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a b s t r a c t

Cobalt species and cobalt-support interaction in glow discharge plasma-assisted Fischer–Tropsch cata-
lysts were studied using a combination of characterization techniques (X-ray diffraction, thermo-gravi-
metric analysis, temperature-programmed reduction, in situ magnetic measurements and in situ X-ray
absorption). The catalysts were prepared by incipient impregnation using solutions of cobalt nitrate
and ruthenium nitrosyl nitrate followed by plasma or/and oxidative treatment.

Cobalt dispersion in silica-supported catalysts was significantly enhanced by plasma pretreatment.
Cobalt particle size was a function of glow discharge plasma intensity. The concentration of cobalt silicate
in plasma-assisted samples was low. No noticeable effect of the plasma pretreatment on the formation of
barely reducible cobalt silicate species was observed. Cobalt reducibility was to some extent hindered in
the plasma-assisted catalysts, while promotion with ruthenium significantly enhanced cobalt reducibility
in silica-supported catalysts. Due to the combination of high cobalt dispersion and optimized cobalt
reducibility, ruthenium-promoted plasma-assisted cobalt catalyst exhibited an enhanced activity in
Fischer–Tropsch synthesis.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Fischer–Tropsch (FT) synthesis converts natural gas-, coal- and
biomass-derived syngas into liquid fuels which are totally free of
sulfur- and nitrogen-containing compounds and have very low
aromatic contents. The interest in FT synthesis has been due to
the shortage of petroleum crude oil reserves and environmental
constraints [1–3]. Cobalt-based catalysts could be the catalysts of
choice for low-temperature FT synthesis [1–3]: they have high
activity, high selectivity to linear C5+ hydrocarbons, low activities
for water–gas shift reaction, and lower price compared to noble
metals.

FT synthesis proceeds on cobalt metal sites. The overall number
of cobalt sites on supported catalysts depends on both cobalt dis-
persion and reducibility. In monometallic cobalt catalysts, how-
ever, an increase in cobalt dispersion often coincides with a drop
in cobalt reducibility [2–6]. Indeed, smaller cobalt particles are
usually more difficult to reduce than larger ones. In addition, very
small cobalt particles in highly dispersed catalysts could strongly
ll rights reserved.
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interact with support. This leads to the formation of mixed oxides
(i.e., cobalt silicates in the case of Co/SiO2 catalysts), which are dif-
ficult to reduce and which are inactive for FT synthesis [6]. Use of
catalyst promoters such as noble metals can break this dispersion-
reducibility dependence. In addition to the overall number of co-
balt surface sites, the catalytic performance of cobalt-based FT cat-
alysts can be affected by cobalt particle size [7–14]. Cobalt particles
with the optimal size (6–10 nm), higher reducibility and higher
stability are required for the design of efficient cobalt FT catalysts
[2,3,8,11].

Plasma is an ionized gas that can be generated by a number of
methods, including electric discharges (glow, microwave, plasma
jet, radio frequency). Glow discharge plasma is a kind of non-ther-
mal plasma, which is characterized by high electron temperature
(10,000–100,000 K) and relatively low gas temperature [15]. Plas-
ma intensity is determined by the applied power in terms of elec-
tric voltage and gap between two electrodes. The energetic species
(electrons, ions and radicals) in the plasma could modify the cata-
lyst surface, particle size and morphology of active phase, as well
as active phase-support interactions in the catalysts [16]. Catalyst
pretreatment with plasma could lead to some specific catalytic
properties [15–22]. Various catalysts such as Pd/HZSM [17,19],
Pt/NaZSM-5 [21], Ni-Fe/Al2O3 [20], Pt/TiO2 [22] and Pd/Al2O3 [23]
were treated by glow discharge plasma and tested in different
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Fig. 1. Schematic of the apparatus for catalyst pretreatment with glow discharge
plasma.
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catalytic processes, including methane combustion [17,19], NO
reduction by methane [21], partial oxidation of methane [20,24]
and others.

The plasma technique has not been well explored for the design
of cobalt catalysts for FT synthesis. Chu et al. [25] have recently
investigated the effects of pretreatment with glow discharge plas-
ma on cobalt dispersion, reducibility and catalytic performance in
alumina-supported catalysts in FT synthesis and gained some pre-
liminary results. No information about the influence of glow dis-
charge plasma on metal dispersion and catalytic performance of
silica-supported cobalt FT catalysts has been available in the
literature.

In this work, a series of silica-supported cobalt-based catalysts
were prepared by glow discharge plasma with different plasma
power voltages (which correspond to different plasma intensities).
The effects of pretreatment with glow discharge plasma on cobalt
dispersion, reducibility and structure of monometallic and bime-
tallic silica-supported cobalt FT catalysts were investigated using
a wide range of methods, including X-ray diffraction (XRD), tem-
perature-programmed reduction (TPR), in situ and ex situ X-ray
absorption spectroscopy (XANES and EXAFS), propene chemisorp-
tion and in situ magnetic method. The catalytic performance in
FT synthesis was evaluated in a fixed-bed microreactor.
2. Experimental

2.1. Catalyst preparation

The silica-supported cobalt catalysts were prepared by conven-
tional incipient wetness impregnation of silica gel using aqueous
solutions of cobalt nitrate; for the catalysts promoted with Ru,
the impregnating solution also contained ruthenium nitrosyl ni-
trate. A commercial silica gel (Qingdao Haiyang Chemical Co.,
Ltd., China), with SBET = 355 m2/g, pore diameter of 7.8 nm, and to-
tal pore volume of 0.90 cm3/g, was used as a catalytic support.
After impregnation, the catalysts were dried at 363 K in an oven
for 10 h.

