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Abstract: Different low-cost cobalt precursors (acetate, chloride) and thermal treatments (air calcination/H2

reduction versus direct H2-activation) were investigated to alter the interaction between cobalt and sil-
ica. H2-activated catalysts prepared from cobalt chloride had large Co0 particles (XRD, chemisorption)
formed by weak interactions between cobalt chloride and silica (temperature programmed reduction
(TPR), TPR with mass spectrometry (TPR-MS), TPR with extended X-ray absorption fine structure
(EXAFS) and X-ray absorption near edge spectroscopy (XANES) techniques) and retained Cl-blocked
active sites, resulting in poor activity. In contrast, unpromoted Co/SiO2 catalysts derived from cobalt
acetate had strong interactions between Co species and silica (TPR/TPR-MS, TPR-EXAFS/XANES);
adding Pt increased the extent of the Co reduction. For these Pt-promoted catalysts, the reduction
of uncalcined catalysts was faster, resulting in larger Co0 clusters (19.5 nm) in comparison with the
air-calcined/H2-activated catalyst (7.8 nm). Both catalysts had CO conversions 25% higher than
that of the Pt-promoted catalyst prepared in the traditional manner (air calcination/H2 reduction
using cobalt nitrate) and three times higher than that of the traditional unpromoted Co/silica catalyst.
The retention of residual cobalt carbide (observed in XANES) from cobalt acetate decomposition
impacted performance, resulting in a higher C1–C4 selectivity (32.2% for air-calcined and 38.7%
for uncalcined) than that of traditional catalysts (17.5–18.6%). The residual carbide also lowered
the α-value and olefin/paraffin ratio. Future work will focus on improving selectivity through
oxidation–reduction cycles.

Keywords: Fischer-Tropsch synthesis; cobalt; silica; cobalt acetate; cobalt chloride; platinum; promot-
ers; direct reduction; TPR-XANES; TPR-EXAFS; TPR-MS

1. Introduction

Fischer-Tropsch synthesis (FTS) is a heterogeneously catalyzed reaction used to pro-
duce high-value synthetic hydrocarbons, which are further upgraded to produce trans-
portation fuels and chemicals from fossil and renewable sources [1]. Iron (Fe), cobalt (Co),
and ruthenium (Ru) are three well-known metals that serve as active catalysts in FTS. Co
and Ru have a low intrinsic water-gas shift activity, so they are the most suitable active
metals for converting natural gas-derived syngas, which has a high H2/CO ratio. From
the standpoint of economics, Co is more practical because it is less expensive and more
abundant than Ru.

Nevertheless, because Co is far more expensive than Fe the efficient use of cobalt
involves maximizing the CO conversion on a per gram of catalyst basis, as well as the
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C5+ selectivity of products formed from the FTS reaction. To disperse cobalt as cobalt
nanoparticles, conventional cobalt catalysts are prepared from the aqueous impregnation
of cobalt nitrate, followed by drying, air calcination, and H2 reduction [2]. Iglesia [3]
showed that for typical FTS catalyst formulations, CO conversion is linked to the surface
Co0 active site density, indicating that the active sites of cobalt-based FTS catalysts are
surface Co0 atoms. Improving CO conversion on a per gram of catalyst basis requires the
development of catalysts with higher surface Co0 active site densities [3,4]. In conventional
Co-based FTS catalysts, the Co0 active site density is typically improved by decreasing
the Co0 particle size and increasing the extent of the reduction of cobalt oxides prepared
from the calcination of cobalt nitrate particles. The resulting average size of Co0 clusters
following the activation of the catalyst in H2 depends on the interaction between cobalt
oxide species and the support. Stronger interactions between the support and cobalt oxides,
such as those observed with 39 catalysts [4,5], result in a smaller average Co0 nanoparticle
size following H2 activation but a lower extent of reduction. To increase the extent of
reduction, promoters such as Pt, Re, and Ru are used [3–15]. If the Co particles are too
small (e.g., <2–4 nm), however, they are susceptible to deactivation phenomena, including
oxidation and cobalt-support compound formation [16–21].

In contrast to Co/Al2O3, very weak interactions exist between Co oxide and SiO2
prepared from the air calcination of cobalt nitrate, and cobalt tends to agglomerate into
larger clusters. This has led to researchers exploring alternative preparation methods to
improve the dispersion. For example, Bambal et al. [22] added chelating agents such as
nitrilotriacetic acid and ethylenediaminetetraacetic acid to silica, which modified the sur-
face prior to adding cobalt nitrate; the resulting dispersions were improved by 2–4.3 times.
Another example was the use of atomic layer deposition (ALD), which enabled a decrease
in the size of Co particles from 10.1 nm to the range of 5.6–5.9 nm for Co/silica catalysts
with Co loadings in the range of 20–25% [23].

While researchers have primarily used cobalt nitrate Co(NO3)2·6H2O as the cobalt
precursor and investigated catalysts prepared with different supports, promoter metals,
and activation procedures, alternative cobalt precursors such as cobalt chloride and cobalt
acetate have been examined to a lesser degree. Bae et al. [24] applied these three precursors
to produce Co/AlPO4 through impregnation methods. The results show that the catalyst
prepared with cobalt nitrate exhibited a higher CO conversion and C8+ selectivity in
comparison with the others.

With alternative precursors, the typical treatment of the catalyst involves the calci-
nation of the dispersed cobalt salt in air flow and then the H2 reduction of cobalt oxides.
Studies using mesoporous MCM-41 as the support revealed that applying organic precur-
sors (e.g., cobalt acetate or cobalt acetylacetonate) instead of inorganic ones (e.g., cobalt
nitrate or cobalt chloride) resulted in very small cobalt particles being uniformly distributed
throughout the mesoporous MCM-41 support [25]. On the other hand, very large cobalt
particles were found to form on Co/MCM-41 prepared from cobalt chloride. This result
indicates that exploring different cobalt compounds may help to optimize cobalt dispersion
to maximize the cobalt active site density. However, as this study reveals, the precursors
used may strongly interact with the support, facilitating cobalt-support compound for-
mation or, at the other end of the spectrum, interact weakly with the support to promote
cobalt agglomeration during pretreatment and reduction steps. Both scenarios tend to
lower the CO hydrogenation activity.

Sun et al. [26] observed a higher catalyst activity due to higher dispersions of cobalt
metal caused by the co-impregnation of a mixture of cobalt (II) nitrate and cobalt (II) acetate
(containing 10 wt.% Co: 5 wt.% from cobalt nitrate and 5 wt.% from cobalt acetate) on SiO2
as compared to the catalyst prepared from the mono-precursor and using mild process
conditions (1 MPa, 513 K, and H2/CO = 2). Thereafter, the catalyst activity and extent of
reduction of cobalt oxide were remarkably increased by adding small amounts of reductive
promoters such as Ru, Pt, and Pd (weight ratio of promoter to Co was 1/50) through
co-impregnation [27].
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Additionally, the effects of pretreatment conditions and cobalt precursors on the
resulting Co clusters that formed in SiO2-supported catalysts were investigated. The
catalysts were prepared through the aqueous impregnation of SiO2 with a solution of
cobalt acetate or cobalt nitrate, followed by air calcination and a reduction in hydrogen.
The endothermicity of cobalt nitrate decomposition favored Co3O4 crystallite formation,
whereas the exothermicity of cobalt acetate decomposition led to barely reducible cobalt
silicate [28].

