is to catalyze the reduction
of cobalt oxide by H2, leading to a higher degree of reduction at
lower temperature and ultimately a higher number of metallic
cobalt surface sites.3,11−13

The desired Fischer−Tropsch products are most often heavy
hydrocarbons, typically paraffinic waxes, which can be hydro-
cracked to isoalkanes in the diesel range. The desired product is
usually indicated as C5+, while the undesired product is
methane. The selectivity is influenced by process conditions
such as temperature,14,15 pressure, and CO conversion16 and by
catalyst properties such as support acidity,17,18 pore diame-
ter,17,19 and transition-metal oxide (TMO) promotion.5,20−26

Partially reducible TMO promoters such as manganese oxide,
zirconia, titania, and niobia are typically added to promote the
selectivity and activity of the catalyst by electronic interaction
between cobalt and the TMO.5,21−26 These TMO promoters
can be present as small particles in close vicinity to or on the
cobalt particles or as support material.26 In the latter case
decoration of cobalt particles by partially reduced TMO species
might still occur due to strong metal−support interaction
(SMSI) as reported by Tauster et al. and Haller et al.27−29

For cobalt catalysts supported by niobia, high selectivities
toward heavy hydrocarbons have been reported.14,30−34 The
selectivity-promoting effect of niobia as support material was
attributed to partial reduction of the support and formation of
Co0-NbOx species due to SMSI as in the case of TiO2, where
TiOx suboxides were observed.35−40 For niobia-supported
catalysts cobalt-weight normalized activities were reported
similar to those for γ-Al2O3-supported catalysts. Upon noble-
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metal promotion, a factor of 2−3 increase of the cobalt-weight
normalized activity has been reported for catalysts supported by
partially reducible oxides such as TiO2 and Nb2O5, which could
not be explained by the number of active sites based on H2
chemisorption.2,41−43 This indicates that the intrinsic activity of
the active sites increased, which is rare in cobalt Fischer−
Tropsch catalysts. Iglesia et al. proposed that the activity-
promoting role of Ru in Co/TiO2 was related to inhibited
deactivation by carbon.41

Typically, partially reducible oxides have a low specific
surface area and porosity in comparison to SiO2 and γ-Al2O3
and consequently the cobalt loading is limited (<10 wt %). For
niobia-supported catalysts, low catalyst-weight normalized
activities are obtained in comparison to catalysts with high
cobalt loadings of 20−25 wt %. In this study niobia-modified
silica is proposed as support to combine the selectivity-
promoting electronic properties of niobia and a high-surface-
area matrix to arrive at high activities.
Preparation of niobia-modified SiO2, Al2O3, TiO2, MgO, and

ZrO2 was reported before using impregnation, chemical vapor
deposition, and sol−gel routes and various niobium precursors
such as niobium ethoxide, niobium pentachloride, niobium
oxalate, and ammonium niobium oxalate. The support surface
area remained intact upon niobium deposition, and after high-
temperature calcination, retardation of support surface area loss
was observed.44,45 At low loading niobium was found to be
present in isolated NbO4 sites; at higher loading polymerization
occurred to NbO6 sites and ultimately Nb2O5 nanocrystals were
formed.46,47

Niobia-modified Al2O3 (5−30 wt %) as support for cobalt
Fischer−Tropsch catalysts was reported by Mendes et al.37,38,48

and was prepared using an ammonium niobium oxalate
complex. Niobia was found to form a multilayered structure,
and the degree of polymerization increased with loading. At low
niobia loading and catalysis at 1 bar, high methane and low C5+
selectivities were observed in comparison to an Al2O3-
supported catalyst, attributed to the formation of Co2+−Co0
species, responsible for methanation. At high niobia loading
after reduction at 500 °C lower methane and higher C5+
selectivity but reduced activity were observed, attributed to
the formation of Co0-NbOx species, responsible for methyl
radical formation and promotion of chain growth.
In this paper the extent and origin of activity and selectivity

promotion by niobia and platinum on Co/SiO2 Fischer−
Tropsch catalysts49,50 is investigated. Niobia-modified silica is
prepared and investigated as support material for cobalt and
platinum−cobalt Fischer−Tropsch catalysts with industrially
relevant cobalt loadings up to ∼21 wt %. Catalyst performance
is investigated at 1 bar and low CO conversion and under
industrially relevant conditions, 20 bar and 30−40% CO
conversion, and correlated to the catalyst structure.

