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a b s t r a c t

Density functional theory (DFT) calculations indicate that boron atoms are thermodynamically stable at
step, p4g clock, and subsurface sites of a Co catalyst under Fischer–Tropsch synthesis (FTS) conditions.
Moreover, the presence of boron at step and clock sites is calculated to destabilize the adsorption of car-
bon atoms at neighboring sites by +160 and +108 kJ/mol, respectively. The calculations hence suggest
that boron promotion can selectively block the deposition, nucleation, and growth of resilient carbon spe-
cies. To experimentally evaluate this concept, the deactivation of a 20 wt.% Co/c-Al2O3 catalyst promoted
with 0.5 wt.% boron was studied for 200 h during FTS at 240 �C and 20 bar. Boron promotion was found to
reduce the deactivation rate more than six-fold, without affecting the initial activity or selectivity. Char-
acterization with X-ray photoelectron spectroscopy (XPS) and temperature-programmed hydrogenation
(TPH) confirms that boron promotion reduces the deposition of resilient carbon species.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Supported Co catalysts display favorable activity and high par-
affin selectivity in Fischer–Tropsch synthesis (FTS), the catalytic
conversion of synthesis gas to long-chain hydrocarbons [1–4].
However, they deactivate gradually during FTS [5,6], losing be-
tween 1% and 3% of their activity per day [7–9]. Because of the high
cost of Co and the high loading typically required, this slow deac-
tivation constitutes a significant technical challenge. Patents
describing the removal of carbon deposits on Co FTS catalysts fur-
ther illustrate the industrial relevance of deactivation [10–12], and
promoters such as Ru [13] and K [14] have been reported to reduce
carbon deposition during FTS.

To develop Co catalysts with improved stability, a detailed
understanding of the deactivation mechanism is required. We have
previously reported an experimental and computational study of
the deactivation of a 20 wt.% Co/c-Al2O3 catalyst during FTS at
240 �C, 20 bar and for a H2/CO ratio of 2 [9]. After 200 h, the Co cat-
alyst had lost 30% of its maximum activity, and the deactivation
behavior can be described by a first-order deactivation rate coeffi-
cient of 1.7 � 10–3 h�1. Characterization of the catalyst after 200 h
of reaction by a combination of X-ray photoelectron spectroscopy
(XPS), temperature-programmed hydrogenation (TPH), and trans-
mission electron microscopy (TEM) indicated that both carbidic
and poly-aromatic carbon species remain on the catalyst after
ll rights reserved.
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careful wax extraction [9]. No significant change in the catalyst dis-
persion could be detected by hydrogen chemisorption measure-
ments after 200 h of FTS. In agreement with earlier studies
[13,15–18], the gradual deactivation of Co catalysts was, at least
partially, attributed to the deposition of resilient carbon species.
An extensive evaluation of the deactivation of supported Co cata-
lysts at 230 �C, 20 bar and for a H2/CO ratio of 2 in a 100 barrel/
day slurry bubble column demo-scale reactor was reported by
Moodley et al. [15]. TPH studies of catalyst samples collected at dif-
ferent reaction times show a gradual accumulation of resilient car-
bon species. Using energy-filtered TEM, Moodley et al. furthermore
showed that a significant fraction of the deposited carbon spills
over to the alumina support [15]. Carbon-induced deactivation
was also reported for Ru-promoted Co catalysts [13], for 20 wt.%
Co/ZnO catalysts [16], and for 20 wt.% Co/SiO2-zeolite catalysts
[17]. Other deactivation mechanisms such as sintering and Co oxi-
dation have also been observed. The relative importance of the dif-
ferent mechanisms depends on the catalyst parameters and
reaction conditions, and is discussed in recent reviews by Saib
et al. [5] and by Tsakoumis et al. [6].

The relative stability of different forms of deposited carbon on
Co has been evaluated using density functional theory (DFT) [9].
DFT calculations indicate that the formation of large poly-aromatic
islands and of a p4g surface carbide phase is thermodynamically
highly favorable under FTS conditions. While the surface carbide
phase nucleates and grows into step-edge defects, graphene strips
grow out of the step-edge defects [9]. The DFT calculations further
allow comparison with characterization data. The calculated C 1s
core level binding energies of 284.5 and 283.4 eV for a graphene
overlayer and for an extended p4g surface carbide phase,

http://dx.doi.org/10.1016/j.jcat.2011.03.002
mailto:armando_borgna@ices.a-star.edu.sg
mailto:chesm@ nus.edu.sg
mailto:chesm@ nus.edu.sg
http://dx.doi.org/10.1016/j.jcat.2011.03.002
http://www.sciencedirect.com/science/journal/00219517
http://www.elsevier.com/locate/jcat


K.F. Tan et al. / Journal of Catalysis 280 (2011) 50–59 51
respectively, can be compared with peaks around 284.6 and
283.0 eV in the XPS spectrum of a Co catalyst after 200 h of reac-
tion [9].

Carbon deposition has been studied extensively for Ni catalysts,
and several promoters have been proposed to enhance their stabil-
ity during hydrocarbon steam reforming [19–24]. One of the earli-
est proposals is the addition of small amounts of sulfur compounds
to the hydrocarbon feed, industrially implemented in the SPARG
process [19]. The addition of small amounts of sulfur compounds
is found to reduce the deactivation rate more than it affects the
activity during steam reforming [19]. Detailed studies indicate that
sulfur atoms bind strongly to step edges and hence reduce the
number of nucleation sites for the growth of graphitic carbon
[25]. More recently, Au [20], Sn [22], and B [23,24] have been pro-
posed as promoters to enhance the stability of Ni catalysts during
steam reforming. The relative stability of boron and carbon at dif-
ferent adsorption sites was calculated to be similar, and boron
atoms were proposed to block the nucleation of resilient carbon
deposits [23]. In addition, DFT calculations suggest that subsurface
boron atoms induce a minor reconstruction of the Ni(1 1 1) surface,
which reduces the methane activation barrier [26]. Experimentally,
the addition of 1.0 wt.% boron to a 15 wt.% Ni/c-Al2O3 catalyst was
found to reduce the first-order deactivation rate coefficient by a
factor of 3 and the amount of deposited carbon by 80%, without
affecting the initial catalyst activity during methane steam reform-
ing [27].

In this work, we evaluate whether the promoting effect of boron
can be extended to supported Co FTS catalysts. First, we report DFT
calculations to determine the stability of boron at different Co
adsorption sites under FTS conditions and to test the effect of
boron on the stability of neighboring carbon atoms. Next, boron-
promoted 20 wt.% Co/c-Al2O3 catalysts are prepared and charac-
terized. Finally, the activity and stability of the boron-promoted
Co catalysts are tested in a micro fixed-bed reactor at typical FTS
conditions. The conclusions of this work are summarized in
Section 4.
2. Computational and experimental methods

2.1. Computational details

Boron and carbon chemisorption energies were calculated using
periodic spin polarized DFT and the Perdew–Burke–Ernzerhof
functional (DFT–PBE) [29] as implemented in the Vienna Ab initio
Simulation Package (VASP) [30,31]. Plane waves with a kinetic en-
ergy up to 450 eV were used in the calculations, and the electron–
ion interactions were described by the projector-augmented wave
(PAW) method [32]. Binding energies were calculated using eq. (1).