Foregoing calcination and using direct reduction of cobalt nitrate on silica oxide
were investigated in the early 2000s, and the new treatment method obtained resulted in
stronger interactions between cobalt oxides and supports and a smaller cobalt particle
size [29,30]. Although some improvements in CO conversion and active site density were
observed, a significant fraction of cobalt oxide remained inaccessible and unreduced. Later,
Wigzell et al. [31] and Martinelli et al. [32] reported on the phenomena occurring during the
direct decomposition/reduction of cobalt nitrate on silica support. The observations were
losses of water by dehydration, the thermal decomposition of cobalt nitrate, the reductive
decomposition of cobalt nitrate with the evolution of NO, the exothermic oxidation of CoOx
to Co3O4 spinel by NOX, the reduction of Co3O4 spinel to CoO, and finally the reduction
of CoO to cobalt metal.

On the other hand, moderate and strong interactions were observed with Co/TiO2 and
Co/Al2O3. Our recent studies have shown significant improvements in CO conversion and
product selectivity for Co/SiO2 when using the combination of direct reduction of cobalt
nitrate and the incorporation of reduction promoters such as Pt and Re [32]. Compared
using the same space velocity, Re- and Pt-promoted 12% Co/SiO2 catalysts activated
by the direct H2 reduction of cobalt nitrate had initial conversions in a CSTR that were
up to 3.8 times higher and 71% higher than H2-activated unpromoted and Pt-promoted
air-calcined catalysts, respectively. The methane selectivity was lower (6.8 and 8.0% for
Re- and Pt-promoted catalysts, respectively, by the direct H2 reduction of cobalt nitrate
versus 12.5 and 10.1% for H2-activated unpromoted and Pt-promoted air-calcined catalysts)
and the C5+ selectivity was higher (81.2 and 81.5% for Re- and Pt-promoted catalysts,
respectively, by the direct H2 reduction of cobalt nitrate versus 73.4 and 78.8% for H2-
activated unpromoted and Pt-promoted air-calcined catalysts). On the other hand, this
method did not have as dramatic of an effect on improving cobalt particle size and CO
conversion for more strongly interacting Co/TiO2 and Co/Al2O3 [33,34] catalysts, where
the support already stabilizes small Co particles.

According to the Millipore Sigma website, the cost of 100 g of cobalt (II) nitrate hex-
ahydrate Co(NO3)2·6H2O is almost 700% more than that of the same amount of cobalt (II)
acetate tetrahydrate (CH3COO)2Co·4H2O and about 1050% more expensive than cobalt (II)
chloride hexahydrate CoCl2·6H2O [35]. Therefore, it would be beneficial if less expensive
salts could be substituted in place of cobalt nitrate to prepare FTS catalysts.

In this paper, we investigate the utilization of alternative cobalt compounds such as
cobalt (II) acetate and cobalt (II) chloride using SiO2 as the support. Both unpromoted
and Pt-promoted catalysts are investigated, and the direct H2 reduction of the cobalt
compounds versus air calcination/H2 reduction is also explored. The working hypothesis
is that alternative cobalt compounds, as well as the cobalt oxides derived from their
calcination, should have interactions with SiO2 significantly different from those observed
in conventional Co/SiO2 catalysts derived from cobalt nitrate and using air calcination/H2
reduction treatments. The objectives of the work are to confirm this hypothesis and show
that these differences could be applied to, in some cases, favorably alter the properties of
the catalyst (e.g., cobalt size, reducibility, and active site density) and in turn influence
the performance parameters (e.g., activity, selectivity, and/or stability) of cobalt catalysts
for GTL. To better understand the decomposition reactions occurring with each precursor,
synchrotron methods such as temperature-programmed extended X-ray absorption fine-
structure spectroscopy (TPR-EXAFS) and temperature-programmed X-ray absorption near-
edge spectroscopy (TPR-XANES) were employed, as well as TPR with mass spectrometry
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(TPR-MS). These results provide new insight into the reasons behind the observed activity
and selectivity of catalysts prepared from alternative cobalt precursors and also shed light
on future research directions.

2. Materials and Methods
2.1. Catalyst Preparation

A total of 12 wt.% Co/SiO2 catalysts were prepared using incipient wetness impregnation
(IWI) of aqueous solutions of either cobalt (II) acetate tetrahydrate (Co(CH3COO)2·4H2O)
(Alfa Aesar, Tewksbury, MA, USA) or cobalt (II) chloride hexahydrate (CoCl2·6H2O) (Alfa
Aesar, Tewksbury, MA, USA) and PQ SiO2 (PQ Corp., CS-2133, Malvern, PA, USA) as
the support, where the aqueous solution was added to fill the pores of the support. The
solubility of cobalt acetate tetrahydrate in water is 380 g/L at 20 ◦C, and that of cobalt
chloride hexahydrate in water is 529 g/L at 20 ◦C. The specific volume of the pores is high
for silica, at 2.68 mL/g [36]. In our work, two impregnation steps with intermittent vacuum
drying steps were used to load the salts. Following each impregnation step, water from the
pores of the catalysts was evaporated out using a Heidolph (Schwabach, Germany) rotary
evaporator unit with the temperature increasing slowly from 80 to 100 ◦C. Afterward,
multiple batches were formed by dividing each parent batch, with half being allocated
to prepare Pt-promoted catalysts and half being set aside for the unpromoted catalyst. In
order to prepare a 0.5 wt.% Pt-promoted catalyst, the cobalt precursor was added using IWI
and then the catalyst was dried again using the rotary evaporator unit. The unpromoted
and Pt-promoted portions were further divided in half, such that one half was calcined in
flowing air for 4 h at 350 ◦C and one half remained uncalcined. Weight percentages are
reported assuming a calcined catalyst basis.

2.2. BET Surface Area and Porosity Measurements

The BET surface area and porosity characteristics were measured using a Micromeritics
3-Flex system. Before performing the test, the temperature was gradually ramped up to
160 ◦C and the sample was evacuated for at least 12 h to approximately 50 mTorr. This
procedure was followed for calcined, uncalcined/reduced, calcined/reduced catalysts; on
the other hand, the uncalcined catalysts were evacuated at room temperature. The BJH
method was also used to determine the pore volume and average pore diameter, as well as
the pore size distribution as a function of pore radius using the relation dV/d (log D).

2.3. X-Ray Diffraction

X-ray diffraction (XRD) was carried out using a Rigaku Ultima IV diffractome-
ter (RIGAKU, Tokyo, Japan) equipped with a dual-position graphite diffracted beam
monochromator for Cu using Cu Kα radiation at 43 kV and 30 mA. Prior to XRD characteri-
zation, samples were reduced in hydrogen (American Welding & Gas, Lexington, KY, USA)
for 18 h at 350 ◦C, cooled to 20 ◦C, and then passivated with 1% O2 in nitrogen (American
Welding & Gas, Lexington, KY, USA). The parameters used were a 2θ range of 5–80◦, a
scan rate of 0.01◦ per step, and a scan time of 4 s per step. The integral breadth method
was used to calculate the average domain size using WinFit 1.2 [37].

2.4. Temperature-Programmed Reduction (TPR) and TPR-MS

The TPR profiles of uncalcined and calcined catalysts were recorded using an Al-
tamira AMI-300R (Pittsburgh, PA, USA) unit equipped with a thermal conductivity de-
tector (TCD). Calcined catalysts were first pretreated in flowing helium at 30 cm3/min at
300 ◦C (1 ◦C/min heating rate) for 1 h and cooled. Uncalcined catalysts were treated in
30 cm3/min helium at room temperature for 1 h. The TPR was performed using a 10%
H2/Ar gas mixture referenced to argon at a flow rate of 30 cm3/min. Each sample was
heated from 50 to 1000 ◦C using a heating ramp of 10 ◦C/min. The gaseous products of
decomposition/reduction were analyzed using an on-line quadrupole mass spectrometer
(Hiden, Warrington, UK). Appropriate mass-to-charge ratios (m/z) examined, including
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those in the cracking patterns, were 2, 1 for H2; 18, 17, 16 for H2O; 44, 43, 29, 15 for C2H4O;
16, 15, 14 for CH4; 44, 28, 16 for CO2; and 28, 16, 12 for CO.