The samples after impregnation and drying were divided into two
parts. One part was heated in air flow at 523 K for 5 h to obtain con-
ventionally calcined cobalt catalysts; the temperature ramping was
2.5 K/min. Co/SiO2 and CoRu/SiO2 labels correspond to the conven-
tional catalysts which were prepared without plasma (Table 1). To
obtain the plasma-assisted cobalt catalysts, the impregnated and
dried samples were first evacuated in the apparatus shown in
Fig. 1. Then, they were exposed in the same setup to glow discharge
nitrogen plasma for 60 min and then to hydrogen plasma for another
60 min (power voltage = 60–120 V, frequency = 13.56 MHz, initial
gas pressure 50 Pa). The quartz tube (Fig. 1) was slowly rotating
during the pretreatment to ensure uniform exposure of the catalyst
powder to the glow discharge. After the plasma pretreatment,
Table 1
Silica-supported cobalt catalysts.

Catalyst symbol Co
content
(wt.%)

Ru
content
(wt.%)

Glow
discharge
voltage
(V)

Co3O4

particle
size
(nm)
XRD

Propene
chemisorption
(10�6 mol/g-
catal.)

Co/SiO2 10 – – 10.2 16.0
Co/SiO2-P60 10 – 60 8.5 24.2
Co/SiO2-P80 10 – 80 6.8 –
Co/SiO2-P100 10 – 100 6.0 –
Co/SiO2-P120 10 – 120 5.7 13.4
CoRu/SiO2 10 0.3 – 9.8 27.1
CoRu/SiO2-P60 10 0.3 60 5.8 32.1
the cobalt catalysts were further calcined in a flow of air at 523 K
for 5 h. The monometallic and ruthenium-promoted bimetallic
cobalt-based catalysts are designated ‘‘Co/SiO2-P voltage” and
‘‘CoRu/SiO2-P voltage”, respectively, where ‘‘Ru” indicates ruthe-
nium promotion and ‘‘P voltage” indicates the voltage used in the
glow discharge plasma pretreatment. Before the reaction, all the
catalysts were reduced in a flow of hydrogen at 673 K for 5 h. The
temperature ramping rate was 3 K/min.

2.2. Thermo-gravimetric analysis

Thermo-gravimetric analysis (TGA) was carried out in a flow of
air at a heating rate of 5 K/min with a DSC-TGA SDT 2960 thermal
analyzer. The sample loading was typically 16 mg.

2.3. Conventional and synchrotron-based X-ray diffraction

Conventional X-ray powder diffraction patterns were recorded
at ambient conditions with Cu (Ka) radiation using a Siemens
D5000 diffractometer. The average Co3O4 crystallite size was calcu-
lated from 511 (2h = 59.58�) diffraction lines according to the
Scherrer equation [26].

In situ synchrotron-based XRD patterns were measured at
BM01B (SNBL) beamline (ESRF, Grenoble, France). The synchrotron
beam wavelength (k) was set to 0.5 Å. The samples were loaded in
quartz capillaries and reduced in hydrogen at 623 K (temperature
ramp 3 K/min). The XRD patterns were recorded in situ in hydrogen
flow at 623 K.

2.4. Temperature-programmed reduction

The temperature-programmed reduction profiles were obtained
by passing 5% H2/Ar gas mixture through the catalyst while
increasing the temperature at a linear rate using a Micromeritics
AutoChem II Automated Catalyst Characterization System. The
sample amount for the experiments was about 50 mg. The gas flow
velocity was 30 cm3/min, and the rate of temperature ramping was
3 K/min.

2.5. In situ magnetic measurements

In situ magnetic measurements were performed using a Foner
vibrating-sample magnetometer as described previously [27,28].
The design of the magnetometer allows recording curves of magneti-
zation during temperature-programmed heating or under isothermal
conditions at 282–973 K. The catalyst is loaded in a continuous-flow
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Fig. 2. TGA curves of dried Co/SiO2 sample (a) and bulk cobalt nitrate (b).
Temperature ramp 5 K/min.
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quartz microreactor equipped with a built-in Pt–PtRh thermocouple.
The experiments were conducted by passing pure H2 through the
catalyst while increasing the temperature at a linear rate. The amount
of samples for all measurements was around 20 mg. The catalyst was
reduced in hydrogen; the temperature increased from 293 to 773 K
and then it was kept constant at 773 K. The appearance of metallic
cobalt species in the samples was monitored in situ by a continuous
increase in magnetization during the reduction [27,28].