■ EXPERIMENTAL SECTION
Preparation. Niobia-modified silica supports were prepared

by incipient wetness impregnation51 of a silica gel (Davisil 643,
Sigma-Aldrich, >99%; SABET, 260 m2 g−1; PV, 1.1 mL g−1; PD,
17 nm) with an aqueous 70−200 g L−1 (0.22−0.66 M)
ammonium niobium oxalate (ANO, Companhia Brasileira de
Metalurgia e Mineraca̧õ) solution. After it was dried overnight
at 60 °C in stagnant air, the niobium precursor was calcined in
a 0.5 L min−1 gsample

−1 air flow at 550−900 °C (2 h, 5 °C
min−1). Niobia-modified silica samples with niobia loading Nb/
Si = 0−0.12 at./at. were prepared in multiple impregnation

cycles and will be referred to as XNbSi-Y, where X is the atomic
ratio Nb/Si and Y is the calcination temperature. An overview
of the prepared supports can be found in Table S1 in the
Supporting Information.
Cobalt was deposited on niobia-modified silica by impreg-

nation51 with an aqueous 4.0 M Co(NO3)2 solution or by
coimpregnation with an aqueous 4.0 M Co(NO3)2, 0.03 M
Pt(NH3)4(NO3)2 (Co/Pt = 140) solution, aiming for a cobalt
loading of 0.9 mgCo m−2, corresponding to 9−21 wt % Co.
After it was dried overnight at 60 °C in stagnant air, the cobalt
nitrate precursor was calcined at 350 °C (2 h, 3 °C min−1) in a
1 L min−1 gsample

−1 N2 flow. Cobalt loading is expressed as the
mass of metallic cobalt per gram of reduced catalyst. An
overview of the prepared catalysts can be found in Table 1.

Characterization. Powder X-ray diffraction (XRD) pat-
terns were measured using a Bruker-AXS D2 Phaser X-ray
diffractometer using Co Kα radiation (λ = 1.789 Å). Nb2O5
crystallite size was calculated by applying the Scherrer equation
(k = 0.9) to the (180) diffraction at 33° 2θ; Co3O4 crystallite
size was calculated using the (311) diffraction at 43° 2θ.
N2 physisorption measurements were performed at −196 °C,

using a Micromeritics TriStar 3000 apparatus. Prior to analysis,
∼100 mg of the sample was dried at 200 °C for 20 h under an
N2 flow. The surface area was calculated using the BET theory
for p/p0 = 0.06−0.25. Pore diameter distribution was
determined using the BJH theory applied to the adsorption
branch. The pore volume was calculated from single-point
adsorption at p/p0 = 0.98.
Backscattered electron-scanning electron microscopy (BSE-

SEM) images were acquired with an FEI Phenom type 1 SEM
operated at 5 keV.
TEM samples were reduced in a 1 L min−1 gsample

−1 25 vol %
H2/N2 flow at 350 °C (2 h, 3 °C min−1), exposed to air at
room temperature, and subsequently embedded in a two-
component epoxy resin (Epofix, EMS) and cured at 60 °C for
at least 16 h. Using a Diatome Ultra 35° diamond knife
mounted on a Reichert-Jung Ultracut E microtome, an
embedded sample was cut in sections with a nominal thickness
of 50 nm which were collected on a TEM grid. Bright field
TEM and high angle annular dark field (HAADF) STEM
imaging was performed on a Tecnai 20 microscope equipped
with a field emission gun operated at 200 keV and EDX
detector.
Temperature-programmed reduction (TPR) experiments

were performed using a Micromeritics Autochem 2920
instrument. Typically 100 mg of the sample was dried at 120
°C for 1 h under an Ar flow and reduced up to 1000 °C (10 °C
min−1) in a 5 vol % H2/Ar flow.
H2 chemisorption measurements were performed using a