2.5. Hydrogen Chemisorption and Percentage Reduction by Pulse Reoxidation

Hydrogen chemisorption was conducted using temperature-programmed desorption
(TPD) and measured with the Altamira AMI-300R instrument (Pittsburgh, PA, USA). Each
catalyst was loaded into a quartz reactor tube and activated in situ in a flow of 10 cm3/min
of H2 mixed with 20 cm3/min of argon at 350 ◦C for 10 h prior to cooling under flowing
H2 to 100 ◦C. The sample was held at 100 ◦C under flowing Ar to remove and/or prevent
the adsorption of weakly bound species prior to increasing the temperature slowly to
350 ◦C, the activation temperature of the catalyst. The catalyst was held under flowing
Ar to desorb any remaining chemisorbed hydrogen until the TCD signal returned to the
baseline. The TPD spectrum was integrated and the number of moles of desorbed H2 was
determined by comparing its desorption profile area to the areas of calibrated hydrogen
pulses. Dispersion calculations were based on the assumption of a 1:1 H:Co stoichiometric
ratio and a spherical cobalt cluster morphology. After the TPD of hydrogen, the sample
was reoxidized at 350 ◦C using pulses of O2. The percentage of reduction was calculated
by assuming that the metallic Co0 reoxidized to Co3O4.

2.6. TPR-EXAFS/TPR-XANES Spectroscopies

In situ H2-TPR XAFS studies were performed at the Materials Research Collaborative
Access Team (MR-CAT) beamline at the Advanced Photon Source, Argonne National
Laboratory. A cryogenically cooled Si (1 1 1) monochromator selected the incident energy
and a rhodium-coated mirror rejected higher-order harmonics of the fundamental beam
energy. The experiment setup was similar to that outlined by Jacoby [38]. A stainless steel
multi-sample holder (3.0 mm i.d. channels) was used to monitor the in situ reduction of
6 samples during a single TPR run. Approximately 6 mg of each sample was loaded as
a self-supporting wafer in each channel. The catalyst to diluent (ground silica) weight
was approximately 1:1. The holder was placed in the center of a quartz tube equipped
with gas and thermocouple ports and Kapton windows. The amount of sample used was
optimized for the Co K-edge, considering the absorption of the support by Si. The quartz
tube was placed in a clamshell furnace mounted on the positioning table. Each sample
cell was positioned relative to the beam by finely adjusting the position of the table to an
accuracy of 20 µm (for repeated scans). Once the sample positions were fine-tuned, the
reactor was purged with He for more than 5 min at 100 mL/min, then the reactant gas
(H2/He, 3.5%) was flowed through the samples (100 mL/min) and a temperature ramp of
~1.0 ◦C/min was initiated for the furnace to 600 ◦C. The Co K-edge spectra were recorded
in transmission mode and a Co metallic foil spectrum was measured simultaneously with
each sample spectrum for energy calibration. X-ray absorption spectra for each sample
were collected from 7528 to 8503 eV.

The data reduction of the EXAFS/XANES spectra was carried out using the WinXAS
program [39]. The details of the XANES and EXAFS analyses are provided in the appendices
of our previous article and will not be repeated here for the sake of brevity [40]. EXAFS data
reduction and fitting were carried out using the catalysts in their final state following TPR
and cooling in flowing H2 using the WinXAS [39], atoms [41], FEFF [42], and FEFFIT [42]
programs. The k-range used for the fittings was 3–10 Å−1. Fitting was confined to the first
Co-Co metallic coordination shell.

2.7. Catalytic Activity

FTS reaction tests were conducted using a 1 L continuously stirred tank reactor (CSTR)
equipped with a magnetically driven stirrer with a turbine impeller, a gas-inlet line, and a
vapor outlet line with a stainless steel (SS) fritted filter (7 µm) placed external to the reactor.
A tube fitted with a SS fritted filter (2 µm opening) extended below the liquid level of the
reactor for withdrawing reactor wax to maintain a nearly constant liquid level in the reactor.
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Separate mass flow controllers were used to control the flows of H2 and CO at the desired
flow rates. The reactant gases were premixed in a vessel before entering the reactor. CO was
passed through a vessel containing lead oxide-alumina to remove traces of iron carbonyls.
The mixed gases entered the CSTR below the stirrer, which was operated at 750 rpm. The
reactor slurry temperature was maintained constant by a temperature controller.

Prior to performing the reaction test, the catalyst (about 10 g on a cobalt oxide basis)
was loaded into a fixed-bed reactor for ex situ reduction at 350 ◦C under atmospheric
pressure for 18 h using a gas mixture of H2/He (120 L(STP)/h) with a molar ratio of 1:3.
The reduced catalyst was then transferred to a 1 L CSTR, which contained 310 g of melted
Polywax 3000, by pneumatic transfer under the protection of N2 gas. Weighing the reactor
before and after the transfer of catalyst ensured that all catalyst powder was successfully
transferred to the reactor. The transferred catalyst was further reduced in situ at 230 ◦C at
atmospheric pressure using pure H2 (30 L(STP)/h) for an additional 12 h before starting
the FTS reaction.

In this study, catalytic tests were performed at the following process conditions: T =
220 ◦C, P = 20 atm, H2/CO = 2 mol/mol, SV = 6 slph/gcat. The reactant gas mixture was
analyzed prior to sending to the reactor to check its composition. The reaction products
were continuously removed from the vapor space of the reactor and passed through two
traps: a warm trap maintained at 100 ◦C and a cold trap held at 0 ◦C. The uncondensed
vapor stream was reduced to atmospheric pressure. The gas flow was measured using
a wet test meter and analyzed by online micro-GC (Inficon-MicroGC Fusion, Bad Ragaz,
Switzerland). The accumulated reactor liquid products were removed every 24 h by passing
through a 2 µm sintered metal filter located below the liquid level in the CSTR. The reaction
products were collected in three traps maintained at different temperatures: a hot trap
(200 ◦C), a warm trap (100 ◦C), and a cold trap (0 ◦C). The products were separated into
different fractions (rewax, wax, oil, and aqueous) for quantification. However, oil and wax
fractions were mixed prior to GC analysis (Agilent, Santa Clara, CA, USA).

3. Results and Discussion
3.1. Morphological and Structural Properties

Table 1 lists the BET surface area, pore volume, and average pore diameter consider-
ing the N2 adsorption branch for the catalysts prepared using cobalt acetate and cobalt
chloride precursors on SiO2, while Figure 1 shows their pore size distributions (PSD).
Considering that silica has a surface area of 349 m2/g (Table 1), the addition of 12.3 wt.%
Co metal was equivalent to 16.75 wt.% Co3O4, 51.9 wt.% cobalt acetate tetrahydrate, and
49.7% cobalt (II) chloride hexahydrate. Thus, assuming that there is no pore blocking,
the surface area should decrease to 293 m2/g for the calcined catalysts, 169.3 m2/g for
uncalcined cobalt acetate catalyst, and 177.1 m2/g for the uncalcined cobalt (II) chloride
hexahydrate catalyst. The air-calcined unpromoted and Pt-promoted catalysts had surface
areas of 242–257 m2/g, suggesting that some minor pore blocking occurred. The uncal-
cined unpromoted and Pt-promoted cobalt acetate/silica catalysts had surface areas in
the range of 148–160 m2/g, also indicating that minor pore blocking by the cobalt salt
took place. Finally, the cobalt chloride/silica catalysts had surface areas in the range of
192–207 m2/g, suggesting that no significant pore blocking by the cobalt chloride precursor
took place. After the reduction, assuming that no pore blocking by Co0 took place, the
surface area should be 308.7 m2/g. The surface areas for reduced catalysts followed this
trend: cobalt chloride air-calcined/reduced (average ~285 m2/g)~cobalt chloride direct
reduction (average ~276 m2/g) > cobalt acetate direct reduction (average ~265 m2/g) >
cobalt acetate air-calcined/reduced (average ~248 m2/g). Thus, while minor pore block-
ing occurred for all cobalt chloride-derived catalysts, the extent of pore blocking was
slightly higher for cobalt acetate-derived catalysts, especially with air calcination. The
average pore diameter (adsorption branch) was similar for most catalysts (~16.2–19.7 nm),
as shown in Table 1. However, the unpromoted uncalcined cobalt chloride catalysts had
larger average pore diameters of 21.1 nm, suggesting the preferential filling of narrower
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pores by the precursor. The treatment of this catalyst tended to increase the pore diameter
slightly (22.2 nm, 22.6 nm, and 24.3 nm for direct H2 reduction, air calcination, and air
calcination/H2 reduction, respectively).

