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. Introduction

The Fischer-Tropsch reaction involves the conversion of synthe-
is gas to higher hydrocarbons, which can then further be converted
o ultraclean fuels or chemicals. While the synthesis gas can be
erived from biomass, coal, or natural gas, the latter is the most
conomical option given current market prices and the availability
f stranded gas and shale gas reserves. A crucial aspect for the eco-
omic viability for Fischer-Tropsch plants lies in the performance of
he catalyst [1,2]. Because of their low water–gas shift activity, their
igh selectivity to higher hydrocarbons, and their stability, sup-
orted cobalt catalysts are preferred for plants processing synthesis
as derived from natural gas [3–7]. Supported cobalt catalysts used
n industrial applications typically do not only contain 15–30 wt.%
f catalytically active cobalt, but also 1–10 wt.% of metal oxides
8–11] and 0.1–1 wt. % of noble metals [8,12] in order to improve
he activity, selectivity and stability of the catalysts [13].

While oxidic promoters are mainly used in order to ensure
igh selectivities to heavy products [8,12], noble metals are used
o either improve the degree of reduction or the dispersion of
upported cobalt catalysts. The addition of noble metals can shift
he temperature needed to reduce cobalt oxide to metallic cobalt
o distinctly lower temperatures, but its effect on the degree
f reduction has been reported to be rather minor. Instead, the
mproved activity of noble metal promoted cobalt catalysts has
een mainly attributed to higher cobalt dispersions [12,14–17],
ynergistic effects in the case of bimetallic particles [12,18–20],
r the suppression of cobalt-support compound formation

12].

The activity of Fischer-Tropsch reaction has been found to lin-
arly increase with the available metallic cobalt surface area, given

∗ Corresponding author. Tel.: +31 30 253 6762; fax: +31 30 251 1027.
E-mail address: k.p.dejong@uu.nl (K.P. de Jong).
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constant turnover frequencies (TOF) [19]. This holds for catalysts
with cobalt particles above a critical size of ∼6 nm,  below which
the TOF drops sharply [21–23]. Above this critical size, the TOF has
also been found to be independent of the support material used and
noble metals present [12,16,19].

An exception on constant TOF has been reported earlier for the
case of Ru-promoted Co/TiO2 catalysts showing a three-fold higher
surface-specific activity than unpromoted catalysts [18]. Similar
results have also been found for Pt-promoted Co/Nb2O5 catalysts
[24]. While in most cases studies on the impact of noble metal pro-
motion on TOF were performed on Al2O3-supported catalysts, the
support materials in the examples described above are reducible
oxides that show strong metal support interactions towards group
8–10 metals, making them fundamentally different from other
support materials typically used in Fischer-Tropsch catalyst prepa-
ration [25–27].

Here, we  report on the structural and catalytic properties
of noble metal promoted Co/TiO2 catalysts prepared by co-
impregnation with subsequent fluidized bed drying and heat
treatment. Some of the most relevant noble metal promoters
Ag, Pt, Ru, and Re were added in different atomic ratios. The
heat-treated catalysts are characterized by TEM, XRD and TPR in
order to obtain information on initial cobalt oxide dispersions
and reducibility of the catalysts. Catalytic testing is carried out
under industrial conditions in order to study the impact of noble
metal addition on the catalytic properties. The spent catalysts
are analyzed by TEM in order to calculate TOF during Fischer-
Tropsch synthesis to answer the question whether the addition
of noble metal promoters to cobalt supported on titania generally
leads to higher intrinsic activity compared to unpromoted cata-
lysts. In situ XRD studies are carried out in order to investigate

whether the addition of noble metal promoters also influences
the metallic cobalt phase formed during reduction, eventually
determining the activity and selectivity during Fischer-Tropsch
synthesis.

dx.doi.org/10.1016/j.cattod.2015.06.016
http://www.sciencedirect.com/science/journal/09205861
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. Materials and methods