Binding energy ¼ 1
Nx

EðX=CoÞ � EðCo;cleanÞ � NxEðXÞ
� �

ð1Þ

where E(X/Co), E(Co,clean), and E(X) represents the total DFT–PBE energy
for the combined adsorbate/Co system (X = B or C), for the clean
surface, and for the free atom, respectively, and Nx is the number
of boron or carbon atoms per unit cell.

Co terraces were modeled with a 3-layer fcc Co(1 1 1), p(2 � 2)
slab where the bottom layer was constrained at the optimized bulk
Co lattice constant of 3.52 Å [33]. Although the hcp structure is
preferred for bulk Co, the fcc structure is more stable for crystal-
lites below 100 nm [34]. Step sites were created by removing 2
or 4 rows of Co atoms from the top layer of a p(2 � 8) or p(4 � 8)
slabs [9]. A (5 � 5 � 1) Monkhorst–Pack grid was used to sample
the Brillouin zone for the p(2 � 2) unit cells, while a (2 � 2 � 1)
grid was used for the larger p(2 � 8) and p(4 � 8) unit cells.
Repeated slabs were separated by 10 Å to minimize interactions
between slabs. Binding energies were found to be converged
within 5 kJ/mol with respect to the vacuum spacing and the
k-point sampling. Increasing the slab thickness from 3 to 5 layers
reduced the carbon binding energy at the hollow site by 7 kJ/mol
and the boron binding energy by 5 kJ/mol.

To evaluate the stability of adsorbed boron and carbon under
FTS conditions, reaction free energies, DGr (500 K, 20 bar), were
calculated with reference to a gas phase reservoir of CO, B2H6,
H2, and H2O at partial pressures of 4.4, 1.0, 8.9, and 6.7 bar respec-
tively, using reactions (2) and (3). The CO, H2, and H2O partial pres-
sures correspond to FTS conditions for an average CO conversion of
60%.

COðgÞ þH2ðgÞ $ C� þH2OðgÞ ð2Þ

1=2B2H6ðgÞ $ B� þ 3=2H2ðgÞ ð3Þ

Gibbs free energies for the gas phase species were obtained by
combining DFT–PBE electronic and zero point energies with exper-
imental enthalpy and entropy corrections [35]. For chemisorbed
carbon and boron, only the electronic energy was included in the
Gibbs free energy calculation [9,28].

Diborane (B2H6) was used as the reference gas phase boron spe-
cies since FTS is performed under reducing conditions [26,28]. Un-
der FTS conditions, B2H6 is significantly more stable than boric
acid, H3BO3, with an experimental gas phase free energy of reac-
tion, DGr, of �81 kJ/mol for reaction (4) [35]. As described below,
H3BO3 is used to introduce the boron promoter. Bulk boron oxide
(B2O3) on the other hand is slightly more stable than B2H6 under
FTS conditions, with a DGr of �23 kJ/mol for reaction (5) [35].

H3BO3ðgÞ þ 3H2ðgÞ $ 1=2B2H6ðgÞ þ 3H2OðgÞ ð4Þ

1=2B2H6ðgÞ þ 3=2H2OðgÞ $ 1=2B2O3ðsÞ þ 3H2ðgÞ ð5Þ

To allow comparison with the XPS data, boron 1s core level
binding energies were calculated for various surface boron species
using the final state approximation procedure [36]. The accuracy of
the calculated core level binding energies has been estimated to be
20–50 meV [36].

2.2. Catalyst synthesis and testing

Supported cobalt catalysts were prepared by slurry impregnation
of a c-Al2O3 support (surface area of 380 m2/g) with an aqueous Co
nitrate solution (Co(NO3)2�6H2O, Sigma–Aldrich, 98%) to produce
Co loadings of about 20 wt.%. The slurry was dried for 3 h at 80 �C
and 80 mbar in a rotor evaporator (Buchi R-205) with a tempera-
ture-controlled bath (Buchi B-490), and overnight in an oven at the
same temperature. The catalyst sample was subsequently heated
to 400 �C at 1 �C/min and calcined in flowing air at 400 �C for 2 h
using an electric furnace (Carbolite RWF 1200) [9]. Small amounts
(0.05 wt.%) of platinum (Pt(NH3)4(NO3)2, Sigma–Aldrich, 99%) were
introduced during the slurry impregnation step to improve the
reducibility of the Co catalyst [7,9,37]. The boron promoter was
introduced by a second slurry impregnation step using aqueous bo-
ric acid (H3BO3, Sigma–Aldrich, 99%) to produce boron loadings of
0.5 and 2.0 wt.%. As a control sample, the c-Al2O3 support without
Co was loaded with 2.0 wt.% boron. The amount of boron present
after calcination and after FTS was confirmed using inductively cou-
pled plasma-optical emission spectrometry (ICP-OES). In all cases,
the measured Co:B bulk atomic ratios differ by less than 5% from
the theoretical values of 1:0.13 and 1:0.55.

The catalytic performance of the catalysts was tested in a fixed
bed micro-reactor with an internal diameter of 2.0 cm and
equipped with a three-zone heater with three independent ther-
mocouples. An additional thermocouple was placed inside a
thermowell to measure the temperature inside the catalyst bed.
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To minimize possible temperature gradients, 1.0 g of catalyst with
a particle size between 212 and 300 lm was diluted with approx-
imately 18 g of SiC with the same particle size [9]. With this setup,
temperature gradients over the 5.0-cm catalyst bed were mea-
sured to be less than 1 �C during FTS at 240 �C, and no hot spots
were detected. Furthermore, the temperature in the bed remained
constant during the entire experiment. The absence of radial ther-
mal gradients for the 2.0-cm-diameter reactor was confirmed by
Mears’ criterion [38], using a conservative estimate for the effec-
tive thermal conductivity for a stagnant fluid in a packed bed
[39]. The absence of mass transfer limitations was evaluated using
the Weisz–Prater criteria. The calculated Weisz modulus U of
approximately 0.14 is lower than the critical value of 1.0. The ab-
sence of internal mass transfer limitations was further tested
experimentally using larger catalyst particles (300–400 lm) [9].
No significant difference in the CO conversion and selectivity could
be detected between the smaller and the larger catalyst particles.
Catalysts were reduced in the reactor for 12 h under 50 Nml/min
H2 at 500 �C and at atmospheric pressure. After reduction, the reac-
tor was cooled to 120 �C under flowing H2. Next, syngas with a H2/
CO ratio of 2 was introduced at a Wcat/Ftotal of 7.5 gcat h/mol (H2,
Soxal, 99.9%, and a CO/Ar mixture with 95% CO and 5% Ar as inter-
nal standard, Soxal), and the reactor was brought to 20 bar and
240 �C with a slow heating rate of 0.5 �C/min. The temperature of
240 �C was selected to slightly enhance the deactivation rate in or-
der to facilitate the evaluation of catalyst promoters. Similar reac-
tion conditions can be found in the literature [9,40–42].