Table 1. BET surface area and BJH porosity measurement (N2 adsorption branch).

Sample Thermal Treatment
As

(BET)
(m2/g)

Vp
(BJH Ads)

(cm3/g)

Average Dp
(BJH Ads)

(nm)

SiO2 Air-calcined 349 2.64 35.1

12% Co/SiO2 from
cobalt acetate

Uncalcined 160 0.64 16.2
Reduced 256 1.01 16.4

Air-calcined 244 1.09 19.3
Air-calcined/reduced 247 1.10 19.2

0.5% Pt-12% Co/SiO2
from cobalt acetate

Uncalcined 148 0.59 16.2
Reduced 273 1.15 17.8

Air-calcined 242 1.05 18.5
Air-calcined/reduced 248 1.08 18.8

12% Co/SiO2 from
cobalt chloride

Uncalcined 207 0.91 21.1
Reduced 287 1.43 22.2

Air-calcined 250 1.28 22.6
Air-calcined/reduced 285 1.57 24.3

0.5% Pt-12% Co/SiO2
from cobalt chloride

Uncalcined 192 0.87 19.6
Reduced 265 1.07 17.6

Air-calcined 257 1.12 19.2
Air-calcined/reduced 284 1.29 19.7
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Figure 1. Pore size distribution (PSD, adsorption branch) for unpromoted and Pt-promoted Co/SiO2 prepared from cobalt
acetate and cobalt chloride, including by direct H2 reduction versus air calcination/H2 reduction.

Figure 2 shows the XRD patterns of the precursors prior to activation. Uncalcined
cobalt acetate catalysts (Figure 2c,d, top left) had a complex series of peaks at 12.9◦, 18.6◦,
21◦, 22◦, 23.2◦, 24.8◦, 28.3◦, 30.9◦, and 44.7◦ for cobalt acetate crystallites. Following
calcination (Figure 2a,b, top left-), peaks for Co3O4 emerged at 31◦ (220), 36.8◦ (311), 44.7◦

(400), 59.2◦ (511), and 65.1◦ (440). Interestingly, no XRD peaks were detected for the
uncalcined cobalt chloride catalysts, suggesting that no significant long-range order exists
for supported cobalt chloride crystallites (Figure 2g,h, top right-). Following calcination
(Figure 2e,f, top right), a wide spectrum of peaks emerged, with peaks at 16◦, 20.7◦, 31.2◦,
33◦, 37.7◦, 39.4◦, and 42.2◦. These peaks were generally in good agreement with Co2SiO4,
suggesting that a minor fraction of cobalt chloride converted to a spinel structure of the
form AB2X4. This suggests strong interactions between these species and the silica support,
in agreement with the broad features in the high-temperature region of the TPR profiles.
Note, however, that the majority of Co in the calcined cobalt chloride catalysts was reduced
in a similar manner to the uncalcined cobalt chloride catalysts, suggesting that the majority
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of cobalt remained in chloride form. The color of the catalyst remained pink even after air
calcination, indicating that the majority of the cobalt was present as cobalt chloride, rather
than as Co2SiO4. This was confirmed in the TPR-EXAFS/XANES analyses, which need
to be discussed. Therefore, the cobalt chloride following air calcination was amorphous
and unable to be detected by XRD. After the H2 reduction and passivation (Figure 2a–h,
bottom), Co metal particles emerged that were primarily HCP for all catalysts, as peaks
emerged at 41.5◦ (100); 44.5◦ (002); 47.4◦ (101); and, in some cases (Figure 2f,g, bottom),
62.7◦ (102) and (Figure 2c–h, bottom) 75.8◦ (110). Note that FCC has peaks such as 44.2◦

(111) and 75.9◦ (220) that are close to those of HCP; its presence cannot be ruled out,
although a peak for 51.5◦ for (200) was not detected.
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3.2. Cobalt Reducibility and Particle Size

Comparing the TPR, TPR-MS, TPR-EXAFS/XANES profiles, EXAFS fittings, and
hydrogen chemisorption results, a picture emerges for each series of catalysts investigated.
Starting with the 12% Co/SiO2 catalysts prepared with cobalt acetate tetrahydrate, TPR
profiles in Figure 3a are broad, with multiple peaks observed for unpromoted and 0.5%
Pt-promoted calcined catalysts. The main peaks are situated at 340 ◦C and 680 ◦C.
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Figure 3. TPR profiles of (a,c) calcined and (b,d) uncalcined 12% Co/SiO2 catalysts prepared
with (a,b) cobalt acetate and (c,d) cobalt chloride, including (black) unpromoted and (red) 0.5%
Pt-promoted catalysts.

Adding Pt significantly diminishes the high-temperature reduction peak and increases
the low-temperature one. H2 uptakes and H2O evolution are confirmed for these catalysts
in the TPR-MS profiles provided in Figure 4a,b. The H2 evolution peaks are mirror images
of the TCD signals. H2O signals were observed to evolve at temperatures higher than
those of H2, indicating readsorption and desorption behavior as it interacts with the
catalyst surface.
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Figure 4. H2-TPR profiles with the mass spectra analysis of the exhaust gas for 12% Co/SiO2 catalysts prepared with cobalt
acetate, including (a) calcined, (b) calcined promoted with 0.5% Pt, (c) uncalcined, and (d) uncalcined promoted with 0.5%
Pt. (red), H2 (blue), H2O, (dark red), C2H4O (cyan), CH4 (green), CO2, and (black) CO.

TPR-EXAFS/XANES experiments were conducted for the catalysts prepared from
cobalt acetate and the results are summarized in Figures 5–10. For the unpromoted calcined
catalyst, the TPR-XANES spectra in Figure 5a and XANES snapshot spectra in Figure 6(a1)
show that the initial catalyst contained a spinel oxide contribution consistent with Co3O4,
as there is a second white line peak at 7.729 keV consistent with a fraction of Co3+. By
300 ◦C, the contribution from the spinel has disappeared and only a peak for Co2+ remains,
as shown in the first green spectrum of Figures 5a and 6(b1), consistent with CoO formation
and a two-step reduction process of Co3O4 + H2 → 3CoO + H2O followed by 3CoO +
3H2 → 3Co0 + 3H2O. The final green spectrum of Figure 5a indicates that reduction to
Co0 is nearly complete by 560 ◦C, which is ∆150 ◦C higher than the final temperature of
410 ◦C typical of the 12% Co/SiO2 prepared by the traditional method using cobalt nitrate
and with air calcination/H2 reduction [32]. Figure 6(d1) shows that the final TPR-XANES
spectrum at 600 ◦C resembles that of the Co0 foil. This result suggests the presence of
smaller, more interacting, cobalt oxide species in the catalyst derived from cobalt acetate
and using air calcination prior to H2 reduction.
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Figure 5. TPR-XANES profiles of (a) calcined 12% Co/SiO2 from cobalt acetate, (b) uncalcined 12% 