.1. Catalyst synthesis

Noble metal promoted Co/TiO2 catalysts were prepared by co-
mpregnation. Therefore, TiO2 (Aeroxide P25, Evonik Degussa, pore
olume 0.3 mL/g, BET surface area 50 m2/g, 70% anatase, 30% rutile)
as pre-sieved to 75–150 �m and dried under vacuum, before

he support material was impregnated with an aqueous solution
ontaining Co(NO3)2·6H2O (4 M,  Sigma-Aldrich, 99.99%) and one
f the noble metal precursors HRe(OH)4 (Sigma-Aldrich, 99.99%),
u(NO)(NO3)3 (Sigma-Aldrich, 98.2%), [(NH3)4Pt](NO3)2 (Sigma-
ldrich, 99.995%) or AgNO3 (Sigma-Aldrich, 99%) in concentrations

o achieve atomic noble metal to cobalt ratios of 0.0035, 0.0070
nd 0.0140. After that, the material was dried in a fluidized bed
nder a flow of N2 at 353 K, before the heat treatment was car-
ied out at 523 K (2 h, 2 K/min) in a fluidized bed under a flow of N2.
hese catalysts are labeled Co XX NM YY, NM being the noble metal
sed, XX the cobalt weight loading (typically 9 wt.% assuming Co
o be in the form of Co3O4) and YY the noble metal weight load-
ng (0.05–0.39 wt.%). Unpromoted Co/TiO2 catalysts were prepared
nalogously with a solution of Co(NO3)2·6H2O (4 M,  Sigma-Aldrich,
9.99%) and are labeled Co XX.

.2. Catalyst characterization

X-ray powder diffraction (XRD) was performed on a Bruker D2
haser with a Co K� (� = 1.789 Å) source. Co3O4 crystallite size esti-
ation was performed using the Co3O4 peak at 37◦ 2� with an

utomatic calculation routine in DiffracEvaluation V2.0 software by
ruker, which is based on the Debye-Scherrer-equation. Equivalent
obalt particle sizes are calculated from observed Co3O4 particle
izes by using the relation d(Co) = d(Co3O4) × 0.75. Spent catalysts
ere found to be metallic cobalt covered with a thin wax layer,

herefore no correction factor was applied.
For transmission electron microscopy (TEM), the heat-treated

atalysts were ground with a mortar, suspended in ethanol using
n ultrasonic bath and dropped onto a copper grid with holey
arbon film. Spent catalysts were prepared in the same way. The
amples were analyzed using a Tecnai T12 or a Tecnai T20 micro-
cope, with electron beam voltage of 120 or 200 kV, respectively.

hile the support material consists of sharp-edges particles, the
upported cobalt oxides particles could be identified by their
ounded off shape. Equivalent cobalt particle sizes were calcu-
ated from observed Co3O4 particle sizes by using the relation
(Co) × d(Co3O4) × 0.75.

Temperature-programmed reduction (TPR) was carried out
sing a Micromeritics Autochem II ASAP 2920. Typically, 50 mg  of
he sample were dried in a flow of Ar at 373 K for 1 h and then
educed in a 50 N mL/min flow of H2/Ar (1:19, v/v) at a temperature
amp of 5 K/min.

In situ X-ray powder diffraction studies were carried out on a
ruker D8 Phaser with a Co K� (� = 1.789 Å) source and equipped
ith an Anton Paar XRK reaction chamber. Typically, 50 mg  of the
owdered catalysts were dried under a flow of He and then reduced
nder a flow of H2/He 1:3 (v/v) at 623 K (2 h, ramp 1 K/min).

.3. Catalytic testing

Fischer-Tropsch synthesis was carried out in a 16 reac-
or catalytic testing setup (Flowrence, Avantium). The catalysts
75–150 �m)  were diluted with SiC (200 �m)  to a total bed volume

f 200 �L in order to obtain desired CO conversion levels of 30%. The
atalysts were dried in a flow of He for 2 h and then reduced in situ in

 flow of H2/He (1:3, v/v) at 623 K (8 h, ramp 1 K/min). Subsequently,
he reactors were cooled to 453 K and pressurized to 20 bar under a
 Today 261 (2016) 60–66 61

flow of H2. After switching to H2/CO (2:1, v/v) the temperature was
increased to 493 K (1 K/min). In the end of the experiment, most
of the products remaining in the catalyst bed were removed under
a flow of H2 at 473 K, before the setup was cooled down to room
temperature under a flow of He. The products were analyzed using
online gas chromatography (Agilent 7890A), the permanent gases
were separated on a Shincarbon column and quantified against He
as an internal standard using a TCD detector. CO conversions were
calculated as