2.6. Ex situ and in situ X-ray absorption measurements

The X-ray absorption fine structure (XAFS) spectroscopy at the
Co K-edge was measured at the BL11.1 beamline in Elettra Syn-
chrotron Light Laboratory, Trieste (Italy). Both ex situ characteriza-
tion of calcined catalysts and in situ reduction in hydrogen were
performed using our homemade X-ray absorption cell [29]. The
measurements were performed in transmission mode, with two
ionization chambers used for X-ray detection. The Si (1 1 1) dou-
ble-crystal monochromator was calibrated by setting the first
inflection point of the K-edge spectrum of Co foil at 7709 eV. Mea-
suring an X-ray absorption spectrum (7400–8700 eV) took about
30–40 min. The X-ray absorption data were analyzed using the
IFEFFIT procedure. The XANES spectra after background correction
were normalized by the edge height. After subtracting cobalt atom-
ic absorption, the extracted EXAFS signal was transformed without
phase correction from k space to r space to obtain the radial distri-
bution function (RDF). Crystalline Co3O4, CoO, cobalt nitrate, cobalt
foil and a-cobalt silicate were used as reference compounds for
XANES and EXAFS analysis. The characteristic XANES spectra and
EXAFS Fourier transform moduli of the reference compounds are
available from our previous publications [4,30].

2.7. Propene chemisorption

The number of surface metal sites in the catalysts was evaluated
by propene chemisorption in a pulse reactor [31]. After reduction in
pure hydrogen at 673 K, using the same procedure as for catalytic
measurements, the catalyst sample (0.2 g + 0.2 g SiC) was cooled
and purged with He at 323 K. Pulses of propene (0.25 cm3) were
introduced into the flow of He. The relative number of metal surface
sites was estimated from the amount of chemisorbed propene.
No propene chemisorption was observed on pure silica support.
Analysis of the reaction products was performed using gas chroma-
tography with a packed column containing XOA 400 silica. The pulse
experiments were completed when the detector showed no propene
chemisorption. Note that no assumption was made about the
stoichiometry of propene chemisorption, this method provides only
relative information about the concentration of cobalt metal sites in
different catalysts.

2.8. Catalytic measurements

The FT catalytic measurements were carried out in a fixed-bed
stainless-steel tubular microreactor (dint = 8 mm) operating under
atmospheric pressure at 493 K with a H2/CO molar ratio of 2. The
catalyst was crushed and sieved to obtain catalyst grains 63–
200 lm in diameter. The catalyst loading was typically 0.5 g. Be-
fore reaction, the samples were reduced in hydrogen flow at
673 K for 5 h. The thermocouple was in direct contact with the cat-
alyst, so that the thermocouple measurements could reflect the
temperature inside the reactor. No temperature spike and temper-
ature swings were observed during the whole catalytic testing at
atmospheric pressure. The temperature ramp procedure used in
this paper during the startup procedure was as follows: from
323 K to 423 K, 3 K/min, then from 423 K to 493 K, 1 K/min.
Carbon monoxide contained 5% N2, which was used as an inter-
nal standard. Analysis of H2, CO, CO2 and CH4 was performed with
a 13X molecular-sieve column, while hydrocarbons (C1–C20) were
separated in 10% CP-Sil5 on a Chromosorb WHP packed column.
The selectivity of hydrocarbons was calculated on carbon basis.
The FT reaction rate is expressed as a cobalt-time yield (in moles
of converted CO per second divided by the total amount of cobalt
(in moles) loaded into the reactor).
3. Results

3.1. Cobalt precursor decomposition

Cobalt and ruthenium precursors in the impregnated and dried
silica-supported catalysts were decomposed either by calcination
or by glow discharge plasma. The catalyst calcination temperature
was chosen on the basis of TGA data. The TGA curves of bulk cobalt
nitrate and monometallic impregnated and dried Co/SiO2 catalyst
in air flow are shown in Fig. 2. Two weight losses were observed
at around 361 K (�11.7%) and 459 K (�13.8%) during the heating
of Co/SiO2 sample (Fig. 2a), which were attributed respectively to
the dehydration of cobalt nitrate and silica and to the decomposi-
tion of NO�3 groups. In agreement with previous results [32], a
more complex curve was displayed in the process of decomposi-
tion of bulk cobalt nitrate (Fig. 2b), several weight change peaks
appeared during heating, which might be due to the dehydration
and decomposition of cobalt nitrate from the surface to the core.
The complete decomposition temperature of bulk cobalt nitrate
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(�573 K) is much higher than that of supported Co/SiO2 catalyst
(�513 K). The calcination temperature of 523 K seems sufficient
to ensure complete thermal decomposition of cobalt nitrate in sil-
ica-supported cobalt catalysts. Higher calcination temperature
could result in the formation of hardly reducible cobalt silicates
[32,33] and would affect the catalytic performance in FT synthesis.
Thus, in this work, both impregnated and dried cobalt monometal-
lic and Ru-promoted catalysts were calcined at 523 K.