Micromeritics ASAP 2020 instrument. Prior to the measure-
ments, ∼200 mg of the sample was dried for 1 h under dynamic
vacuum at 100 °C and reduced under an H2 flow at 350 °C (1
°C min−1, 2 h). H2 adsorption isotherms were measured at 150
°C, as recommended by Reuel for supported cobalt particles.52

Metallic cobalt-specific surface area and average particle size
were calculated assuming the surface stoichiometry H/Co = 1
and an atomic cross-sectional area of 0.0662 nm2.

Fischer−Tropsch Synthesis. Catalytic testing at 1 bar was
performed using a U-shaped, continuous-flow, fixed-bed reactor
system. Typically 10 mg of catalyst (38−75 μm) was diluted
with 200 mg of SiC (200−400 μm) and loaded in a stainless
steel reactor, i.d. = 3 mm, to achieve a bed height of 2 cm. A
500 mg portion of SiC was loaded on top of the catalyst bed to
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ensure gas preheating. The catalysts were reduced in situ at
atmospheric pressure in a 33 vol % H2/Ar flow, GHSV 180000
h−1, at 350 °C (2 h, 5 °C min−1). After the temperature was
lowered to 220 °C, the gas stream was switched to synthesis
gas: H2/CO = 2.0 v/v, GHSV 18000−54000 h−1, CO
conversion 2−4%. Products up to C18 were analyzed using an
online Varian 430-GC instrument equipped with FID. Activity
and selectivity were calculated on the basis of the hydrocarbons
formed. The reported catalyst performance was determined
after at least 15 h on stream. Catalytic testing at 20 bar was
performed using an Avantium Flowrence 16 parallel,
continuous-flow, fixed-bed reactor system. A 30 mg portion
of catalyst (38−75 μm) was diluted with 200 mg of SiC (200
μm) and loaded in a stainless steel reactor, i.d. = 2 mm, to
achieve a bed height of 4−5 cm. The catalysts were reduced in
situ at atmospheric pressure in a 25 vol % H2/He flow, GHSV
6000−14000 h−1, at 350 °C (8 h, 1 °C min−1). After the
temperature was lowered to 180 °C, the gas stream was
switched to synthesis gas, H2/CO = 2.0 v/v, GHSV 3000−8000
h−1, and the reactors were pressurized to 20 bar and
subsequently heated to 220 °C. The GHSV was adjusted to
obtain 30−40% CO conversion. Products up to C9 were
analyzed using an online Agilent Technologies 7890A gas
chromatograph. The reported catalyst performance was
determined after at least 100 h on stream. The GHSV was
defined as the total gas flow divided by the catalyst volume.

■ RESULTS AND DISCUSSION
Support Modification. Niobia-modified silica was pre-

pared by (multiple) impregnations with an aqueous solution of
ammonium niobium oxalate and subsequent drying and
calcination at 550−900 °C. The Nb/Si atomic ratio was
calculated to be 0−0.12. Assuming five Nb atoms per square
nanometer, Nb/Si = 0.12 at./at. was calculated to correspond
to a monolayer of niobia on silica.45,53 An overview of all

samples, including their designations, is shown in Table 1;
niobia loadings (0−21 wt %) and porosity data are shown in
Table S1 in the Supporting Information.
The silica porosity and pore diameter (∼20 nm) was found

to remain intact upon niobia modification (Figure S1 in the
Supporting Information), as previously observed by Ko and
Shiju.54,55 The presence of niobia stabilized the SiO2 structure
during calcination at T > 550 °C, resulting in a less pronounced
decrease of surface area and porosity than for SiO2 calcined
without niobia modification. After calcination at 550 °C, no
niobia was observed using XRD, indicating strong interaction
between niobia and silica. Calcination at higher temperatures
led to niobia polymerization and formation of Nb2O5

crystallites (Figure 1). Niobia polymerization upon increased
loading and calcination temperature was also inferred from