The light products were analyzed online with an Agilent GC
6890, while condensed waxes were analyzed offline with a high
temperature Shimadzu GC 2010 to determine yields for the C20–
C80 hydrocarbons. The mass and carbon balance could be closed
to between 95% and 99% in all experiments. The catalysts were
tested for 200 h, after which the reactor was cooled to 120 �C under
flowing synthesis gas. The catalysts were removed from the reactor
inside a glove box and separated from the SiC particles with a mag-
net. The absence of a Si 2s peak in the survey XPS spectrum indi-
cated that the separation was successful. Condensed waxes were
extracted with hexane [9,43] prior to the characterization studies.
While solvent extraction under mild conditions may not remove all
the waxes, they could be reduced to very low residual levels as
indicated by the TPH and XPS data.

2.3. Catalyst characterization

To evaluate the effect of boron on the reducibility of the cobalt
catalyst, temperature-programmed reduction (TPR) profiles were
collected for the different catalysts in a Quantachrome Autosorb
1C with a thermal conductivity detector. Approximately 0.2 g of
calcined catalyst was loaded in a U-shaped cell, dried at 120 �C
for 1 h, heated in flowing air to 400 �C at 5 �C/min, and kept at
400 �C for 1 h to ensure complete decomposition of the nitrate pre-
cursors. After cooling to 25 �C, the TPR profile was recorded in
50 Nml/min 5% H2/Ar up to 850 �C at 10 �C/min. The catalyst dis-
persion and H2 uptake were determined by H2 chemisorption in
a Quantachrome Autosorb 1C. Approximately 0.2 g of catalyst
was loaded in a quartz cell, reduced in 50 Nml/min H2 at 500 �C
for 2 h, evacuated for 1 h, and cooled to 25 �C under vacuum. H2

adsorption isotherms were measured at 25 �C between 80 and
800 mbar. The dispersion was calculated assuming a H:Co stoichi-
ometry of 1. The dispersion for boron-promoted catalysts was
determined following the same procedure, assuming that boron
does not contribute to the H2 uptake. The average particle diameter
d(Co) was obtained from the dispersion (D) using Eq. (6) [44].

dðCoÞ ½nm� ¼ 96
D ½%� ð6Þ
The particle size was determined independently from the width
of the Co3O4 X-ray diffraction (XRD) peak at 36.8� using Scherrer’s
formula [45]. XRD patterns were measured in a Bruker D8 advance
diffractometer. The average Co3O4 particle size obtained from XRD
was converted to the corresponding reduced Co particle size using
the ratio of the molar volumes of metallic Co and Co3O4 [46]:

dðCoÞ ¼ 0:75dðCo3O4Þ ð7Þ

The effect of boron promotion on the adsorption of the second
reactant, CO, was evaluated with in situ diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS). CO adsorption spectra
were collected with a Perkin-Elmer FTIR 2000 spectrometer,
equipped with a temperature controlled Harrick ‘‘Praying Mantis’’
DRIFTS cell. Approximately 50 mg of catalyst, diluted with dry KBr
(1:5 w/w) to improve the signal to noise ratio, was placed in the
DRIFTS cell. The catalyst samples were dried in He at 150 �C for
1 h, and reduced in 50 Nml/min H2 for 2 h at 400 �C, the maximum
temperature for the cell. After exposure to a 50 Nml/min 2% CO/Ar
mixture at room temperature and atmospheric pressure, infrared
spectra with a resolution of 4 cm�1 were collected between 500
and 4000 cm�1 and averaged over 50 scans.

To evaluate the nature of the boron promoter on the Co catalyst
after reduction, XPS spectra were collected with a Thermo ESCA-
LAB 250 spectrometer. The calcined catalyst was reduced ex situ
using a procedure developed for Ni catalysts [27]. First, the catalyst
was heated to 120 �C at 5 �C/min and held at this temperature for
1 h under flowing Ar to remove adsorbed moisture. The catalysts
were then heated to 500 �C at 5 �C/min under 50 Nml/min H2

and reduced at this temperature for 2 h. After reduction, the cata-
lysts were purged with 50 Nml/min Ar at 500 �C and cooled to
room temperature. Thereafter, the catalysts were kept under an
Ar atmosphere and transferred to the XPS sample holder inside a
glove box with less than 0.1 ppm of water or oxygen. Finally, the
samples were transferred to the XPS chamber without exposure
to air [9,27]. XPS measurements were recorded with a 20-eV pass
energy, a 0.1 eV kinetic energy step, and a 0.1-s dwelling time. En-
ergy corrections were performed using the Al 2p peak of Al2O3 at
74.3 eV. To determine the nature of resilient carbon species
remaining after FTS, catalyst samples were transferred to the XPS
chamber after wax extraction, following the above procedure.

TPH was used to evaluate the effect of boron promotion on the
amount and the reactivity of the deposited carbon. After wax
extraction, approximately 20 mg of catalyst was loaded in a quartz
tube, kept under 50 Nml/min Ar at 200 �C for 1 h to remove weakly
adsorbed hydrocarbons, and cooled to room temperature. Next,
50 Nml/min H2 was introduced and the temperature was increased
to 600 �C at 5 �C/min. The CH4 signal was monitored with a Hiden
HPR 20 mass spectrometer.
3. Results and discussion

First, the stability of boron on Co terraces and at step sites is
evaluated using DFT–PBE. Next, the effect of boron at step and at
p4g clock sites on the stability of carbon at neighboring sites is cal-
culated. The calculations indicate that similar to carbon, boron in-
duces a p4g clock reconstruction initiating from the step edges.
Furthermore, boron at p4g clock sites reduces the stability of near-
by carbon atoms and hence destabilizes the formation of resilient
carbon deposits at the step edges. Based on this mechanistic in-
sight, boron is proposed as a potential promoter to enhance the
stability of Co catalysts. In order to evaluate the theoretical predic-
tions, a series of 20 wt.% Co/c-Al2O3 catalysts were promoted with
various amounts of boron, characterized and tested in a fixed bed
micro-reactor for 200 h during FTS. After FTS, the catalysts were
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characterized by TPH and C 1s XPS to evaluate the amount and nat-
ure of the resilient carbon deposits.