Co/SiO2 from cobalt acetate, and (c) uncalcined 0.5% Pt-12% Co/SiO2 from cobalt acetate. 
Figure 5. TPR-XANES profiles of (a) calcined 12% Co/SiO2 from cobalt acetate, (b) uncalcined 12%
Co/SiO2 from cobalt acetate, and (c) uncalcined 0.5% Pt-12% Co/SiO2 from cobalt acetate.
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Co3O4), (b) the point of maximum CoO following reduction of the spinel, (c) the point of maximum 
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Figure 6. XANES snapshots of references for Co3O4, CoO, and Co0 obtained from the TPR-XANES
trajectory of the calcined 25% Co/Al2O3 reference catalyst and for cobalt acetate obtained in the initial
spectrum of the uncalcined unpromoted catalyst. XANES snapshot spectra for samples prepared
from cobalt acetate along the TPR trajectory include (1) the calcined catalyst, (2) the uncalcined
catalyst and (3) the uncalcined catalyst with 0.5% Pt promoter at (a) the point of maximum spinel
(e.g., Co3O4), (b) the point of maximum CoO following reduction of the spinel, (c) the point of
maximum cobalt acetate content, and (d) the point of maximum Co0 content following TPR. Dashed
lines emphasize the presence of (green) Co2+ in cobalt acetate, (cyan) Co3+ (i.e., in addition to Co2+)
in the spinel, (red) Co2+ in CoO, and (blue) Co0.



Reactions 2021, 2 141Reactions 2021, 4, x FOR PEER REVIEW 14 of 34 
 

  

(a) (b) 

 

(c) 

Figure 7. TPR-EXAFS profiles of (a) calcined 12% Co/SiO2 from cobalt acetate, (b) uncalcined 12% Co/SiO2 from cobalt 

acetate, and (c) uncalcined 0.5% Pt-12% Co/SiO2 from cobalt acetate. 
Figure 7. TPR-EXAFS profiles of (a) calcined 12% Co/SiO2 from cobalt acetate, (b) uncalcined 12% Co/SiO2 from cobalt
acetate, and (c) uncalcined 0.5% Pt-12% Co/SiO2 from cobalt acetate.
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Figure 8. TPR-EXAFS profiles for the different temperature regions of (a) calcined 12% Co/SiO2 from cobalt acetate, (b) 

uncalcined 12% Co/SiO2 from cobalt acetate, and (c) uncalcined 0.5% Pt-12% Co/SiO2 from cobalt acetate. 
Figure 8. TPR-EXAFS profiles for the different temperature regions of (a) calcined 12% Co/SiO2 from cobalt acetate,
(b) uncalcined 12% Co/SiO2 from cobalt acetate, and (c) uncalcined 0.5% Pt-12% Co/SiO2 from cobalt acetate.
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jectory of the calcined 25% Co/Al2O3 reference catalyst and for cobalt acetate obtained in the initial 
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TPR. Dashed lines emphasize the presence of Co-Co coordination in (green) cobalt acetate, (cyan) 

the cobalt spinel, (red) CoO, and (blue) Co0 nanoparticles. 

Figure 9. EXAFS snapshots of references for Co3O4, CoO, and Co0 obtained from TPR-XANES
trajectory of the calcined 25% Co/Al2O3 reference catalyst and for cobalt acetate obtained in the
initial spectrum of the uncalcined unpromoted 12% Co/SiO2 catalyst. EXAFS snapshot spectra for
12% Co/SiO2 prepared from cobalt acetate along the TPR trajectory include (1) calcined catalyst, (2)
uncalcined catalyst and (3) uncalcined catalyst with 0.5% Pt promoter at (a) the point of maximum
spinel (e.g., Co3O4), (b) the point of maximum CoO following the reduction of the spinel, (c) the
point of maximum cobalt acetate content, and (d) the point of maximum Co0 content following TPR.
Dashed lines emphasize the presence of Co-Co coordination in (green) cobalt acetate, (cyan) the
cobalt spinel, (red) CoO, and (blue) Co0 nanoparticles.
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Figure 10. EXAFS fittings after H2-TPR and cooling, including (a) raw k1-weighted χ(k) data, (b)
(solid line) filtered k1-weighted χ(k) data and (filled circles) the results of the fittings, and (c) (solid
line) raw k1-weighted Fourier transform magnitude and (filled circles) the results of the fittings for
(I) Co0 foil (note different scale), (II) calcined 12% Co/SiO2 from cobalt acetate, (III) uncalcined 12%
Co/SiO2 from cobalt acetate, (IV) III with 0.5% Pt, (V) calcined 12% Co/SiO2 from cobalt chloride,
(VI) uncalcined 12% Co/SiO2 from cobalt chloride, and (VII) VI with 0.5% Pt. The catalysts were
treated at up to 600 ◦C in hydrogen.

Phase-uncorrected TPR-EXAFS spectra are shown in an overhead view in Figure 7a
(cyan), a front view in Figure 8a (cyan), and as EXAFS snapshot spectra in Figure 9 (top left,
a1,b1). The changes in Co-O and Co-Co coordination are consistent with the conversion
of the Co3O4 particles to CoO. As shown in Figure 8a, the conversion of Co3O4 to CoO
includes two parts. As the temperature is first increased to 166 ◦C (darker cyan), there is a
sharpening of the Co-O and Co-Co coordination peaks in Co3O4; from 166 to 300 ◦C, there
are decreases (lighter cyan) in the Co-O (~1.5 Å) and Co-Co coordination (~2.9 Å) peaks as
Co3O4 is converted to CoO. Then, the green spectra reveal decreases in the Co-O (~1.4 Å)
and Co-Co (~2.4 Å) coordination peaks for CoO and an increase in the Co-Co metal (~2.0 Å)
coordination, in agreement with the TPR-XANES discussion regarding the formation of
Co0. The final spectrum after TPR is Figure 9(d1), where the dashed line shows that Co-Co
metal coordination has formed. EXAFS fittings were performed after H2-TPR and cooling,
and the results are depicted in Figure 10. The coordination number after cooling was found
to be 9.0 (Table 2), which is near the middle of the range of the catalysts tested (8.6–9.6).
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Table 2. EXAFS fittings for Co K-edge data for catalysts following TPR and cooling. Ranges: ∆k = 3–10 Å−1; ∆R = 1.0–2.82 Å.
S0

2 was assumed to be 0.90. ** Fixed parameter.