Table 1. Nb/Si Atomic Ratio, (Nb-)Si Calcination Temperature, (Nb-)Si Specific BET Surface Area, and Pt and Co Loadings
Based on Intake and Assuming Nb To Be Present as Nb2O5 for (Pt)Co-(Nb)Si Catalysts

support catalyst

catalyst designation Nb/Si atomic ratio, at./at. calcination temp, °C specific surface area, m2 g−1 Pt loading, wt % Co loading,a wt %

Co-Si-550 550 269 21.0
Co-0.02NbSi-550 0.02 550 265 19.3
Co-0.04NbSi-550 0.04 550 262 18.8
Co-0.06NbSi-550 0.06 550 256 18.6
Co-0.09NbSi-550 0.09 550 250 19.8
Co-0.12NbSi-550 0.12 550 240 18.8

PtCo-Si-550 550 269 0.43 18.0
PtCo-0.02NbSi-550 0.02 550 265 0.46 19.1
PtCo-0.04NbSi-550 0.04 550 262 0.44 18.2
PtCo-0.06NbSi-550 0.06 550 256 0.43 17.8
PtCo-0.09NbSi-550 0.09 550 250 0.41 16.9
PtCo-0.12NbSi-550 0.12 550 240 0.40 16.6

Co-Si-900 900 115 9.2
Co-0.04NbSi-900 0.04 900 169 14.3
Co-0.12NbSi-900 0.12 900 155 11.6

PtCo-Si-900 900 115 0.21 8.6
PtCo-0.04NbSi-900 0.04 900 169 0.32 13.3
PtCo-0.12NbSi-900 0.12 900 155 0.28 11.8

aCorresponding to 0.8−1.0 mgCo m
−2 for all catalysts; see Table S2 in the Supporting Information.

Figure 1. X-ray diffractograms (Co Kα radiation) for a physical
mixture of ANO and SiO2 (Nb/Si = 0.12 at./at.) after calcination at
550 °C and for 0.12NbSi-550, 0.12NbSi-675, 0.12NbSi-800, and
0.12NbSi-900. The dominant crystalline Nb2O5 phase was ortho-
rhombic Nb2O5 (T-phase).
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diffuse reflectance spectroscopy results (Figure S2 in the
Supporting Information).
Using TEM no niobia particles were observed after

calcination at 550 °C (Figure 2, left). After calcination at 900

°C, crystalline 15−20 nm niobia particles were observed (dark
dots in Figure 2, right). Using SEM, niobia was found to
partially migrate to the exterior surface of the macroscopic
grains (∼50 μm) upon calcination at 900 °C (Figure S5 in the
Supporting Information).
Niobia−Silica-Supported Cobalt Catalysts. An overview

of the cobalt and platinum−cobalt catalysts prepared using
niobia-modified silica as support is shown in Table 1.
After impregnation of niobia-modified silica with a cobalt
precursor or coimpregnation with cobalt and platinum
precursor and subsequent decomposition, the catalysts were
studied using X-ray diffraction (Figure 3). Cobalt was found to

be present as Co3O4, and from the XRD line broadening, the
Co3O4 crystallite size was found to be 8−9 nm for Co-(Nb)Si-
550 and 7−8 nm for PtCo-(Nb)Si-550, Co-(Nb)Si-900, and
PtCo-(Nb)Si-900 (Table 2).
Using TEM, the cobalt particle size was studied for reduced and
passivated PtCo-NbSi catalysts after sample preparation using
ultramicrotomy (Figure 4). The bright areas, which were well-
distributed throughout the catalyst grain, were confirmed to be
cobalt-rich; however, niobium oxide particles could not
unambiguously be distinguished. On the basis of the analysis
of 200−350 particles, the average cobalt particle sizes were
calculated to be 5−9 nm (see Figure S6 in the Supporting
Information).
For PtCo-0.12NbSi-900 a significantly smaller apparent