3.1. Computational study of the stability of boron on a Co surface

Boron binding energies and thermodynamic stabilities at ter-
race and step sites are summarized in Table 1. Similar to carbon,
on-surface boron adsorbs preferentially at the hcp hollow site on
Co(1 1 1). However, surface boron atoms are calculated to be
unstable under FTS conditions and can gain stability by hydrogena-
tion to B2H6. At a low coverage, subsurface boron is even less stable
than on-surface boron. However, while the surface binding energy
gradually decreases from �535 to �519 kJ/mol with increasing
coverage, the binding energy at the subsurface octahedral sites
gradually increases from �519 to �616 kJ/mol. Already at 0.5 ML
coverage, the subsurface sites are preferred over the surface sites.
Additional calculations with a larger p(2 � 8) unit cell further con-
firm the gradual increase in subsurface boron binding energies
when two subsurface boron atoms are gradually brought closer
to each other. This suggests that subsurface boron atoms prefer
to form subsurface clusters rather than distribute evenly, as was
also calculated for a Ni(1 1 1) surface [26]. At high concentrations,
subsurface boron atoms in neighboring octahedral sites can inter-
act. This interaction greatly increases the stability of subsurface
boron to �53 kJ/mol and subsurface boron becomes 30 kJ/mol
more stable than bulk boron oxide (B2O3) [28]. A similar effect
was found for subsurface boron on Ni(1 1 1), where a high concen-
tration of subsurface boron is 76 kJ/mol more stable than on-sur-
face boron [23,26]. The boron–boron interaction leads to a minor
surface reconstruction for both Co(1 1 1) and Ni(1 1 1), whereby
boron atoms in neighboring octahedral sites form rows of boron
pairs and raise the Co and Ni surface atoms between them
[26,28]. The resulting structure is illustrated in Table 2. The critical
concentration that leads to this minor surface reconstruction on
both Co(1 1 1) and Ni(1 1 1) surfaces appears to be close to 1.0
ML. Indeed, the structures for 0.75 ML and 0.5 ML in Table 1 do
not show a surface reconstruction.

Next, the stability of boron was evaluated for a stepped Co sur-
face. Boron binds strongly at B5 step sites for a low step coverage,
and the driving force to move from the surface sites to the step
sites is 116 kJ/mol. This value is larger than the driving force calcu-
lated for carbon, 89 kJ/mol [9]. At a low coverage, the stability of
boron at the hcp hollow site near the step edge, +20 kJ/mol, is com-
parable to the value calculated for the Co(1 1 1) terraces, +28 kJ/
Table 1
Boron binding energies and Gibbs free reaction energies under FTS conditions, DGr

(500 K, 20 bar), for Co terraces and for a stepped Co surface.

Adsorption site Binding energy/DGr
a (kJ/mol)

Terrace sites
Coverage 0.25 ML 0.50 ML 0.75 ML 1.0 ML
On-surface
(hcp hollow)

�535/+28 �528/+33 �522/+39 �519/+44

Subsurface
(octahedral)

�519/+44 �565/�2 �596/�33 �616/�53b

Stepped surface
Coverage 25% 50%
Step site (B5) �651/�88 �590/�27
Subsurface (near
edge octahedral)

�550/+13

Near edge
(hcp hollow)

�543/+20 �588/�25c

Near edge
(fcc hollow)

�540/+23

a Gibbs free energy for 1/2 B2H6 (g) M B� + 3/2 H2 (g) at FTS conditions.
b Induces a surface reconstruction by boron–boron pair interactions.
c Induces a p4g clock reconstruction.
mol. At a higher coverage, boron atoms placed initially at the hcp
hollow site near the step edge relax to induce a p4g clock recon-
struction. In a p4g clock reconstruction, the surface atoms undergo
small displacements to create a regular mixture of 3- and 4-fold
hollow sites [47]. The increased boron binding energy at the 4-fold
hollow site more than compensates the energy cost for this recon-
struction. The boron atoms at the fourfold hollow sites are nearly
co-planar with the surface Co atoms and also interact with the
Co atom below the hcp hollow site. A similar reconstruction is also
favorable for carbon on stepped Co [9] and Ni [26] surfaces, as well
as for boron on a stepped Ni surface [26]. Again, calculations show
that the chemisorption properties of boron and carbon are similar.

Since boron atoms bind strongly near step sites, the adsorption
of additional boron atoms on a stepped Co surface is explored next.
Various combinations are shown in Table 2. For two boron atoms
in a p(2 � 8) unit cell, the configuration with both boron atoms
at p4g clock sites is more stable than the configuration with one
atom at the step site and one at a p4g site. This is surprising since
step sites are slightly preferred over p4g clock sites for individual
boron atoms (Table 1). However, the binding energy at a p4g site
consists of an energy cost to reconstruct the step edge, +77 kJ/
mol for the near-edge p4g site, and a strong binding energy of –
665 kJ/mol at the reconstructed 4-fold hollow site. The energy cost
to form the first p4g clock site is rather high, leading to a relatively
low binding energy of –588 kJ/mol for the near-edge p4g site (Ta-
ble 1). The reconstruction energy cost for the second and the third
p4g clock site are significantly lower at 30 and 34 kJ/mol, respec-
tively, and the overall binding energies hence increase to
�634 kJ/mol for the second row of boron and to about �632 kJ/
mol for the third, fourth, and fifth row. The binding energy at the
reconstructed step sites also increases from �590 to �618 kJ/mol
for a single row of boron at the p4g clock sites, and to about
�616 kJ/mol for a fully developed p4g clock reconstruction. How-
ever, the increase in the binding energy for the step sites is smaller
than for the p4g sites. An extended p4g clock boride is hence 60 kJ/
mol of boron more stable than B2H6 and 37 kJ/mol of boron more
stable than bulk B2O3 under FTS conditions. The stability of the
p4g surface boride, �59 kJ/mol is comparable with the stability
for a monolayer of subsurface boron after a surface reconstruction,
�53 kJ/mol (Table 1). To evaluate the stability of subsurface boron
near the step edges, two different model structures consisting of
five rows of subsurface boron were studied (Table 2). In the first
structure, all the boron atoms occupy subsurface octahedral sites.
The calculated stability, �54 kJ/mol, is similar to the value calcu-
lated for the terraces (Table 1). The structure in Table 2 also illus-
trates the Co(1 1 1) surface reconstruction, whereby one row of Co
atoms is raised by 0.64 Å. The second structure with four rows of
octahedral boron and one row of boron at the step sites is signifi-
cantly less stable. Indeed, the boron binding energy at the step
edges is only �567 kJ/mol, in agreement with the low boron bind-
ing energy for a step coverage of 100%.

The formation of a surface cobalt boride is hence thermody-
namically favorable after impregnation and reduction of the bor-
on-promoted Co catalysts. The experimental B 1s XPS spectra for
the promoted Co catalysts after reduction at 500 �C indeed show
a peak around 188.1 eV, consistent with the B 1s core level binding
energy calculated for the p4g clock structure, 187.8 eV. A B 1s core
level binding energy of 187.0 eV was calculated for a monolayer of
subsurface boron for reconstructed surface, while a binding energy
of 186.5 eV was calculated for boron at the B5 step sites. Both
values are slightly lower than the experimentally observed peak
value. To illustrate the accuracy of the core level binding energy
calculations, we also computed the core level binding energy for
the bulk cobalt boride structure, Co2B [48]. The calculated binding
energy of 188.2 eV is in good agreement with the experimental
value of 188.1 eV [49].



Table 2
Boron binding energies and Gibbs free reaction energies under FTS conditions, DGr (500 K, 20 bar), (kJ/mol) for adsorption on a stepped p(2 � 8) Co unit cell.