XCO = (molCO in − molCO out)
molCO in

(1)

Hydrocarbons (C1–C9) were separated on a PPQ column,
detected using an FID detector and quantified against the TCD signal
of the internal standard He. Selectivities to the lower hydrocarbon
fractions SCX were calculated from converted CO and the corre-
sponding yields as

SCX = YCX

molCO in − molCO out
(2)

The selectivities to products with 5 and more carbon atoms are
calculated from the yields to lower hydrocarbons as

SC5+ = 1 − SC1–C4 (3)

CO conversion levels during the experiments were between
25% and 35%. Activities are reported as cobalt time yields
(CTY, molCO/(gCo s)) and weight time yields (WTY, molCO/(gCat s)).
Turnover frequencies were calculated from TEM-derived surface
average particle sizes, assuming full reduction to metallic cobalt
based on literature [21], spherical geometries and a surface area of
one cobalt atom of 0.0628 nm2.

3. Results and discussion

The particle size analysis of the heat-treated catalyst precursors
was carried out using TEM and XRD. (Fig. 1) The results showed
very similar initial particle sizes of 4–7 nm for all promoted cat-
alysts. Deviations between the measurement techniques can be
explained by the fact of XRD analyzing crystallite sizes rather than
particle sizes and being a bulk technique instead of a local imag-
ing technique as TEM. For the unpromoted catalyst similarly sized
cobalt oxide particle sizes were determined.

TEM imaging of the catalysts (Fig. 2) also revealed well-
distributed supported cobalt oxide particles for unpromoted and
promoted catalysts, which is in line with results previously
reported. From TEM imaging no clear statement can be made on
whether the cobalt oxide particles are doped with the noble metal
promoters or whether the metals are present separately on the
support material.

The reduction behavior of the promoted and unpromoted cat-
alysts was studied using TPR (Fig. 3) The TPR results of the
unpromoted Co/TiO2 catalysts showed the typical two-step reduc-
tion pattern of Co3O4 to CoO (centered at 530 K) and CoO to Co
(670 K). The use of Ag as a promoter was found to lead to a shift
of both reduction peaks to lower temperatures, which was more
pronounced in case of higher Ag loadings (500 and 600 K for the
highest Ag loading), a trend previously reported for Ag-promoted
Co/Al2O3 catalysts [17]. Promotion with different amounts of Pt
led shifts of the reduction peaks to even lower temperatures (430
and 530 K for the highest Pt loading). It could be noted that already
the lowest amount of Pt added led to a strong shift of the reduction
peaks to lower temperatures (450 and 560 K), while the further shift

with increasing Pt loadings was  found to be less significant. These
findings are in line with observations for Pt-promoted Co/Al2O3 cat-
alysts previously reported [16,17]. Ru promotion also led to shifts
in reduction temperature for both reduction steps. Largest shifts
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ig. 1. Surface average equivalent cobalt particle sizes derived from TEM (left) and e
eak at 37◦ 2� (right) of the heat-treated catalysts.

ere found for the highest promoter loadings (450 and 560 K). For
e-promoted catalysts the first reduction peak was not affected for

ow and medium promoter loadings, while a shift to higher tem-
eratures was observed for high Re loadings, an effect that has
reviously been attributed to the high reduction temperature of
eO2 for the case of promoted Co/Al2O3 catalysts [16]. Only the
econd reduction peak was found to shift significantly to lower
emperatures (620 K) As the initial cobalt oxide particle sizes were
omparable for all catalysts, it can be assumed that all differences
bserved in the TPR patterns are due to the presence of the noble
etal promoters and not dispersion effects [28]. A quantification

f the TPR measurements in order to calculate the degree of reduc-
ion was not done because of the possibility of SMSI effects and its
ssociated contribution to the TCD signal [29].