cobalt oxide particle size, ∼5 nm, was determined in
comparison to that for the other samples. In this support

crystalline niobia particles were observed using TEM and XRD,
which would also appear as bright spots and could be confused
with cobalt oxide particles, limiting the reliability of these
measurements. For the other samples, the crystallite size
obtained using XRD was similar to the particle size obtained in
this TEM study. In Table 2 an overview is given of the cobalt
particle sizes estimated on the basis of TEM.
The influence of niobia modification and Pt promotion on the
cobalt oxide reduction behavior was studied using temperature-
programmed reduction (TPR). Multiple reduction peaks were
observed for the reduction of Co−Si (Figure 5). The peak at
300 °C is thought to be the reduction of Co3O4 to CoO, which
usually is facile and quantitative.8,39,56 Reduction peaks at
higher temperatures were attributed to reduction of CoO to
metallic Co. Due to strong interaction between CoO and silica
and consequent formation of cobalt silicates, high reduction
temperatures were required to obtain metallic cobalt.
Niobia modification did not have a large influence on the

reducibility of Co−Si (Figure 5). The additional peak around
900 °C might be related to the formation of mixed Co−Nb
oxides or Nb−Si oxides. Extensive overlap of reduction peaks of
cobalt oxide, niobia, and probably mixed Co−Nb oxides
impeded accurate quantitative determination of the degree of
cobalt oxide reduction. No large influence of niobia
modification (Figure 5) or support calcination temperature
(Figure 5, right) on the reduction behavior was observed and
the consequential effect of niobia modification on the degree of
reduction was expected to be small on the basis of TPR data.
Pt promotion drastically reduced the temperature required

for reduction of Co−Si (Figure 5), as observed before for
noble-metal-promoted cobalt catalysts.3,11,13 This will lead to a
higher degree of cobalt oxide reduction for PtCo catalysts in
comparison to Co catalysts after isothermal reduction at 350
°C. The small peak observed at 750 °C was attributed to
reduction of cobalt silicates. For PtCo-0.12NbSi-550 (Figure 5,

Figure 2. Bright field TEM images for (left) 0.12NbSi-550 and (right)
0.12NbSi-900. See Figure S3 in the Supporting Information for more
images.

Figure 3. X-ray diffractograms (Co Kα radiation) for calcined (Pt)Co-
(Nb)Si catalysts: (*) Co3O4 diffractions; (#) Nb2O5 diffractions.

Table 2. Co3O4 Crystallite Size Determined Using XRD and
Calculated Co Crystallite Size, Metallic Cobalt-Specific
Surface Area (MSA), and Apparent Co Particle Size (dapp)
Determined using H2 Chemisorption at 150 °C, and Co
Particle Size Determined Using TEM for Co-Si, PtCo-Si, Co-
NbSi and PtCo-NbSi Catalysts

XRD H2 chemisorption TEM

catalyst
Co3O4
(nm)

Co
(nm)

MSA (m2

gCo
−1)

Co dapp
(nm)

Co
(nm)

Co-Si-550 8.5 6.8 57 12
Co-0.04NbSi-550 8.6 6.8 39 17
Co-0.12NbSi-550 7.9 6.3 27 25

PtCo-Si-550 7.6 6.0 95 7
PtCo-0.04NbSi-550 7.1 5.7 76 9 8
PtCo-0.12NbSi-550 7.3 5.8 54 13 7a