Two boron atoms/unit cell Three boron atoms/unit cell
Step and clock Clock Step and clock Clock

�603/�40a �611/�48a �613/�50a �618/�55a

Four boron atoms/unit cell Five boron atoms/unit cell
Step and clock Clock Step and clock Clock

�618/�55a �621/�58a �620/�57a �622/�59a

Five rows of boron atoms/unit cell Five rows of boron atoms/unit cell
Subsurface octahedral Step and subsurface octahedral

�617/�54a �607/�44a

a Binding energy/Gibbs free energy for 1=2B2H6ðgÞ $ B� þ 3=2H2ðgÞ at FTS conditions.

Table 3
Effect of boron on the carbon binding energies and stabilities under FTS conditions, DGr (500 K, 20 bar), (kJ/mol) at nearby step and p4g clock sites on a stepped p(2 � 8) Co
surface.

Carbon at a step site Carbon at a clock site
With boron Without boron With boron Without boron

�555/+99a �715/�61a �589/+65a �697/�43a

Carbon and boron at p4g clock and step edge Carbon and boron at step and hcp hollow

�1188/�31b �1142/+15b �1199/�42b �1189/�32b

a Carbon binding energy/Gibbs free energy for COðgÞ þ H2ðgÞ $ C� þ H2OðgÞ.
b Combined boron and carbon binding energy/Gibbs free energy for COðgÞ þ 1=2B2H6ðgÞ $ C� þ B� þ 1=2H2ðgÞ þH2OðgÞ.
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The calculations reveal a strong similarity between carbon and
boron adsorption on Co catalysts. Carbon at the step sites is more
stable than a single row of carbon at the near-edge p4g clock sites,
but the stability of p4g carbon increases by 55 kJ/mol for a more



Fig. 1. Effect of boron promotion on the temperature-programmed reduction
profile of 20 wt.% Co/c-Al2O3 catalysts.
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extended p4g reconstruction. The same trend is found for boron,
and an extended p4g clock reconstruction is 40 kJ/mol more stable
than boron at the step sites. The thermodynamic stability of the
p4g clock boride under FTS conditions and the similarity between
boron and carbon adsorption indicate that blocking the near-edge
sites with boron before exposure to carbon might affect the
adsorption and formation of resilient carbon deposits.

The effect of boron at the p4g sites on the stability of carbon at
nearby sites is evaluated next (Table 3). The presence of boron at
the near-edge p4g sites is calculated to reduce the binding energy
of carbon at the nearby step sites by 160 kJ/mol. This makes the
adsorption of carbon species at the step sites unfavorable under
FTS conditions. Note that a row of carbon at the near-edge p4g
clock sites increases the stability of carbon at the step sites by
56 kJ/mol [9]. To illustrate the effect of boron at the near-edge
p4g clock sites, a carbon atom was initially adsorbed on the lower
terrace of a stepped p(2 � 8) surface and then moved toward the
step edge. The binding energy of �664 kJ/mol at the lower terrace
is quite similar to the value of �658 kJ/mol for a 3-layered slab (Ta-
ble 2, Tan et al., [9]). Next, the carbon atom was moved from the
lower terrace toward the clean B5 step site, and the binding energy
increases to �715 kJ/mol (Table 3, Tan et al., [9]). Next, these calcu-
lations were repeated on a stepped surface modified by a row of
near-edge p4g carbon atoms. For this surface, the carbon binding
energy on the lower terrace is also �664 kJ/mol. However, the
binding energy increases by 107 kJ/mol to �771 kJ/mol when the
carbon atom moves from the lower terrace to step site modified
by p4g carbon atoms. Finally, this calculation was repeated for a
stepped surface modified by p4g boron atoms. The carbon binding
energy on the lower terrace remains at �664 kJ/mol. However, in
the presence of boron at the p4g sites, the carbon binding energy
decreases by 109 kJ/mol to �555 kJ/mol when the carbon atom is
moved from the lower terrace to the step site (Table 3), indicating
that the presence of boron at the near-edge p4g clock sites desta-
bilizes carbon deposition at the B5 step sites. The effect of boron
and carbon at the near-edge p4g sites on the carbon binding energy
can be understood using the d-band model [50]. The higher carbon
binding energy at the step sites relative to the terrace sites follows
from the higher d-band center at the step edges. Reconstruction of
the step edges to form a p4g clock carbide structure further in-
creases the d-band center by 0.06 eV, leading to a 56 kJ/mol in-
crease in the carbon binding energy. However, boron at the p4g
clock sites shifts the d-band center away from the Fermi level by
about 0.5 eV, thereby decreasing the carbon binding energy by
160 kJ/mol. The different effect of carbon and boron at the p4g sites
can be understood from the charge density on the Co atoms at the
step edges. Carbon is more electronegative than boron, and carbon
withdraws 0.6 electrons more from the step edge Co atoms than
boron. The increased charge density on the step Co atoms next to
boron leads to a lower d-band center and hence a lower carbon
binding energy. The calculations further indicate that the presence
of boron atoms at the p4g clock sites reduces the stability of carbon
at nearby clock sites by 108 kJ/mol, and carbon adsorption at near-
by p4g clock sites also becomes thermodynamically unfavorable.
Again, this trend follows from a downward shift in the center of
Co d-band in the presence of boron. In addition to blocking sites
for the adsorption of resilient carbon species, boron is hence pre-
dicted to destabilize carbon adsorption at nearby sites.

Finally, to evaluate whether boron is stable at the p4g clock and
step sites in the presence of carbon, we compared the stability of a
configuration with boron at the p4g site and carbon at a nearby ter-
race site with the inverse configuration (Table 3). First, it should be
noted that removing boron from step, subsurface, or p4g clock sites
to gas phase B2H6 is unfavorable by about 60 kJ/mol (Tables 1 and
2). Though surface CH� and CH�2 species can gain about 80 kJ/mol in
stability by moving to the p4g clock sites [9], this process is likely
associated with a kinetic barrier because of the low stability of car-
bon near p4g boron species and the low stability of surface boron
species. Indeed, the configuration with boron at the p4g site and
carbon at a nearby fcc terrace site is 53 kJ/mol less stable than
the configuration in which they are well-separated. The former
configuration is also 46 kJ/mol more stable than the configuration
with carbon at the p4g site and boron at the nearby fcc terrace site
(Table 3). A similar preference is found when the stability of boron
at the step edge and carbon at the nearby hollow site is compared
with the inverse configuration. The calculations hence suggest that
a p4g surface cobalt boride is stable under FTS conditions and that
displacement of boron atoms by surface carbon atoms is thermo-
dynamically unfavorable.

To evaluate the predicted effect of a boron promoter on the
deposition of resilient carbon species, a series of boron-promoted
Co catalysts was characterized using XPS, TPR, hydrogen chemi-
sorption and CO DRIFTS, and finally tested during FTS. After reac-
tion, the catalysts were characterized using XPS and TPH to
evaluate the amount and the nature of the resilient carbon species
formed on the Co catalyst, and using ICP-OES to confirm that there
was no loss of the boron promoter.