Fischer-Tropsch synthesis was carried out at 20 bar, 493 K and
t very similar CO conversion levels. The results (Table 1) showed

 cobalt time yield of 6.9 10−5 molCO/(gCo s) and a C5+-selectivity
f 85 wt.% for the unpromoted catalyst that are in good accordance
ith results published earlier [30,31]. The addition of Ag was also

ound to increase both activities (10–12 × 10−5 molCO/(gCo s)) and
he C5+ selectivity significantly to 87–89 wt.%. An increase of CTY
as also found for the catalysts promoted with Pt, with an optimum

ound for the addition of 0.21 wt.% Pt. This activity gain was accom-

anied by decreased C5+ selectivities of only 82–84 wt.% that can
artly be attributed to the hydrogenolysis and methanation activity
f Pt. The addition of Ru also resulted in an increased activity, most
ronounced for the addition of 0.10 wt.% Ru. Higher amounts of

ig. 2. TEM images of the unloaded TiO2 P25 support material (left), and the TiO2-suppo
articles in the left, and the more rounded off shape of the supported cobalt oxide partic
xide  particles.
lent cobalt crystallite sizes derived from XRD line broadening analysis of the Co3O4

Ru were found to lead to higher C5+ selectivities. The addition of Re
led to the most significant improvements in CTY and C5+ selectivity,
comparable for all amounts of Re added.

In order to study the reasons for the different activities, the
cobalt particle sizes of the spent catalysts were determined by TEM
in order to calculate turnover frequencies. (Table 2) For the unpro-
moted catalysts, increased cobalt particle sizes were found after the
catalytic testing and the TOF was  in the expected range. For all cat-
alysts promoted with Ag, bigger cobalt particles were found in the
spent catalysts. While the effect of increasing cobalt dispersions is
discussed for various noble metals [12,13], we  only measure higher
metal dispersions for Re-promoted catalysts. (Table 2, Fig. 4) The
TOF of the catalysts promoted by Pt, Ru or Re were determined to
be a factor of 2 higher than the TOF of the unpromoted catalyst,
however, no strong influence of Ag was  found. Pt promoted cata-
lysts showed less average particle growth and TOF slightly lower
than those of the Ag promoted catalysts. Neither CTY nor TOF of
the Ag promoted catalysts were found to depend strongly on the
promoter loading. Pt promoted catalysts showed increasing activi-
ties and TOF with increasing promoter loading initially, with lower
values obtained for higher amounts of Pt. The cobalt particle sizes
of the Ru promoted catalysts were found to be comparable with
the other catalysts, but as for the CTY, a strong dependency of the

amount of Ru added on the TOF was  found. A medium Ru load-
ing of 0.10 wt.% led to a three-fold TOF increase compared to the
unpromoted catalyst. For the catalysts promoted with Re, cobalt
particle sizes were found to be lower than the initial equivalent

rted Co catalyst, sample Co8.8Ag0.23 (right). Note the sharp edged titania support
les in the right image. The arrows indicate the position of a few supported cobalt
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ig. 3. TPR profiles for Ag-promoted (a), Pt-promoted (b), Ru-promoted and Re-pro
iven  in black. The legends in all graphs provide the cobalt and noble metal loading

obalt particle sizes, which can be rationalized with the role of Re
eing a well-known dispersion enhancing noble metal promoter
12]. The TOF determined for these catalysts were around 0.04 s−1

or low and medium Re amounts and 0.06 s−1 for higher amounts of
e. These results suggest that for titania-supported cobalt catalysts

 distinct increase in TOF can be observed upon the introduction
f noble metal promoters, which is not observed for the addi-
ion of noble metal promoters on irreducible support materials
18]. It should be noted that possible differences in the degree

f reduction were not considered in these calculations, although
t has previously been reported that the degree of reduction for
o/TiO2 catalysts is close to 100% and the effect of noble metal pro-
otion on the degree of reduction is relatively small [16,31–34].

able 1
atalytic performance of unpromoted and promoted Co/TiO2 catalysts after 60 h of Fische

Catalyst XCO (%) 

Co 9.4 29.2 

Ag-promoted Co  9.2 Ag 0.06 30.3 

Co  9.0 Ag 0.12 33.9 

Co  8.8 Ag 0.26 33.1 

Pt-promoted Co  8.9 Pt 0.11 30.4 

Co  9.1 Pt 0.21 30.0 

Co  8.2 Pt 0.39 34.2 

Ru-promoted Co  8.8 Ru 0.05 26.4 

Co  8.0 Ru 0.10 30.3 

Co  7.3 Ru 0.18 31.8 

Re-promoted Co  9.6 Re 0.06 30.9 

Co  9.2 Re 0.13 26.7 

Co  9.4 Re 0.25 33.1 
 (d) Co/TiO2 catalysts. For comparison the TPR profile of an unpromoted catalyst is
t.%.