During the glow discharge pretreatment, the catalysts were ex-
posed to the plasma in the setup shown in Fig. 1. The catalyst color
started changing from pink to gray in the first 5 min of plasma pre-
treatment. All the catalyst particles turned to black after discharg-
ing for 25 min. Catalyst color change seems to be a sign of cobalt
nitrate decomposition in the plasma. The discharge voltage varied
from 60 to 120 V. Plasma pretreatment led to some heating of the
quartz tube. After 2 h of plasma pretreatment, the tube tempera-
ture was however still below 373 K. To enhance the catalyst stabil-
ity, the samples after plasma pretreatment were calcined in air
flow at 523 K using the conventional calcination procedure.

3.2. Oxidized catalysts

The XRD patterns of oxidized conventionally calcined and plas-
ma-assisted Co and CoRu catalysts are presented in Fig. 3. All the
oxidized catalysts exhibited the presence of Co3O4 as the only co-
balt crystalline phase. The diameters of Co3O4 crystallites which
were calculated from the width of diffraction peak at 2h = 59.58�
using the Sherrer equation [26] are presented in Table 1. The
Co3O4 crystallite diameters of plasma-assisted catalysts were smal-
ler than those of conventionally calcined samples. In addition, the
size of Co3O4 crystallites decreased with plasma intensity (Table 1).

The oxidized catalysts were analyzed by X-ray absorption spec-
troscopy at cobalt K absorption edge. The XANES spectra and EX-
AFS Fourier transform moduli of both oxidized monometallic and
ruthenium-promoted silica-supported cobalt catalysts were simi-
lar to those of Co3O4 reference compound (Fig. 4). In agreement
with XRD data, this suggests that Co3O4 is the major cobalt phase
in both conventionally calcined and plasma-assisted catalysts.
For a more quantitative analysis, the XANES spectra (Fig. 4a) were
fitted using a linear combination of XANES spectra of reference
compounds. The experimental data matched well with the linear
combination fitting curves; a representative example of the fitting
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Fig. 3. XRD diffraction patterns of conventional and plasma-assisted cobalt
catalysts: (1) Co/SiO2, (2) Co/SiO2-P60, (3) Co/SiO2-P80, (4) Co/SiO2-P100, (5) Co/
SiO2-P120, (6) CoRu/SiO2, and (7) CoRu/SiO2-P60.
is shown in Fig. 5. Quality of the analysis was also evaluated by the
reduced chi-square value ðv2

V Þ, which estimates the fit statistical
goodness. The XANES data (Table 2) were indicative of the pres-
ence of both Co3O4 and a-cobalt silicate, while no residual cobalt
nitrate was detected. Thus, the XANES analysis suggests that
decomposition of cobalt nitrate in both conventional and plasma-
assisted cobalt catalysts was complete after calcination at 523 K
for 5 h. Co3O4 content was higher than 85% in both conventional
and plasma-assisted samples; a-Co2SiO4 content was around 10%
(Table 2). No noticeable effect of plasma intensity on the fraction
of cobalt silicate in the oxidized catalysts was observed.

3.3. Reduction of cobalt catalysts

The influence of pretreatment with plasma on the reducibility of
the silica-supported cobalt catalysts was studied by temperature-
programmed reduction (TPR), in situ magnetic measurements and
in situ X-ray absorption spectroscopy. Fig. 6 displays TPR profiles
of silica-supported monometallic and ruthenium-promoted cobalt
catalysts. The occurrence of multiple reduction peaks indicates
the presence of a number of reducible cobalt oxide species and sev-
eral cobalt reduction steps. Co3O4 is the major phase in the oxidized
catalysts identified by XRD and X-ray absorption. In agreement
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Fig. 4. XANES spectra (a) and k2-weighted EXAFS Fourier transform moduli (b) for
oxidized conventional and plasma-assisted silica-supported cobalt catalysts: (1) a-
cobalt silicate, (2) CoO, (3) Co3O4, (4) Co/SiO2, (5) Co/SiO2-P60, (6) Co/SiO2-P80, (7)
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with previous reports [4,5,34–36], the TPR peaks at 373–923 K
were attributed to two-step reduction of Co3O4, which proceeds
via intermediate formation of CoO: Co3O4 ? CoO ? Co0. The broad
peaks located higher than 923 K were assigned to the reduction of
cobalt oxide species, in interaction with the support (small cobalt
oxide crystallites, cobalt silicates). The TPR profiles of the catalysts
were significantly affected by the intensity of plasma pretreatment.
The area of lower temperature peaks situated between 553 K and
723 K which corresponded to easy reducible cobalt species de-
creased with increasing plasma intensity, while the area of the high
temperature peaks attributed to more difficult to reduce cobalt
species increased. This seems to be indicative of a more difficult
reduction of the plasma-assisted catalysts, particularly when high
plasma intensity has been applied. Characterization of oxidized
catalysts by XRD revealed the presence of smaller cobalt particles
in the plasma-assisted catalysts, while no noticeable increase in
the concentration of cobalt silicate was detected from XANES data
(Table 2). It is known [4,34] that in silica-supported catalysts smal-
ler cobalt oxide particles are more difficult to reduce than larger
ones. Hence, the shift of TPR peaks to higher temperatures can be
attributed to a higher fraction of more hardly reducible smaller co-
balt oxide particles in the plasma-assisted catalysts.