3.2. Catalyst characterization

First, the effect of boron on the reducibility of the 20 wt.% Co/c-
Al2O3 catalysts is evaluated. The TPR profiles in Fig. 1 are typical for
Co catalysts promoted with small amounts of Pt to enhance their
reducibility [7,9,37]. A low- and a high-temperature reduction
peak were observed for all catalysts. However, the position and
the magnitude of the peaks depend on the boron concentration.
The TPR profile of Co/c-Al2O3 catalysts has been well characterized,
and the reduction peaks at 260 �C and at 440 �C correspond to a
two-step reduction process [37]. The first peak is often attributed
to the reduction of Co3O4 to CoO, while the second peak corre-
sponds to the reduction of CoO to metallic Co. The TPR profiles
indicate that a reduction temperature above 500 �C might be re-
quired to fully reduce the Co catalysts, in particular for higher bor-
on concentrations. In supported Co catalysts, the formation of
cobalt-support compounds can affect the reducibility of the Co cat-
alyst [51], leading to high-temperature reduction peaks (>800 �C)
in the TPR spectra. However, our TPR profiles of boron-promoted
and unpromoted Co/c-Al2O3 catalysts did not show such high-tem-
perature peaks. The TPR profile of the Co/c-Al2O3 catalyst pro-
moted with 0.5 wt.% boron closely resembles the profile of the
unpromoted catalyst, except for a slight increase in reduction tem-
peratures. Promotion with 2.0 wt.% boron has a more significant ef-
fect on the reduction profile and seems to decrease the reducibility
of the Co catalyst. H2 chemisorption measurements taken after
reduction in flowing H2 for 2 h at 500 �C confirm that promotion



Fig. 2. Effect of boron promotion on the CO DRIFT spectra after exposure of 20 wt.%
Co/c-Al2O3 catalysts to a 2% CO/Ar mixture at atmospheric pressure and 25 �C.

Fig. 3. Boron 1s XPS spectra for boron-promoted 20 wt.% Co/c-Al2O3 catalysts and
for a reference c-Al2O3 support impregnated with 2.0 wt.% boron, after reduction in
50 Nml/min H2 at 500 �C. The experimental signal (—) has been deconvoluted using
Gaussian profiles ( and ) centered at the position of boron oxide (191.0 eV
[53]) and Co boride (Co2B, 188.1 eV [49]). The relative integrated intensities of the
peaks are indicated.

56 K.F. Tan et al. / Journal of Catalysis 280 (2011) 50–59
with 2.0 wt.% boron reduces the hydrogen uptake by 25%, while
promotion with 0.5 wt.% boron changes the hydrogen uptake by
less than 10% (Table 4).

This observation is further supported by the CO DRIFT spectra
shown in Fig. 2. The CO stretching peak near 2045 cm-1 is charac-
teristic for CO adsorption at metallic Co sites [52]. Promotion with
boron leads to a modest 5 cm�1 shift in the peak position, indicat-
ing that boron has a limited effect on the nature of the CO adsorp-
tion sites. However, a higher boron concentration significantly
reduces the intensity of the DRIFT spectra (Fig. 2 and Table 4). This
reduction is possibly caused by the lower number of available
metallic Co sites for catalysts with 2.0 wt.% boron, as suggested
by the lower reducibility observed in TPR and the reduced hydro-
gen uptake.

The effect of boron on the dispersion and particle size was also
estimated from H2 chemisorption data and from XRD (Table 4). An
average Co particle size of 14 nm was determined for all catalysts
by XRD, and this value did not change significantly with boron pro-
motion. This is not unexpected since boron was introduced in a
separate, second impregnation step, after calcination of the cata-
lysts. The average particle size determined by H2 chemisorption
for the unpromoted Co catalyst, 11 nm, is slightly smaller than
the value obtained by XRD, suggesting a nearly complete reduction
of the Co particles. The particle size determined by H2 chemisorp-
tion increases slightly for 0.5 wt.% boron, and increases to 14 nm
for 2.0 wt.% boron, indicating that the H2 uptake is reduced for
higher boron concentrations. This is consistent with the TPR pro-
files that showed a lower reducibility of the Co catalysts with
2.0 wt.% boron.

Finally, the nature of the boron promoter after reduction of the
catalysts for 2 h in flowing H2 at 500 �C was investigated using XPS.
XPS spectra for three samples are shown in Fig. 3; a 20 wt.% Co/c-
Al2O3 catalyst promoted with 0.5 wt.% boron, a Co/c-Al2O3 catalyst
promoted with 2.0 wt.% boron to enhance the B 1s XPS signal, and a
c-Al2O3 support loaded with 2.0 wt.% boron as a reference sample.
All three samples were prepared and reduced following the proce-
dure described in Section 2. The reference 2.0 wt.% B/c-Al2O3 sam-
ple shows a single B 1s peak at 191.0 eV, characteristic for a boron
oxide [53]. A similar peak is observed for the promoted Co/c-Al2O3

catalysts. However, a shoulder at a lower binding energy is also ob-
served for the promoted catalysts. Deconvolution of the XPS signal
for the catalyst with 2.0 wt.% boron leads to a second peak with a B
1s binding energy of about 188.1 eV. The binding energy for this
new peak is characteristic for a reduced cobalt boride phase and
agrees with the binding energy reported for Co2B, 188.1 eV [49].
Note however that bulk cobalt boride, Co2B, is calculated to be
about 30 kJ/mol less stable than the surface p4g cobalt boride. To
help identify the nature of this reduced boron species, B 1s core le-
vel binding energies were calculated for the different forms of ad-
sorbed boron discussed in the previous section. A boron 1s core
level binding energy of 187.8 eV was calculated for the extended
p4g clock boride, and the surface cobalt boride is hence a likely
Table 4
Particle size, dispersion, hydrogen uptake, normalized CO DRIFTS intensity, and hydrocar
amounts of boron.

Promoter concentration H2 chemisorption XR

H2 uptake (lmol/gcat) Dispersiona (%) d(Co) (nm) d(C

Unpromoted 161 9.5 10.5 18
0.5 wt.% B 148 8.7 11.4 18
2.0 wt.% B 121 7.2 13.9 18

a Dispersion determined from the H2 uptake data using Eq. (6).
b d(Co3O4) determined using Scherrer’s equation.
c d(Co) is determined using Eq. (7).
candidate for the observed cobalt boride species. Boron at the step
sites has a calculated B 1s core level binding energy of 186.5 eV,
while the value for a monolayer of subsurface boron is 187.0 eV.
The latter values are somewhat lower than the B 1s binding energy
in the XPS spectra. The relative integrated intensities suggest that
about 15% of the surface boron is reduced for the catalyst with
0.5 wt.% boron and about 19% for the catalyst with 2.0 wt.% boron.
The observed partial reduction of the boron promoter is consistent
with values reported by Xu et al. for supported Ni/c-Al2O3 catalysts
promoted with 1.0 wt.% boron [27]. Since boron belongs to the
group of Al, boron oxide can be expected to interact strongly with
the c-Al2O3 support, and therefore only boron atoms interacting
with Co particles can be reduced. Note that 15% of 0.5 wt.% boron
bon selectivity after 24 h for 20 wt.% Co/c-Al2O3 catalysts, promoted with different

D CO drifts FT hydrocarbon selectivities
(%)

o3O4)b (nm) d(Co)c (nm) Relative intensity C1 C2–4 C5+

.2 13.6 1.00 24 16 60

.9 14.2 0.97 23 17 61

.7 14.1 0.38 37 31 32
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corresponds to an equivalent Co coverage of 0.2 ML for a 20 wt.%
Co/c-Al2O3 catalyst with a dispersion of 9.5%, and should hence
be sufficient to occupy the near-edge p4g sites of the Co catalysts.