When discussing the degree of reduction of cobalt for these cat-
alysts, the reducibility of the support material also needs to be
considered. In the presence of supported metal nanoparticles, TiO2
can be reduced to mobile TiOx species, an effect that is known as
strong metal support interaction (SMSI). These TiOx species may
then migrate and decorate the surface of the metal nanoparticles,
thereby decreasing the accessible and catalytically active metal
surface area. Given the characterization techniques utilized in this
research, it remains unclear if and to which extent SMSI has taken

place. Nevertheless, it should be considered that the nature and the
amount of the noble metal promoter may  influence the extent of
SMSI and thereby the catalytic properties of the studied Co/TiO2
catalysts.

r-Tropsch synthesis at 493 K, 20 bar, H2/CO 2.0 (v/v).

CTY/10−5 (molCO/gCo s) SCH4 (wt.%) SC5+ (wt.%)

6.9 6.3 85

10.0 6.5 89
11.9 6.4 89
10.5 7.0 87

10.8 7.6 83
16.8 8.3 84
13.5 7.3 83

7.2 6.9 82
14.5 9.3 84
13.5 7.0 88

20.0 6.2 90
18.6 6.7 88
21.5 7.0 88
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Table  2
Equivalent cobalt particle sizes of the fresh and spent unpromoted and promoted Co/TiO2 catalysts and TOF after 60 h of Fischer-Tropsch synthesis at 493 K, 20 bar, H2/CO
2.0  (v/v).

Catalyst dfresh (nm) dspent (nm) CTY/10−5 (molCO/gCo s) TOFspent (s−1)

Co 9.4 5.3 8.6 7.1 0.024

Ag-promoted Co  9.2 Ag 0.06 5.6 11.8 10.0 0.066
Co  9.0 Ag 0.12 5.7 10.3 11.9 0.068
Co  8.8 Ag 0.26 5.8 10.1 10.5 0.059

Pt-promoted Co  8.9 Pt 0.11 4.7 8.1 10.8 0.048
Co  9.1 Pt 0.21 4.5 6.5 16.8 0.061
Co  8.2 Pt 0.39 4.1 7.9 13.5 0.057

Ru-promoted Co 8.8 Ru 0.05 5.5 8.1 7.2 0.032
Co  8.0 Ru 0.10 5.7 10.5 14.5 0.084
Co  7.3 Ru 0.18 7.0 7.8 13.5 0.057
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w
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Re-promoted Co  9.6 Re 0.06 5.4 

Co  9.2 Re 0.13 5.2 

Co  9.4 Re 0.25 5.7 

In order to obtain more information on the enhanced intrinsic
ctivities of the promoted catalysts, in situ XRD studies were carried
ut, mimicking the reduction of the catalysts. (Fig. 5) The results
evealed that for both unpromoted and promoted catalysts CoO
as detected at 500 K. The CoO diffraction line disappeared at 623 K,
hile diffraction lines of metallic cobalt were found at this temper-

ture. While for the unpromoted catalyst the peak was found to be
t the expected diffraction angle for fcc Co, the peak was found to
e broadened to higher diffraction angles for the Ag-promoted cat-
lyst, probably indicating the presence of at least small amounts of
cp Co. It has been found previously that the formation of hcp cobalt
eads to higher activities [35–37] and C5+ selectivities [38] during
ischer-Tropsch synthesis. It has also been shown that hcp Co is less

rone to particle growth during Fischer-Tropsch synthesis than fcc
o [36]. Using in situ XRD, it has been demonstrated that this more
ctive form can be formed by activation using synthesis gas [39] or

ig. 4. TOF based on surface average TEM particle sizes of spent catalysts and CTY durin
romoted catalysts.
3.7 20.0 0.041
3.7 18.6 0.039
4.9 21.5 0.058