In the TPR profiles of ruthenium-promoted samples, only two
reduction peaks located between 400 K and 673 K were observed.
These peaks were attributed to the two-step reduction of Co3O4.
The low temperature shift of the TPR peaks of Ru-promoted cata-
lysts relative to the monometallic counterparts (Fig. 6) indicates
considerable enhancement of cobalt reducibility on promotion
with ruthenium. In the plasma-assisted CoRu/SiO2-P60, the area
of both reduction peaks was however lower than in the conven-
tionally calcined CoRu/SiO2 catalyst, which may suggest some de-
crease in the extent of cobalt reduction brought about by the
plasma pretreatment.

The in situ magnetization curves for conventionally calcined Co/
SiO2 catalysts and their plasma-assisted counterparts measured
Table 2
Cobalt phase compositions in oxidized and reduced catalysts evaluated from linear combi

Catalysts Composition of oxidized samples

Co3O4 (%) Co2SiO4 (%) Reduced chi-square

Co/SiO2 87.4 12.6 0.00019
Co/SiO2-P60 98.4 1.6 0.00055
Co/SiO2-P80 92.5 7.5 0.00036
Co/SiO2-P100 90.3 9.7 0.00020
Co/SiO2-P120 89.1 10.9 0.00032
CoRu/SiO2 96.9 3.1 0.00031
CoRu/SiO2-P60 93.6 6.4 0.00097
during reduction in hydrogen are shown in Fig. 7. Note that only
metallic cobalt particles exhibit noticeable magnetization under
the experimental conditions [27,37]. Thus, the increase in magne-
tization measured at strong magnetic field (saturation magnetiza-
tion) directly indicates the growth of cobalt metallic phases in the
catalysts [27,37]. Fig. 7 shows that plasma pretreatment results in
a significant decrease in the magnetization of the reduced cata-
lysts, which corresponds to lower concentrations of metallic cobalt
phases. This was consistent with the observation from TPR exper-
iments and our previous data about plasma-assisted alumina-sup-
ported cobalt catalysts [25]. Plasma of higher intensity seems to
nation of XANES spectra.

Composition of reduced samples

Co (%) CoO (%) Co2SiO4 (%) Reduced chi-square

32.8 38.6 28.6 0.00056
7.2 56.8 36.0 0.00105
– – –
– – –
– – –
94.1 0 5.9 0.00131
46.0 26.5 27.5 0.00135
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affect catalyst reducibility to a much greater extent than low-
intensity plasma; the saturation magnetization was 10.8 emu/g
for Co/SiO2, 8 emu/g for Co/SiO2-P60 and only 3.6 emu/g for Co/
SiO2-P80.

The TPR data and in situ magnetic results on cobalt reducibility
were consistent with in situ XANES and EXAFS findings. Fig. 8
shows in situ XANES spectra and EXAFS Fourier transform moduli
of Co/SiO2 and CoRu/SiO2 catalysts and their plasma-assisted coun-
terparts reduced in hydrogen at 673 K. Both XANES spectra and
Fourier transform moduli were different for conventionally cal-
cined and plasma-assisted samples. Note that the differences in
the XANES region could be related to the changes in both electronic
properties (oxidation state) and local coordination of the absorbing
atoms [38]. The extent of cobalt reduction in silica-supported co-
balt catalysts seems to be a function of plasma pretreatment and
promotion with ruthenium. The XANES curves (Fig. 8a) were fitted
using a linear combination of XANES spectra of metallic cobalt, CoO
and a-Co2SiO4 as reference compounds. The fitting (Table 2)
showed a much higher content of CoO and a much lower fraction
of metallic cobalt in the plasma-assisted cobalt catalysts compared
to the conventionally calcined counterparts. Plasma pretreatment
seems to affect cobalt reducibility in both monometallic and Ru-
promoted catalysts. Another interesting observation is that the
concentration of cobalt silicate has increased after catalyst reduc-
tion in hydrogen at 673 K relative to the oxidized samples (Table 2).
This suggests that some cobalt silicate possibly forms during cata-
lyst reduction in addition to cobalt silicate already present in the
catalysts after calcination. The cobalt silicate fraction was more
significant in the monometallic catalysts which are more difficult
to reduce and which contain higher fraction of CoO phase than in
Ru-promoted samples. At the higher reduction temperature, CoO
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SiO2, (5) reduced CoRu/SiO2-P60 and (6) metallic cobalt.
phase can probably react with SiO2 yielding cobalt silicate
compounds:

2CoOþ SiO2 ! Co2SiO4:

Water produced during the reduction of cobalt oxide could also
play a role in cobalt silicate formation during catalyst reduction.
Fig. 9 displays in situ synchrotron-based XRD patterns obtained
after reduction of conventionally calcined and plasma-assisted co-
balt catalysts at 623 K. No XRD peaks attributed to cobalt oxide are
observed; all cobalt crystalline phases (except for amorphous co-
balt silicate) seem to be completely reduced. A broad region of dif-
fraction is observed between 12.5� and 16.5� close to the position
of XRD patterns of cobalt fcc and hcp metallic phases. The most in-
tense peak which corresponds to cobalt fcc structure was detected
at 14�. Similar XRD patterns for reduced silica-supported cobalt
catalysts have been previously observed in the literature [4,39].
Significant broadening of XRD patterns of CoRu/SiO2-P60 catalyst
relative to CoRu/SiO2 seems to be indicative of smaller sizes of co-
balt metal particles and higher cobalt dispersion in the plasma-as-
sisted catalysts. This is consistent with smaller sizes of cobalt oxide
crystallites detected by XRD in the oxidized plasma-assisted sam-
ples (Table 1). The XRD patterns were fitted using the whole pat-
tern matching procedure and FullProf program [40]. The fitting
suggests that the treatment of CoRu/SiO2 catalyst with plasma re-
sults in the decrease in sizes of cobalt metal particles with fcc lat-
tice from 4.4 to 2.7 nm, while the size of cobalt hcp metal particles
drops from 2.6 to 2.0 nm.

The number of cobalt surface metal sites in the reduced cobalt
catalysts was evaluated by propene chemisorption (Table 1). The
catalyst pretreatment with glow discharge plasma of low intensity
results in a slight increase in the number of cobalt surface sites in
Co/SiO2-P60, while high intensity of glow discharge leads to a drop
in the number of active sites in Co/SiO2-P120 sample. As expected,
ruthenium promotion resulted in a much higher concentration of
cobalt metal sites probably because of better reducibility of
CoRu/SiO2 and CoRu/SiO2-P60 catalysts.

3.4. Catalytic performance of silica-supported cobalt catalysts

The catalytic performance of plasma-assisted monometallic and
ruthenium-promoted silica-supported cobalt catalysts was evalu-
ated in a fixed-bed reactor at 493 K, 1 bar, H2/CO = 2 and GHSV =
1800 ml/(gcat h). C1–C20 hydrocarbons and water were the only
reaction products; no carbon dioxide was detected under the pres-
ent conditions. The FT reaction rates expressed as cobalt-time
yields were calculated from carbon monoxide conversions and
gas hourly space velocities and normalized by the number of cobalt
atoms loaded in the reactor.
Fig. 9. In situ synchrotron-based XRD patterns (k = 0.5 Å) of reduced CoRu/SiO2-P60
(1) and CoRu/SiO2 (2) catalysts (h fcc metallic cobalt, � hcp metallic cobalt,4 CoO).
The XRD patterns were measured in a flow of hydrogen at 423 K.



Table 3
Catalytic performances of conventional and plasma-assisted cobalt catalysts in FT
synthesis.a

Catalysts CO
conversion
(%)

Cobalt-
time
yield
(10�4 s�1)

Selectivity (%)

CH4 C2–4-HC C5+-HC

Co/SiO2 17.5 6.79 30.7 26.2 43.1
Co/SiO2-P60 21.6 8.38 25.5 30.7 43.8
Co/SiO2-P80 16.5 6.40 27.0 31.5 41.5
Co/SiO2-P100 12.9 5.01 25.3 31.0 43.7
Co/SiO2-P120 11.5 4.46 26.2 31.9 41.9
CoRu/SiO2 30.7 11.90 27.1 28.6 44.3
CoRu/SiO2-P60 38.0 14.70 24.9 30.4 44.7

a Conditions: P = 1 bar, 500 mg catalysts, T = 493 K, gas hourly space velocity
(GHSV) = 1800 ml/(g h)�1, H2/CO = 2.
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Fig. 10 shows FT reaction rates, methane selectivity and C5+

selectivity, versus the time on stream for CoRu/SiO2 sample. FT
reaction rates decreased slightly and maintained around
11.5 � 10�4 s�1 during 24 h test, and the quasi-steady state was at-
tained after about 2 h, whereas the hydrocarbon selectivities re-
mained at the same level. The activity and selectivity values
reported here corresponded to the period of quasi-steady state
behavior, which was typically attained after 24 h of reaction.

The experimental results at quasi-steady state conditions are
summarized in Table 3 and Fig. 11. The Co/SiO2-P60 catalyst pre-
pared using low plasma intensity had a slightly higher activity than
their conventional counterpart, the cobalt-time yield increased from
6.79 � 10�4 s�1 over conventional Co/SiO2 to 8.38 � 10�4 s�1 over
the plasma-pretreated catalyst. Further increasing plasma intensity
caused a decrease in the catalytic activity, the FT reaction rate
dropped from 8.38 � 10�4 s�1 at voltage of 60 V to 4.46 � 10�4 s�1

at voltage of 120 V. Both conventional and plasma-assisted mono-
metallic cobalt catalysts were much less active in FT synthesis than
ruthenium-promoted cobalt catalysts. The plasma-assisted CoRu/
SiO2-P60 catalyst exhibited a cobalt-time yield of 14.70 � 10�4 s�1,
which was higher than that obtained with conventional ruthe-
nium-promoted catalyst (11.90 � 10�4 s�1). The selectivity to C5+

hydrocarbons and methane of both conventional and plasma-
assisted Co and CoRu catalysts did not vary much as a function of
plasma pretreatment and ruthenium promotion (Table 3).
0 3 6 9 12 15 18