The characterization studies suggest that promotion with
0.5 wt.% boron has only a modest effect on the reducibility, the
hydrogen uptake, and the CO chemisorption for a 20 wt.% Co/c-
Al2O3 catalyst. Reduction at 500 �C converts about 15% of the boron
oxide to a surface Co boride, leading to an equivalent boron cover-
age of 0.2 ML on the Co particles. Promotion with 2.0 wt.% boron
affects the catalyst properties more drastically and is expected to
change the FTS activity and selectivity.

3.3. Effect of boron promotion on the catalyst activity, selectivity, and
stability

The FTS activity, selectivity, and stability of the Co catalysts
were evaluated for 200 h at 240 �C, 20 bar and a H2/CO ratio of 2.
Fig. 4 shows the effect of boron promotion on the CO conversion
as function of time on stream. The hydrocarbon selectivity after
24 h is given in Table 4. The temperature selected in our experi-
ments is slightly higher than the temperature of 230 �C used to
study catalyst deactivation in Sasol’s demo-scale bubble column
reactor [7,15], and somewhat higher than industrially used tem-
peratures between 210 and 220 �C [2,8,13]. However, slightly high-
er temperatures are common in catalyst stability tests [40,42] and
allow evaluation of the catalyst stability in a shorter period.

Promotion with 0.5 wt.% boron has a limited effect on the CO
conversion and the C5+ selectivity during the first 30 h of time on
stream (Table 4). During the first 24 h, the CO conversion increases
from about 55% to 96% for the unpromoted catalyst and to 92% for
the promoted catalyst. The initial increase in the activity might be
Fig. 4. Effect of boron promotion on the CO conversion as a function of time on
stream for a 20 wt.% Co/c-Al2O3 FTS catalyst. (A) Long-term stability test. Reaction
conditions: 240 �C, 20 bar, H2/CO ratio of 2.0, Wcat/Ftotal = 7.5 gcat h/mol, and
duration of 200 h. The decrease in conversion is described by a first-order
deactivation model (—), and the first-order deactivation rate coefficients, k, are
indicated. (B) To evaluate the effect of boron promotion on the FTS activity and
selectivity at lower CO conversion, the catalysts were evaluated using a lower space
time, Wcat/Ftotal = 3.8 gcat h/mol, for 48 h.
due to a further reduction and/or a surface reconstruction of the Co
catalyst under reducing syngas conditions [6,54], as well as the
reactor hydrodynamics. Using the dispersions reported in Table 1,
a reactor average CO turnover frequency (TOF) of 3.7 � 10�2 s�1

was calculated for both catalysts. This value is comparable with
the TOFs reported in the review by Ribeiro et al. [55]. Using the
power law kinetic model proposed by Ribeiro et al., the TOF re-
ported for a 15 wt.% Co/c-Al2O3 catalyst at 215 �C and 8.2 bar can
be extrapolated to a value of 2.5 � 10�2 s�1 for our reaction condi-
tions [55]. A significantly lower maximum CO conversion of 31%
was obtained for Co catalysts promoted with 2.0 wt.% boron. This
lower activity is consistent with the reduction in the number of ac-
tive sites as indicated by the TPR, CO DRIFTS, and H2 chemisorption
data.

For the unpromoted catalyst, the CO conversion decreased rap-
idly from a maximum value of 96% to 81% after 50 h on stream and
more gradually to 67% after 200 h. The overall deactivation behav-
ior can be described by a first-order deactivation model with a rate
coefficient of 1.7 � 10�3 h�1 [9]. At 230 �C, Saib et al. [7] observed a
20% decrease in activity during the first 200 h of their 55-day
experiment in a 100 barrels/day demo-scale bubble column reac-
tor, slightly lower than the deactivation rate measured here at
240 �C. In contrast, the catalyst promoted with 0.5 wt.% boron
deactivates much more slowly. The CO conversion of 88% after
200 h is only marginally lower than the maximum CO conversion
of 92%. The deactivation of the promoted catalyst can be described
by a first-order deactivation rate coefficient of 2.7 � 10�4 h�1, a
more than 6-fold decrease compared to the unpromoted catalyst.
Promotion with 0.5 wt.% boron however did not affect the product
distribution (Table 4). Methane selectivity was slightly high at 23%,
but consistent with a reaction temperature of 240 �C [9]. Promo-
tion with 2.0 wt.% boron not only reduced the CO conversion, but
also reduced the C5+ selectivity from 60% to 32%. To confirm that
promotion with 0.5 wt.% boron does not affect the FTS activity or
selectivity, additional experiments at a lower space time, Wcat/Fto-

tal = 3.8 gcat h/mol, were performed (Fig. 4B). After 25 h, the unpro-
moted Co catalyst reached a maximum CO conversion of 54% with
a CH4 selectivity of 27% and a chain growth probability of 0.7. After
25 h, the Co catalyst promoted with 0.5 wt.% boron reached a max-
imum CO conversion of 53% with a CH4 selectivity of 26% and a
chain growth probability of 0.7. During the first 30 h, the promoted
and unpromoted catalysts are nearly indistinguishable. The de-
crease in the maximum CO conversion from 96% to 54% when
the space time is halved is moreover consistent with an overall
near-first-order kinetic model [55,56]. After 30 h, the unpromoted
catalyst begins to deactivate and the CO conversion decreases to
41% after 48 h. In contrast, the promoted catalyst does not show
any significant deactivation during the experiment. Note that the
deactivation of the unpromoted Co catalysts during the 48 h exper-
iment in Fig. 4B corresponds to the fast deactivation phase and
might not be representative for the long-term deactivation behav-
ior at those conditions.