by carbidization of cobalt oxide with subsequent reduction of CoC2
to metallic Co [40]. The hcp structure is the thermodynamically sta-
ble phase below 723 K [1], although for particles below 20 nm the
fcc structure is reported to prevail [41]. Nevertheless, the product
typically formed upon reduction of Co3O4 particles under H2 atmo-
sphere at 623 K is fcc Co. Using TPR, we have demonstrated that the
use of noble metal promoters leads to a shift of the reduction peaks
to lower temperatures. It is thus suggested that an onset of the
reduction at lower temperatures leads to the formation of hcp Co
(partly) possibly contributing to the higher activities of the noble
metal promoted catalysts. While in earlier studies stacking faults or
the porosity of hcp cobalt were considered to explain the superior
catalytic performance [35,37], recently DFT kinetic studies were

carried out to shed light on the effect of the cobalt crystal structure
on the elementary reaction steps of the Fischer-Tropsch reaction. It
was demonstrated that CO activation proceeds with a higher rate

g Fischer-Tropsch synthesis at 493 K, 20 bar, H2/CO 2.0 (v/v) for unpromoted and
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Fig. 5. In situ X-ray diffractograms for Ag-promoted and unpromoted C

n hcp Co, but also that it proceeds via direct dissociation, unlike
-assisted dissociation for fcc Co [42]. The role of the crystal struc-

ure of cobalt here can only be a first indication and should be
ddressed in future research, e.g. using on synchrotron-based in situ
haracterization techniques.

. Conclusions and outlook

The XRD and TEM results showed that (co-)impregnation of
iO2 with subsequent fluidized bed drying and heat treatment
eads to a rather uniform distribution of similarly sized supported
obalt oxide particles for both unpromoted and promoted cata-
ysts. TPR studies revealed that the addition of noble metals lead
o decreased reduction temperatures of cobalt oxide, this effect
eing most pronounced for the addition of Pt and Ru and less pro-
ounced for the addition of Re and Ag. The effect on the reduction
emperature was found to increase with higher promoter load-
ngs for all noble metals. The catalytic properties under industrial
ischer-Tropsch synthesis conditions were found to be strongly
nfluenced by the addition of noble metals. While the addition
f Ag, Re and higher amounts of Ru led to increased cobalt time
ields and C5+-selectivities, Pt-promoted catalysts showed only
igher activities, but significantly lower C5+-selectivities at very
imilar CO conversion. TEM studies of the reduced and spent cata-
ysts showed that the cobalt particle sizes for the unpromoted and

ost promoted catalysts were similar, only Re-promoted catalysts
howed distinctly lower particle sizes after the catalytic testing.
OF calculations based on the surface average TEM particle sizes of
pent catalysts revealed that increased turnover frequencies were
ound for promoted catalysts as previously shown for Ru-promoted
o/TiO2 and Pt-promoted Co/Nb2O5 catalysts [18,19,24], while the
ffect of TOF increase was  most pronounced for Ru and Pt. Again, the
nfluence of different degrees of reduction cannot be excluded from
he calculations. In situ XRD studies revealed that for Ag-promoted
atalysts, at least some hcp Co is formed, possibly contributing the
igher intrinsic activities of these catalysts compared to the unpro-
oted system.
For Ru catalyzed Co/TiO2, it was previously suggested that an

nteraction in bimetallic particles leads to reduced site blockage by
arbonaceous species [18] or that the rate of surface oxygen and

ydroxide removal was accelerated [19]. For Re-promoted cata-

ysts, a close interaction of the promoter with the active metal was
lso discussed to rationalize the increased activities and selectivi-
ies [31]. Recent DFT studies [43] show that Co catalysts operate in a

[
[
[

2 catalysts during and after reduction under a flow of H2/He 1:3 (v/v).

regime in which the overall reaction rate is controlled by CO dissoci-
ation and oxygen removal by water formation. It is widely accepted
that the noble metals used as promoters are more active hydro-
genation catalysts than cobalt [12], which can lead to synergistic
effects in CO hydrogenation [44,45]. We  suggest that increased
hydrogenation activity in promoted catalysts accelerates water
formation and/or gives rise to hydrogen-assisted CO dissociation
[46–48].
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