Co-Si-900 6.8 5.4 50 14
Co-0.04NbSi-900 7.2 5.7 46 15
Co-0.12NbSi-900 7.6 6.0 6a

PtCo-Si-900 6.8 5.4 90 8 8a

PtCo-0.04NbSi-900 7.2 5.7 73 9 9
PtCo-0.12NbSi-900 7.0 5.6 73 9 5a

aCalculated from Co3O4 particle size using Co and Co3O4 densities;
see Figure S6 in the Supporting Information.
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Figure 4. Bright field TEM images and cobalt particle size distribution for reduced and passivated PtCo-0.04NbSi-550 (left) and PtCo-0.04NbSi-900
(middle).

Figure 5. Temperature-programmed reduction profiles for (Pt)Co-(0.12Nb)Si-550 (left) and (Pt)Co-(0.12Nb)Si-900 (right).

Figure 6. C5+ selectivity in Fischer−Tropsch synthesis at 220 °C and H2/CO = 2.0 at 1 bar after 15 h on stream (left) and at 20 bar after 100 h on
stream (right) for Co-NbSi-550 and PtCo-NbSi-550 catalysts. Lines are added to guide the eye.

Figure 7. Cobalt-weight normalized Fischer−Tropsch activity at 220 °C and H2/CO = 2.0 at 1 bar after 15 h on stream (left) and at 20 bar after 100
h on stream (right) for Co-NbSi-550 and PtCo-NbSi-550 catalysts. Lines are added to guide the eye.
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left) this peak was not observed, indicating that niobia
modification of silica impeded the formation of cobalt silicates.
The metallic cobalt-specific surface area (MSA) after catalyst
reduction at 350 °C was measured using H2 chemisorption at
150 °C (Table 2). The MSA was found to increase by a factor
of 2 upon Pt promotion, most likely due to a higher degree of
cobalt oxide reduction. Upon niobia modification, the MSA
decreased for both Pt-promoted catalysts and non-Pt-promoted
catalysts. This decreasing MSA was also observed by Johnson et
al. upon Mn promotion of Co/SiO2

24 and is attributed to
coverage of the cobalt surface by niobia due to SMSI. This
suppressed H2 chemisorption was found to be less severe for
catalysts prepared after support calcination at 900 °C,
indicating that niobia was less reactive after high-temperature
calcination. A potential method to overcome suppressed H2
chemisorption due to SMSI would be by reduction and
subsequent mild oxidation to remove niobia from the cobalt
surface, followed by a second reduction cycle at lower
temperature as proposed for TiO2-supported catalysts,58,59

and will be investigated in further studies on niobia-containing
catalysts. Methods that could provide additional information on
the number of sites participating in Fischer−Tropsch synthesis
could be reversible CO chemisorption or sulfur poisoning;
however, these were not investigated within the scope of this
study.
Fischer−Tropsch Synthesis. The performance of (Pt-

)Co/(Nb)Si was investigated in Fischer−Tropsch catalysis at 1
and 20 bar, 220 °C, and H2/CO = 2.0. An overview of the C5+
selectivities is shown in Figure 6, and the cobalt-weight
normalized activities are shown in Figure 7. Cobalt-weight
normalized activity (CTY) at 20 bar during the first 150 h on
stream is shown in Figure 8 for PtCo-Si and PtCo-NbSi

catalysts. CH4 and C5+ selectivities, CTY, and turnover
frequencies at 20 bar are shown in Table 3; for data at 1 bar
see Table S3 in the Supporting Information.
At 1 bar the C5+ selectivity of Co-Si and PtCo-Si was found

to be around 30 wt % and increased to 45−50 wt % upon
niobia modification (Figure 6, left). At 20 bar, the C5+
selectivity of Co-Si and PtCo-Si was 81−86 wt % and
decreased slightly upon niobia modification (Figure 6, right).
The influence of transition-metal oxide (TMO) promotion on
the catalyst selectivity has been reported before to depend on
the reactor pressure for MnO-promoted Co catalysts.20,25,57 At
elevated pressures no or only slight influence of TMO
promotion on the catalyst selectivity was observed, which is
thought to be related to the higher CO coverage at elevated