Co/SiO2-P60

FT reaction rate, 10-4s-1

Co/SiO2

Fig. 11. FT reaction rates on conventional calcined and plasma-assisted catalysts.
4. Discussion

High cobalt dispersion along with adequate cobalt reducibility
seems to be key parameters in the design of active catalysts for
FT synthesis. Cobalt dispersion in FT catalysts can be enhanced
by several different techniques: optimization of support texture
[12,41–43], decomposition of cobalt precursors and catalyst calci-
nation at mild conditions [32,44–46] or in the presence of NO/He
[47,48], addition of organic compounds during impregnation
[30,49–53] and catalyst promotion [30,54,55]. The results obtained
in this work suggest that decomposition of cobalt precursors in
glow discharge plasma seems to be another valuable method
which can be used for preparation of highly dispersed cobalt cata-
lysts. Higher cobalt dispersion was observed in both oxidized and
reduced plasma-assisted Co/SiO2 catalysts. It appears that glow
discharge plasma pretreatment results in the decomposition of co-
balt nitrate and in the formation of cobalt oxide nanoparticles
which are smaller than those typically obtained after decomposi-
tion of cobalt nitrate via conventional calcination. Oxidized plas-
ma-assisted samples also contain some concentration of cobalt
Fig. 10. FT reaction rates, methane and C5+ selectivities as functions of time on
stream on CoRu/SiO2 sample. (Conditions: P = 1 bar, T = 493 K, GHSV = 1800 ml/
(g h)�1, H2/CO = 2.)
silicate. Interestingly, the concentration of cobalt silicate is not af-
fected by the intensity of plasma pretreatment, while higher plas-
ma intensity leads to smaller sizes of cobalt oxide crystallites.

Previous reports have shown [2,10,30,47] that both decomposi-
tion of cobalt nitrate and crystallization of cobalt oxide could be
crucial steps in the preparation of highly dispersed cobalt catalysts.
The size of cobalt oxide crystallites in the catalysts is influenced by
the rates of cobalt nitrate decomposition, cobalt oxide nucleation
and crystal growth. Slower rate of cobalt nitrate decomposition
generally favors high cobalt dispersion. De Jong and coworkers
[47,48] used NO/He mixture to decompose metal nitrate in cobalt
and nickel-supported catalysts. Higher metal dispersion was
attributed to a more moderate rate of metal nitrate decomposition
in the presence of NO. Note that decomposition of cobalt precur-
sors in glow discharge proceeds at much milder conditions (at
much lower temperatures). Milder cobalt nitrate decomposition
conditions are usually favorable for better cobalt dispersion than
conventional calcination.

Crystallization of cobalt oxide involves essential stages of nucle-
ation and crystal growth. Higher rate of crystal nucleation leads to
smaller crystallite sizes, while higher rate of crystal growth favors
larger crystallite sizes. The presence of relatively larger cobalt
oxide crystallites in monometallic silica-supported cobalt catalysts
can be explained by low rate of crystal nucleation and high rate of
crystal growth. It was shown [30] that promotion of silica-sup-
ported cobalt catalysts with noble metals (Ru, Re) enhanced cobalt
dispersion. This effect can be due to a higher concentration of co-
balt oxide nucleation sites in the presence of promoters [30].

It appears that in addition to the mechanism of cobalt nitrate
decomposition, the kinetics of cobalt oxide nucleation and crystal
growth can be also affected by the plasma. Interaction of plasma
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with the catalyst surface could possibly generate defects in the
support structure which can facilitate formation of seed crystals
and enhance the rate of cobalt oxide nucleation.

The plasma pretreatment also has influence on cobalt reducibil-
ity. TPR, in situ magnetic characterization and in situ X-ray absorp-
tion spectroscopy were indicative of a more difficult cobalt
reducibility in the plasma-assisted catalysts. It seems that a de-
crease in cobalt oxide particle size produced by plasma pretreat-
ment impedes cobalt reduction. This observation is consistent
with previous results for silica-supported cobalt catalysts. It has
been shown that smaller cobalt oxide particles are more difficult
to reduce than larger ones [4,34].

It is known that the contribution of surface energy to the total
energy of the cobalt oxide and cobalt metallic particles depends
on their size; the part of surface energy in the total energy is more
significant for smaller particles. Hence, the stability of smaller par-
ticles is to a greater extent influenced by their surface energy than
that of the larger particles. van Steen et al. [56] evaluated the sur-
face energy of cobalt oxide and cobalt metal particles as a function
of their size. It was found that cobalt metal particles had higher
surface energy than particles of cobalt oxide. In agreement with
those data [56], a more difficult reducibility of smaller cobalt par-
ticles can be attributed to the higher surface energy of cobalt metal
phases.