To evaluate the effect of boron promotion on the nature and the
amount of deposited carbon, both catalysts were characterized
using TPH and C 1s XPS after 200 h on stream. TPH profiles and C
1s XPS data are shown in Fig. 5. Using TPH, different forms of resil-
ient carbon can be distinguished, based on their reactivity toward
hydrogen [9,15,57–60]. The low temperature peak for the unpro-
moted catalyst has been attributed to hydrocarbon waxes remain-
ing after wax extraction, while surface and bulk carbides are
predicted to undergo hydrogenation at higher temperatures
[9,15,57–59]. The resilient carbon deposits that hydrogenate above
400 �C have been attributed to amorphous and poly-aromatic car-
bon species [9,60]. Such carbon deposits were also identified using
TEM on the unpromoted catalyst after 200 h of reaction [9,15].
Similar lamellar carbon deposits could not be found on the



Fig. 5. Catalyst characterization after 200 h of FTS. (A) TPH profiles for an
unpromoted ( ) and boron-promoted ( ) 20 wt.% Co/c-Al2O3 catalyst. The
corresponding coverages for weakly adsorbed, intermediate, and resilient carbon
species are indicated. (B) C 1s XPS spectra for an unpromoted ( ) and a boron-
promoted ( ) catalyst, after wax extraction. The spectrum for a calcined,
unpromoted catalyst (—) is provided for reference. The peak around 284.6 eV can
be attributed to a combination of amorphous and poly-aromatic carbon species
[9,64], while the peak around 283.0 eV corresponds to a Co carbide phase [9,62].
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boron-promoted catalysts. Though the temperature at which dif-
ferent carbon species undergo hydrogenation is kinetically deter-
mined, the calculated relative stability of surface CH�2 species, a
p4g surface carbide phase, and extended graphene islands can be
converted to temperature shifts of approximately 100 �C and
250 �C. This corresponds reasonably well with the temperature dif-
ferences observed in TPH [9]. The amount of carbon that hydroge-
nates below 260 �C corresponds to an equivalent carbon coverage
of about 0.32 ML, while an equivalent coverage of 1.26 ML is calcu-
lated for carbon species that hydrogenate between 260 and 450 �C.
About 0.17 ML of highly resilient carbon species are detected on
the unpromoted Co catalyst after 200 h on stream. Promotion with
0.5 wt.% boron reduces the total amount of carbon by about 30%.
Boron promotion also shifts the peak temperatures to lower tem-
peratures and reduces the amount of highly resilient carbon spe-
cies that hydrogenate above 450 �C from 0.17 ML to 0.05 ML.
Unfortunately, since surface carbonaceous species are both reac-
tion intermediates and a possible cause of deactivation during
FTS, correlating the total amount of deposited carbon determined
by TPH with the observed catalyst deactivation rate is less straight-
forward than for methane steam reforming over Ni catalysts [27].
For Ni catalysts, promotion with 1.0 wt.% boron was found to re-
duce the deactivation rate by a factor of 3 and the amount of
deposited carbon by a factor of 5 [27]. However, the amount of
highly resilient carbon species that hydrogenates above 450 �C
can be related to the observed catalyst deactivation. Indeed, in
their study of the deactivation of supported Co catalysts in a slurry
bubble column reactor, Moodley et al. were able to correlate the
amount of resilient carbon that hydrogenates above 400 �C with
the loss in catalyst activity [15]. In our study, the 3-fold reduction
in the amount of carbon that hydrogenates above 450 �C correlates
reasonably well with the observed 6-fold reduction in the deacti-
vation rate for the promoted Co catalysts. The downward shift in
the initial hydrogenation temperature for the promoted catalyst
may be due to a higher remaining hydrogenation activity of the
promoted catalyst. A similar gradual increase in the initial hydro-
genation temperature with time on stream was also reported by
Moodley et al. [15]. To evaluate the possibility of catalyst sintering,
the Co particle size and dispersion were determined after reaction
using H2 chemisorption for the unpromoted catalyst [9]. Deposited
carbon species were removed by hydrogenation at 500 �C for 2 h
under 50 Nml/min H2 before performing the H2 adsorption iso-
therms. The hydrogen uptake decreased slightly from 161 to
134 lmol/gcat [9]. Though this could correspond to a 10% increase
in the average particle size, the decreased hydrogen uptake might
well be due to an incomplete removal of the carbon deposits after
hydrogenation at 500 �C, as shown by the TPH profiles for the
unpromoted catalyst (Fig. 5A).

Boron promotion also affects the C 1s XPS spectra of the cata-
lysts after reaction. The spectrum of the unpromoted catalyst in
Fig. 5B shows C 1s peaks at 283.0 and 284.6 eV. The lower intensity
peak at 283.0 eV can be attributed to cobalt carbide [9,61,62] and is
fairly close to values reported for a p4g clock reconstructed carbide
on Ni(1 0 0) [63]. The binding energy also corresponds well with
the core level binding energy of 283.4 eV calculated using DFT–
PBE for a p4g clock Co carbide [9]. The peak at 284.6 eV can be as-
signed to amorphous and poly-aromatic carbon [64,65], but may
also include long-chain hydrocarbon products remaining on the
catalyst surface after wax extraction [66]. The reported XPS bind-
ing energy for surface CH�2 species on Co(1 1 1), 284.9 eV, [67] is in-
deed only slightly higher than the value for graphitic carbon,
284.6 eV. Thus, these species cannot be easily distinguished by
XPS. Promotion with 0.5 wt.% boron reduces the overall XPS inten-
sity, and the carbide peak at 283.0 eV can no longer be detected.
The peak at 284.6 eV shifts to a higher binding energy of
284.8 eV and has a slightly different shape. This peak might corre-
spond to poly-aromatic carbon species, though the higher binding
energy could also correspond to hydrocarbon products remaining
on the catalyst surface after wax extraction [66]. Note that even
for a pristine and calcined Co catalyst, a C 1s peak at 284.8 eV is
found. This peak has been attributed to typical carbon contamina-
tion inside the XPS chamber [68].
4. Conclusions

Supported Co catalysts show a gradual loss in activity during
FTS. This deactivation can, in part, be attributed to the deposition
of resilient carbon species. Detailed DFT–PBE calculations indicate
that the relative stability of boron on Co terraces and near Co step
sites mimics the relative stability of carbon species on the same
surfaces. Similar to carbon, boron is calculated to bind strongly at
the step sites and to induce a p4g clock reconstruction growing
from the step edges. Both forms of boron are thermodynamically
more stable than boron oxide (B2O3) and diborane (B2H6) under
FTS conditions. The presence of boron atoms at the step and p4g
clock sites also reduces the stability of carbon at nearby sites by
shifting the d-band center away from the Fermi level. In addition,
the displacement of boron atoms at clock and step sites by surface
carbon atoms is thermodynamically unfavorable. Hence, a surface
cobalt boride is predicted to be thermodynamically stable during
FTS, and small amounts of boron are proposed to selectively pre-
vent the adsorption of resilient carbon species near the step edges,
which might prevent catalyst deactivation.

To evaluate the predicted effect, 20 wt.% Co/c-Al2O3 cata-
lysts were promoted with 0.5 and 2.0 wt.% boron, carefully
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characterized, and tested during FTS in a fixed bed micro-reactor at
240 �C and 20 bar for 200 h. Characterization indicates that
0.5 wt.% boron has a limited effect on the reducibility of the Co cat-
alyst and on the nature and the number of the H2 and CO adsorp-
tion sites. Higher boron concentrations significantly decrease
catalyst reducibility. Promotion with 0.5 wt.% boron does not affect
the maximum activity and the C5+ selectivity of the Co catalyst.
However, the unpromoted Co catalyst gradually deactivates and
loses about 30% of its maximum activity after 200 h. In contrast,
the boron-promoted catalyst retains more than 95% of its maxi-
mum activity after 200 h on stream. TPH and XPS characterization
shows that boron promotion reduces the amount of resilient car-
bon deposits more than 3-fold and likely prevents the formation
of surface cobalt carbide.
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