pressure and consequent higher chain growth probability, even
without the presence of a promoter, making TMO promotion
for selectivity not mandatory.
Upon Pt promotion of Co-Si, the CTY was found to increase

by a factor of 2 (Figure 7). No large effect of niobia
modification on the CTY of Co-Si was observed. Promotion
by a combination of platinum and niobia yielded a factor of 3
and 4 increase of the CTY in comparison to Co-Si for PtCo-
NbSi-550 and PtCo-NbSi-900, respectively (Figure 8 and Table
3). The CTY of Co-(Nb)Si and PtCo-(Nb)Si was found to be a
factor of 2 higher at 20 bar than at 1 bar. The influences of Pt
promotion, niobia modification, and NbSi calcination temper-
ature on the CTY were similar at 1 and at 20 bar.
Turnover frequencies (TOFs) were calculated on the basis of

XRD, H2-chemisorption, and TEM results (Table 3). The
TOFs based on H2 chemisorption results were calculated to be
0.033 and 0.037 s−1 for Co-Si-550 and PtCo-Si-550,
respectively, which are similar to the TOFs reported previously
for Co/SiO2 and PtCo/SiO2 catalysts.

49 This indicates that the
observed increase of the CTY upon Pt promotion of Co-Si was
largely caused by a higher number of active sites. This is in
agreement with previous observations where noble-metal
promotion of supported cobalt catalysts was reported to
facilitate cobalt oxide reduction, leading to a higher degree of
reduction, an increased number of active sites, and con-
sequently higher CTY.3,11,13

The TOF calculated on the basis of XRD results was
significantly lower than the TOF calculated on the basis of H2

chemisorption results (Table 3). This was attributed to
incomplete cobalt oxide reduction for Co-Si and Co-NbSi
and suppressed H2 chemisorption for Co-NbSi and PtCo-NbSi
(vide supra). No large influence of niobia modification of Co-Si
on the TOF based on Co3O4 crystallite size from XRD was
observed (Table 3). On the basis of H2 chemisorption results,
the TOF was calculated to increase upon niobia modification;
however, this is most likely related to an underestimated
number of active sites due to SMSI, as also observed by
Johnson et al.24

With a combination of niobia and platinum promotion both
an increased number of active sites (Table 2) and an increased
TOF (Table 3) in comparison to Co-Si were calculated on the
basis of H2 chemisorption, XRD, and TEM data. The calculated
increase of CTY and TOF was more pronounced for PtCo-
NbSi-900, in which niobia was present as 15−20 nm
nanocrystals, than for PtCo-NbSi-550, where niobia was
amorphous, indicating that the synergy between niobia
nanocrystals and platinum more efficiently promoted the
activity of Co-Si catalysts.
A turnover frequency increase was previously reported for

noble-metal-promoted Co/TiO2
2,41,43 and Co/Nb2O5

42 cata-
lysts, both being a combination of noble-metal promotion and a
partially reducible oxide support. In this study an increased
TOF was also observed for catalysts promoted by niobia and
for catalysts with high porosity and industrially relevant cobalt
loadings.
A useful study that could provide additional insight in the

role of Pt and niobia during the reaction rather than ex situ, for
example the influence of reactants and products including H2O
under the reaction conditions, could be SSITKA; however, this
was not investigated within the scope of this study.