Sample
Description Calcination

N
Co-Co
Metal

R
Co-Co (Å)

Metal

e0
(eV)

σ2

(Å2)
r-Factor

Co0 foil - 12 ** 2.489
(0.010)

6.34
(1.28)

0.00804
(0.00062) 0.019

12% Co/SiO2 from cobalt acetate Yes 9.0
(0.42)

2.491
(0.0036)

−3.54
(0.470)

0.00736
(0.00052) 0.0018

12% Co/SiO2 from cobalt acetate No 9.3
(0.44)

2.487
(0.0037)

−4.15
(0.486)

0.00674
(0.00052) 0.0018

0.5% Pt-12% Co/SiO2 from cobalt acetate No 8.6
(0.82)

2.514
(0.0083)

−3.20
(0.916)

0.0135
(0.00125) 0.0066

12% Co/SiO2 from cobalt chloride Yes 9.3
(0.42)

2.488
(0.0035)

−2.41
(0.461)

0.00611
(0.00049) 0.0017

12% Co/SiO2 from cobalt chloride No 9.0
(0.41)

2.487
(0.0035)

−2.93
(0.467)

0.00580
(0.00049) 0.0018

0.5% Pt-12% Co/SiO2 from cobalt chloride No 9.6
(0.37)

2.489
(0.0029)

6.23
(0.368)

0.00707
(0.00043) 0.0012

The cobalt cluster size from H2-chemisorption/pulse reoxidation (Table 3) is more
relevant to the activated catalyst for use in reaction testing. After reduction at 350 ◦C for
10 h in hydrogen, the extent of reduction was relatively low (~18.1%) for the unpromoted
calcined catalyst; however, adding 0.5% Pt significantly improved the reduction of the
smaller cobalt oxide species in interaction with the support. Not only did the extent of
reduction increase from 18.1 to 35.9%, but the average Co cluster diameter decreased from
12.0 to 7.8 nm. As we have noted in previous investigations, decreasing the cluster size
typically has a more pronounced impact on the Co site density than improved reducibility;
nevertheless, both factors contribute to a boost in the active site density, where the micro-
moles of H2 desorbed per gram of catalyst increased from 16.3 to 49.5 by adding 0.5% Pt.
The latter value is among the highest reported for cobalt silica catalysts. The active site
density is a factor 4.6 times higher than that of a H2-activated conventional air-calcined
catalyst (10.8 micromoles of H2 desorbed per gram of catalyst) [32] and 26% higher than our
prior best catalyst prepared from the direct H2 reduction of cobalt nitrate and containing
Pt promoter (39.2 micromoles of H2 desorbed per gram of catalyst). The trend in cobalt
diameter matched that of the cobalt domain size from XRD using the integral breadth
method (Tables 3 and 4).
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Table 3. Results of hydrogen chemisorption, pulse reoxidation, and X-ray diffraction. ** Positive peak in the TCD signal indicates the desorption of a Cl compound (e.g., HCl).

Catalyst Calcined? H2 Desorbed per
g cat (µmol/gcat)

Uncorr.
%

Disp.

Uncorr.
Average Cluster

Diam.
(nm)

% Red.
Corr.

%
Disp.

Corr.
AverageCluster

Diam.
(nm)

Average Est’d
Domain Diam.

from XRD

12% Co/SiO2 from cobalt acetate Yes 16.3 1.56 66.4 18.1 8.6 12.0 17.8
12% Co/SiO2 from cobalt acetate No 4.4 0.57 180.9 9.1 6.3 16.6 21.6

0.5% Pt-12% Co/SiO2 from cobalt acetate Yes 49.5 4.74 21.9 35.9 13.2 7.8 7.2
0.5% Pt-12% Co/SiO2 from cobalt acetate No 21.4 2.80 37.1 52.1 5.5 19.5 19.2

12% Co/SiO2 from cobalt chloride Yes ** - - 18.6 - - 31.7
12% Co/SiO2 from cobalt chloride No ** - - 56.0 - - 33.1

0.5% Pt-12% Co/SiO2 from cobalt chloride Yes 3.3 0.31 334 54.6 0.6 182.2 24.0
0.5% Pt-12% Co/SiO2 from cobalt chloride No 6.2 0.79 153 57.7 1.3 85.8 30.2

Table 4. Results of X-ray diffraction from the integral breadth method.

Catalyst Calcined?
Co0 HCP (100)

Position
(2θ in ◦)

Co0 (100)
Average

Crystallite
Domain

Diameter (nm)

* Co0 HCP
(002)

Position
(2θ in ◦)

Co0 (002)
Average

Crystallite
Domain

Diameter (nm)

Co0 HCP
(101)

Position
(2θ in ◦)

Co0 (101)
Average

Crystallite
Domain

Diameter (nm)

Average
Crystallite

Diameter from
the 3 Peaks

(nm)

12% Co/SiO2 from Cobalt Acetate Yes - - 44.71 17.8 - - -
0.5% Pt-12% Co/SiO2 from Cobalt Acetate Yes - - 44.65 7.2 - - -

12% Co/SiO2 from Cobalt Acetate No 41.62 18.7 44.32 19.4 47.31 26.8 21.6
0.5% Pt-12% Co/SiO2 Cobalt Acetate No 41.58 22.1 44.47 14.7 47.43 20.8 19.2
12% Co/SiO2 from Cobalt Chloride Yes 41.62 33.0 44.48 29.5 47.51 32.7 31.7

0.5% Pt-12% Co/SiO2 from Cobalt Chloride Yes 41.54 31.9 44.52 19.9 47.41 20.3 24.0
12% Co/SiO2 from Cobalt Chloride No 41.50 45.6 44.49 21.4 47.38 32.3 33.1

0.5% Pt-12% Co/SiO2 from Cobalt Chloride No 41.76 26.8 44.47 28.3 47.43 35.6 30.2

* Peaks may contain a contribution from FCC cobalt, including (111) at ~44.2◦ and (220) at ~75.9◦. No peak detected at 51.5◦ for (200) to show the formation of FCC Co0. Additional HCP Co0 peaks observed at
62.7◦ for (102) and 84.2◦ for (103).
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Mohamed et al. [43] investigated the decomposition of cobalt acetate tetrahydrate
using TG, differential thermal gravimetry (DTG), differential thermal analysis (DTA) and
DSC techniques in different atmospheres, including N2, H2, and air. Major ranges in-
cluded 30–140 ◦C, where cobalt acetate lost three waters of hydration; 223–251 ◦C, where
Co(CH3COO)2·H2O was converted to (CH3COO)2Co(COCH3) by reaction with acetic
anhydride, resulting in the formation of acetic acid; 250–290 ◦C, where the reaction of the
preceding complex with liberated H2O produced (CH3COO)2Co-OH and acetaldehyde;
and 315–360 ◦C, where the compound decomposed to produce CoO, with a reduction in
the presence of hydrogen to Co0 liberating acetic acid and H2O.

Figure 3b (black) shows that the direct H2 reduction of cobalt acetate supported on
silica tended to broaden the TPR profile to higher temperatures (e.g., up to 900 ◦C), and
the H2 uptake peaks in TPR-MS (Figure 4c) are consistent with this. The H2O evolution in
TPR-MS (Figure 4c) is consistent with losses in waters of hydration, as well as reduction
events. To gain insight into the temperature at which cobalt acetate decomposed, MS
signals for acetaldehyde, CO2, CH4, and CO were followed (Figure 4c). Cobalt acetate
began to decompose above 300 ◦C, where acetaldehyde and CO2 were major peaks, with
CH4 being a minor product. Interestingly, the TPR (Figure 3b, red) and TPR-MS profiles
(Figure 4d) show that adding 0.5% Pt resulted in facile reduction below 350 ◦C, with no
high-temperature peaks being detected. However, the cobalt acetate decomposition peaks
were different in nature, suggesting a different decomposition pathway. While acetalde-
hyde and CO2 dominated the profiles of the unpromoted catalyst, CH4 and CO were the
main decomposition products of cobalt acetate decomposition for the 0.5% Pt-promoted
uncalcined catalyst. The TPR-EXAFS/XANES spectra of these catalysts (green only) re-
vealed the conversion of cobalt acetate to cobalt metal (Figure 5b,c for unpromoted and
Pt-promoted, respectively). In the XANES snapshot spectra shown in Figure 6 (c2 and c3
for unpromoted and Pt-promoted, respectively), the catalysts begin with the line shape of
Co2+ consistent with cobalt acetate species. These species are directly converted to Co0,
as shown in Figure 5b,c) and Figure 6 (spectra d2 and d3). One important aspect to note
is that spectrum d3 in Figure 6 of the Pt-promoted catalyst still retains a low-intensity
white line (~7.727 keV), suggesting that the more severe decomposition of cobalt acetate
via decarbonylation resulted in the formation of a fraction of cobalt carbide (e.g., compared
with the cobalt carbide spectrum from [44]).