In addition, the stability of cobalt particles can be affected by
the support. A weak interaction of metal and support is a particu-
larity of silica-supported catalysts. In the conventionally calcined
silica-supported catalysts, relatively large cobalt oxide particles
are present. These large cobalt oxide particles can be relatively eas-
ily reduced to metallic cobalt in hydrogen. When cobalt oxide par-
ticles are forced to be small by using glow discharge plasma,
decomposition of cobalt precursor in NO, narrow pore catalytic
support or any other methods, this would necessarily cause a more
surface interaction between cobalt oxide and silica. Thus, cobalt
reducibility becomes an issue. Consequently, a more difficult
reducibility of smaller cobalt oxide particles in the plasma-assisted
catalysts would shrink the number of active sites. This effect was
observed using propene chemisorption in the Co/SiO2-P120 cata-
lysts which has lesser cobalt metal sites than the conventionally
calcined Co/SiO2 counterpart (Table 1).

In agreement with previous reports [2,3,13,57–60], cobalt reduc-
ibility can be improved by promotion with noble metals (e.g.
ruthenium). Indeed, a higher fraction of cobalt metallic phases was
observed by in situ X-ray absorption in the reduced Ru-promoted
catalysts relative to the monometallic counterparts (Table 2). Very
low concentration of cobalt species reducible at temperature higher
than 773 K was detected by TPR in CoRu catalysts (Fig. 6). In situ
XRD was indicative of higher cobalt dispersion in the reduced Ru-
promoted cobalt catalysts pretreated with glow discharge plasma
(Fig. 9).

It is known [1,2,7,8,11] that FT synthesis occurs on the cobalt
metal sites, which is situated on the surface of cobalt metal particles.
The number of surface cobalt metal sites is a function of both cobalt
reducibility and cobalt dispersion. Hence, the catalyst, which com-
bines high cobalt dispersion with good cobalt reducibility, would
have a large number of active cobalt metal sites, and thus, a better
FT catalytic performance. Our results show that plasma pretreat-
ment of silica-supported cobalt catalysts leads to smaller cobalt
particles than conventional calcination, but at the same time hinders
to some extent cobalt reducibility. This is consistent with the exper-
imentally observed variation of FT reaction rates as a function of
plasma intensity. Indeed, cobalt-time yield first slightly increased
from 6.79 � 10�4 s�1 on Co/SiO2 to 8.38 � 10�4 s�1 on Co/SiO2-P60
when plasma of lower intensity was used for catalyst pretreatment,
but then dropped to 4.46 � 10�4 s�1 on Co/SiO2-P120, when plasma
of higher intensity was involved.
The dependence of cobalt-time yields on propene chemisorp-
tion for conventionally calcined and plasma-assisted silica-sup-
ported cobalt catalysts is shown in Fig. 12. In agreement with
previous results [3,30,31], the catalysts with high number of cobalt
metal sites display higher FT reaction rates. An attempt was made
to estimate the FT turnover frequencies on silica-supported cobalt
catalysts using propene chemisorption data. Note that propene
chemisorption does not provide information about the absolute
number of cobalt surface in the catalyst, only relative amounts
can be measured [31]. FT reaction rates calculated from carbon
monoxide conversions, gas hourly space velocities and normalized
by propene chemisorption instead of overall cobalt contents were
nearly constant for the conventionally calcined and plasma-as-
sisted catalysts (�6–8 � 10�2 s�1). This finding is also consistent
with quasi-linearity of the dependence between cobalt-time yield
and propene chemisorption displayed in Fig. 12. Thus, the silica-
supported catalysts studied in this work exhibit very week depen-
dence of FT turnover frequency on cobalt particle size.

Higher FT reaction rates were observed on the Ru-promoted
catalysts. It appears that much higher FT reaction rates exhibited
in these catalysts are due to a better cobalt reducibility. The effect
was more pronounced with plasma-assisted CoRu/SiO2-P60 cata-
lysts which had both higher cobalt dispersion and good cobalt
reducibility. Thus, an enhancement of cobalt dispersion by glow
discharge plasma in concert with the promotion with ruthenium,
which preserves cobalt reducibility, seems to be a potential ap-
proach to improve the catalytic performance of cobalt catalysts
in FT synthesis.
5. Conclusion

It was found that pretreatment of impregnated and dried silica-
supported monometallic and ruthenium-promoted cobalt catalysts
with glow discharge plasma yielded smaller cobalt particles than
conventional calcination. Cobalt dispersion was influenced primar-
ily by the plasma intensity; higher plasma intensity led to higher
cobalt dispersion. The concentration of cobalt silicate in plasma-as-
sisted samples was low. Smaller cobalt particles in the plasma-as-
sisted monometallic cobalt catalysts displayed more difficult
cobalt reduction than larger cobalt particles in the conventionally
calcined counterparts. Slightly lower activity of plasma-assisted
monometallic cobalt catalysts was attributed to lower cobalt
reducibility. Promotion with ruthenium resulted in a significant in-
crease in cobalt reducibility in both plasma-assisted and conven-
tionally calcined catalysts. Due to the combination of high cobalt
dispersion and good cobalt reducibility, Ru-promoted plasma-as-
sisted cobalt catalysts exhibited enhanced FT reaction rate. Glow
discharge plasma seems to be an important tool which can be used
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to enhance cobalt dispersion and to improve catalytic performance
of cobalt FT catalysts.
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