Figure 8. Cobalt-weight normalized Fischer−Tropsch activity at 20
bar, 220 °C, and H2/CO = 2.0 for (Pt)Co-(Nb)Si catalysts.
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■ CONCLUSIONS
Niobia-modified silica (NbSi) with Nb/Si 0−0.12 at./at. was
prepared by impregnation and subsequent calcination at 550−
900 °C. At low loadings, Nb was present as small niobia
particles or mixed Nb−Si species. Upon higher loadings and
calcination temperatures a niobia layer was formed on SiO2 and
ultimately 15−20 nm nanocrystals were observed which
partially migrated to the exterior surface of the silica grains.
Co and PtCo catalysts with constant surface-specific loading of
0.8−1.0 mgCo m−2 (9−21 wt % Co) were prepared by
impregnation of the NbSi supports.
On the basis of XRD, H2 chemisorption, and TEM data no

evidence was found that niobia modification of silica had a large
influence on the cobalt particle size of around 8 nm. Upon Pt
promotion of Co-Si and Co-NbSi, cobalt oxide reduction was
facilitated and the number of active sites was found to increase
by a factor of 2.
At 1 bar the C5+ selectivity in Fischer−Tropsch catalysis

increased significantly upon niobia modification, whereas at 20
bar it was found to only slightly decrease. This pressure
dependence of niobia promotion is thought to be related to a
higher intrinsic CO coverage at elevated pressures, making
promotion with a transition-metal oxide for selectivity less
effective at more elevated pressures.
The influences of Pt promotion, niobia modification, and

NbSi calcination temperature on the catalyst activity were
found to be identical at 1 bar and at 20 bar. Upon Pt promotion
of Co/SiO2, the cobalt-weight normalized activity was found to
increase by a factor of 2 due to a higher number of active sites.
Promotion of Co-Si by a combination of platinum and niobia
yielded an increase of the cobalt-weight normalized activity by a
factor of 2−3 in the case of amorphous niobia and a factor of
3−4 for niobia nanocrystals. This increase was partially
attributed to an increased number of active sites and partially
to an increased turnover frequency. The activity increase was

highest for catalysts after NbSi calcination at 900 °C, indicating
that synergistic promotion was more efficient between platinum
and niobia nanocrystals than between platinum and amorphous
or atomically dispersed niobia.
An increased turnover frequency was previously reported for

noble-metal-promoted Co/Nb2O5 and Co/TiO2, which both
display quite low specific surface areas. In this study an
increased TOF was obtained for supported Co catalysts
promoted by niobia plus noble metal with high surface area
and industrially relevant cobalt loadings.
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Table 3. Selectivity toward CH4 and C5+, CO Conversion (XCO), Cobalt-Weight Normalized Activity (CTY), and Turnover
Frequency (TOF) in Fischer−Tropsch Catalysis at 20 bar, 220 °C, and H2/CO = 2.0 after 125 h on Stream for (Pt)Co-(Nb)Si
Catalysts

selectivity (wt %) TOF (10−3 s−1)

catalyst CH4 C5+ XCO (%) CTY (10−5 molCO gCo
−1 s−1) H2 XRD TEM

Co-Si-550 7 86 35 4.7 33 19
Co-0.02NbSi-550 8 86 35 5.1 20
Co-0.04 NbSi-550 7 86 28 4.1 42 17
Co-0.06 NbSi-550 8 85 32 4.9 18
Co-0.09 NbSi-550 9 85 29 6.0 24
Co-0.12 NbSi-550 9 84 37 5.4 80 20

PtCo-Si-550 8 84 39 8.8 37 31
PtCo-0.02NbSi-550 8 85 39 11 41
PtCo-0.04NbSi-550 8 84 36 11 60 38 57
PtCo-0.06NbSi-550 7 84 39 12 39
PtCo-0.09NbSi-550 8 83 36 11 40
PtCo-0.12NbSi-550 9 81 33 11 79 37 35

Co-Si-900 10 83 11 3.5 28 11
Co-0.04 NbSi-900 9 81 29 5.6 49 19
Co-0.12 NbSi-900 9 84 24 5.5 20 17

PtCo-Si-900 9 81 28 8.8 39 28 31
PtCo-0.04 NbSi-900 9 82 36 15 80 50 82
PtCo-0.12 NbSi-900 10 82 30 14 78 47 33
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