The phase-uncorrected TPR-EXAFS spectra in Figure 7b,c and Figure 8b,c show losses
in Co-O coordination (~1.5 Å) in cobalt acetate and increases in Co-Co metal (~2.0 Å)
coordination. The EXAFS snapshots in Figure 9 before (c2 and c3) and after TPR (d2 and
d3) emphasize these changes. In EXAFS fittings following TPR and cooling to ambient
conditions, the Pt-promoted Co/SiO2 catalyst derived from the direct reduction of cobalt
acetate displayed differences from the other catalysts. The envelope function (Figure 10,
spectrum IVa) had smaller amplitude, resulting in a smaller Fourier transform magnitude
peak (Figure 10, spectrum IVc). The fitting of the spectrum resulted in the smaller Co-Co
coordination number for Co0 of 8.6 (Table 2). Moreover, the Co-Co metallic distance was
slightly longer than that of the Co metal foil (2.514 Å relative to 2.489 Å), suggesting the
inclusion of carbon within the structure and consistent with the small white line for cobalt
carbide observed in the XANES profile. Moreover, Table 2 shows that the level of disorder
as measured by the Debye-Waller factor was approximately double for this catalyst, a result
that is also consistent with carbide formation.

In chemisorption/pulse reoxidation measurements (Table 3), the Co0 surface active
site densities of the catalysts prepared by the direct H2 reduction of cobalt acetate were
lower than those of the calcined Pt-promoted Co/silica catalyst, but for different reasons.
With the unpromoted catalyst, the extent of reduction was low (9.1%) and only the largest
Co species were able to be reduced, resulting in an average Co size of 16.6 nm. For the Pt-
promoted uncalcined catalyst, facile reduction as shown in TPR (Figure 3) was confirmed by
pulse reoxidation measurements, which showed a % of cobalt reduction of 52.1%. However,
the “apparent” cluster size was larger than the optimal catalyst. This may be caused by
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facile reduction and the agglomeration of the Co crystallite domains and/or the presence
of C on the Co surface, which decreases the Co0 site density (thus showing up as a larger
cluster size in chemisorption). Larger than ideal Co0 crystallites were confirmed by XRD
using the integral breadth method (Tables 3 and 4) for the catalysts derived from the direct
H2 reduction of cobalt acetate (21.6 and 19.2 nm for direct H2 reduction versus 17.8 and
7.2 nm for air calcination/the H2 reduction of unpromoted and Pt-promoted catalysts,
respectively, prepared from cobalt acetate). Note that XRD measures average domain size,
whereas H2-chemisorption/pulse reoxidation measure cluster size. XRD can overestimate
the Co particle size if a fraction of the Co clusters exhibit domains with an insufficient
long-range order, while it can underestimate Co particle size if the particles consist of
domains of cobalt fused together. Therefore, while the two numbers typically trend in a
similar direction, they do not measure the same property.

While the catalysts prepared from cobalt acetate displayed wide differences in struc-
ture and reduction behavior through calcination and/or Pt promoter addition, the same
was not true of the catalysts prepared using cobalt chloride. After calcination at 350 ◦C
for 4 h, there was very little color change observed for the catalyst (i.e., they remained
pink), whereas the cobalt acetate catalysts turned black in color after air calcination. In
the TPR and TPR-MS profiles of Figures 3 and 11, it can be seen that there are only small
differences in the reduction profiles of the catalysts with (Figures 3c and 11a,b) or without
(Figures 3d and 11c,d) calcination and with (Figure 3c,d (red) and Figure 4b,d) or without
(Figure 3c,d (black) and Figure 4a,c) 0.5% Pt promoter. All catalysts reduced in the range of
350–500 ◦C, with only the TPR of the unpromoted calcined catalyst (Figure 3c, black) being
shifted to a slightly higher temperature (∆50 ◦C from 414 to 464 ◦C) compared to the other
three catalysts.
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Figure 11. H2-TPR profiles with the mass spectra analysis of the exhaust gas for 12% Co/SiO2 catalysts prepared with
cobalt chloride, including (a) calcined, (b) calcined promoted with 0.5% Pt, (c) uncalcined, and (d) uncalcined promoted
with 0.5% Pt. (Red) H2, (Blue) H2O.

The TPR-EXAFS/XANES results in Figures 12–16 gave insight into the electronic and
structural changes occurring with the catalysts prepared from cobalt chloride and reveal
three main events. The first event (shown in red in Figure 12, Figure 14, and Figure 15)
takes place between room temperature and 110 ◦C and is associated with the loss of H2O
from the cobalt chloride salt. While there is little change in the TPR-XANES spectra in
this region (moving from a1–3 to b1–3 in Figure 13) for the three catalysts examined, the
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TPR-EXAFS spectra in Figures 14 and 15 (a–c, red spectra), and 16 (moving from a1–3 to
b1–3) display changes. The asymmetric peak for Co-Cl becomes sharpened, where the
shoulder at 1.4 Å decreases and the peak situated at approximately 1.9 Å in the phase-
uncorrected FT magnitude spectra slightly increases. The second event involves losses
in Co-Cl coordination (pink spectra in Figures 12, 14 and 15, which is highlighted in the
EXAFS snapshot spectra (moving from b1–3 to c1–3 in Figure 16). In TPR-XANES (Figure
12, pink spectra), the high-energy shoulder at 7.725 keV is diminished moreso than the
low-energy peak containing the maximum. This is emphasized in moving from b1–3 to
c1–3 in the TPR-XANES snapshots provided in Figure 13. This event is complete by 338
◦C for the calcined catalyst, 305 ◦C for the uncalcined unpromoted catalyst, and 255 ◦C
for the 0.5% Pt-promoted uncalcined catalyst. The final event, highlighted by the purple
TPR-EXAFS spectra in Figures 14 and 15, is a continued decrease in Co-Cl coordination
(~1.75 Å) with a concomitant increase in Co-Co coordination in Co0 (~2 Å). In Figure 16,
before and after snapshots for this event are shown in moving from c1–3 to d1–3. In the
TPR-XANES spectra (also highlighted in purple) shown in Figure 12, the XANES white
line intensity diminishes as metallic cobalt is formed. This final event is completed by ~500
◦C for the unpromoted catalysts and by 400 ◦C for the Pt-promoted one (Figure 12).
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Figure 12. TPR-XANES profiles of (a) calcined 12% Co/SiO2 from cobalt chloride, (b) uncalcined 12% Co/SiO2 from cobalt
chloride, and (c) uncalcined 0.5% Pt-12% Co/SiO2 from cobalt chloride.
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Figure 13. XANES snapshots of (bottom) references for Co3O4, CoO, and Co0 obtained from the
TPR-XANES trajectory of the calcined 25% Co/Al2O3 catalyst and for the cobalt chloride obtained in
the initial spectrum of the uncalcined unpromoted catalyst. XANES snapshot spectra for samples
prepared from cobalt chloride along the TPR trajectory include (1) the calcined catalyst, (2) the
uncalcined catalyst and (3) the uncalcined catalyst with 0.5% Pt promoter at (a) the point of maximum
cobalt chloride, (b) the point of partial cobalt chloride decomposition #1, (c) the point of partial cobalt
chloride decomposition #2, and (d) the point of maximum Co0 content following TPR. Dashed lines
emphasize: (pink) Co2+ in cobalt chloride, (cyan) Co3+ (i.e., in addition to Co2+) in the spinel, (red)
Co2+ in CoO, and (blue) Co0.
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Figure 14. TPR-EXAFS profiles of (a) calcined 12% Co/SiO2 from cobalt chloride, (b) uncalcined 12% Co/SiO2 from cobalt
chloride, and (c) uncalcined 0.5% Pt-12% Co/SiO2 from cobalt chloride.
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Figure 15. TPR-EXAFS profiles for the different temperature regions of (a) calcined 12% Co/SiO2 from cobalt chloride, (b) 
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Figure 15. TPR-EXAFS profiles for the different temperature regions of (a) calcined 12% Co/SiO2 from cobalt chloride,
(b) uncalcined 12% Co/SiO2 from cobalt chloride, and (c) uncalcined 0.5% Pt-12% Co/SiO2 from cobalt chloride.
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Figure 16. EXAFS snapshots of (bottom right) reference Co0 obtained from TPR-XANES trajectory
of the calcined 25% Co/Al2O3 catalyst. EXAFS snapshot spectra for samples prepared from cobalt
chloride along the TPR trajectory, including (1) the calcined catalyst, (2) the uncalcined catalyst,
and (3) the uncalcined catalyst with 0.5% Pt promoter at (a) the point of maximum cobalt chloride,
(b) the point of partial cobalt chloride decomposition #1, (c) the point of partial cobalt chloride
decomposition #2, and (d) the point of maximum Co0 content following TPR. Dashed line: 1st shell
Co-Co coordination in Co0.



Reactions 2021, 2 154

Figure 10 reveals the EXAFS Fourier transform magnitude spectra of these catalysts
(Vc–VIIc), where the peaks for Co-Co coordination tend to be larger than those of the
corresponding catalysts derived from cobalt acetate (IIc–IVc). The EXAFS fittings in Table 2
revealed very high coordination numbers (9.0–9.6) for these catalysts after TPR and cooling.
In chemisorption with pulse reoxidation (Table 3), the catalysts prepared from cobalt
chloride that we were able to measure had the lowest cobalt active site densities (up to
6.2 micromoles of H2 desorbed per gram of catalyst). For the unpromoted catalysts, a
positive peak during temperature-programmed desorption suggests that after reduction
at normal activation temperature (350 ◦C in hydrogen), residual chlorine remains on the
cobalt surface. H2 TPR for the cobalt chloride catalysts involves the formation and removal
of HCl, and the positive peak relative to Ar as the reference gas is consistent with HCl
desorption (note: H2 evolution relative to Ar gives a negative peak).

3.3. Catalytic Activity

Referring to the results and data provided in the previous section, not all of the
catalysts are suitable for use in an FTS reactor. The results show that applying cobalt
chloride as a precursor results in very large cobalt clusters (e.g., 86 and 182 nm) and a very
low cobalt active site density due to weak interactions between Co species and the support,
resulting in large Co particles; moreover, residual chlorine also caused the site blocking
of cobalt. The Pt-Co/silica catalysts prepared from cobalt chloride exhibited an extremely
poor activity (Figure 17), with CO conversions of less than 4%.
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Figure 17. (left) CO conversion and (right) H2 conversion from catalytic testing in the CSTR (T = 220 ◦C, P = 20 atm,
H2/CO = 2 mol/mol, SV = 6 slph/gcat).

Although the extent of the reduction of H2-reduced uncalcined Pt-Co/silica catalyst
was high (52%), the cobalt particle diameter of 19.5 nm was somewhat larger than the ideal
size (e.g., 8–15 nm) and resulted in a relatively low cobalt active site density. The catalyst
that was significantly better in terms of the cobalt active site density from chemisorption
was the Pt-Co/silica catalyst prepared using the air calcination of cobalt acetate prior to
H2 activation.

Figure 17 compares the CO and H2 conversion rates versus time on-stream (T.O.S) for
the H2-activated air-calcined Pt-Co/SiO2 catalyst prepared from cobalt acetate versus the
H2-activated Pt-Co/SiO2 catalyst from the conventional air calcination of cobalt nitrate.
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Both conversions trended in a similar manner. The CO conversion rate of conventional
(using cobalt nitrate as precursor) calcined, 0.5% Pt-12% Co/SiO2, started around 30%
then the catalyst activity decreased to 27% after 190 h. The CO conversion rate of the
novel catalyst (using cobalt acetate as precursor), 0.5% Pt-12% Co/SiO2, started at 38%
and decreased to 33% after the same period of time. The catalyst prepared by the direct
reduction of cobalt acetate was similar to that of the counterpart air-calcined/H2-reduced
catalyst. This is a 20–25% improvement in relative activity on a per gram catalyst basis.
Based on the chemisorption results, the air-calcined/H2-reduced Pt-Co/silica catalyst
prepared from cobalt acetate was expected to have higher CO conversion than that of the
Pt-Co/silica prepared from direct cobalt nitrate reduction, our best cobalt/silica catalyst to
date in terms of activity (49.5 µmol/gcat versus 39.2 µmol/gcat). Instead, it had 75% of the
activity of the latter catalyst. This is not surprising, considering that the Pt-Co/silica catalyst
prepared from cobalt acetate (calcination/reduction) had very strong interactions with the
support (TPR). The results suggest that a fraction of tiny cobalt nanoparticles formed from
these species during activation and were likely reoxidized by indigenous H2O from the FTS
reaction, as it is known that Co0 particles below 2–4 nm are unstable. Another possibility is
that residual carbon in the catalyst, present as cobalt carbide, hindered the activity. Both
the Pt-Co/silica catalysts prepared from cobalt acetate exhibited good stability and an
approximately three times higher CO conversion than unpromoted Co/silica prepared
using the traditional methods of cobalt nitrate, air calcination, and H2 reduction.

Figure 18 reveals that the selectivity of the Pt-promoted Co/silica catalysts prepared
from cobalt acetate performed significantly worse than the corresponding catalysts pre-
pared from cobalt nitrate. The methane selectivity, C2–C4 selectivity, and C5+ selectivities
were 15–18%, 20–30%, and 60–70% for the Pt-Co/silica catalysts derived from cobalt acetate,
while they were 8–10%, 10–12%, and 80% for the Pt-Co/silica catalysts derived from cobalt
nitrate. As selectivity is a function of conversion, a better comparison of selectivity was
made by comparing selectivity at similar conversion levels with various space velocities.
Table 5 shows that for CO conversions in the range of 45.1–48.2%, the C1–C4 selectivity
was higher for the Pt-Co/SiO2 catalysts derived from cobalt acetate (32.2% air-calcined
and 38.7% uncalcined) relative to the catalysts derived from cobalt nitrate (17.5–18.6%).
Moreover, the chain growth probability (α) values were lower for the Pt-Co/SiO2 catalysts
derived from cobalt acetate (0.766 air-calcined and 0.693 uncalcined) relative to the catalysts
derived from cobalt nitrate (0.789–0.792). Finally, as shown in Figure 19, the olefin fractions
(light blue bars) tended to be lower and paraffin fractions (dark blue bars) correspondingly
higher for the Pt-Co/SiO2 catalysts derived from cobalt acetate relative to the catalysts
derived from cobalt nitrate. Higher light gas selectivities, lower α-values, and lower olefin
fractions are typical of catalysts exhibiting excessive hydrogenation.

Table 5. CO conversion and product selectivity for the catalysts tested at similar CO conversions (process conditions:
T = 220 ◦C, P = 300 psi, H2/CO = 2 mol/mol, SV varied).

Catalyst CO Conversion [%]
Selectivity [%] α for C10-C17

CH4 C2-C4 C5+ CO2

Co/SiO2 Nitrate calcined 48.2 8.3 9.2 81.4 1.1 -
Pt-Co/SiO2 Nitrate uncalcined 48.9 8.0 10.2 81.5 0.3 0.792

Pt-Co/SiO2 Nitrate calcined 45.4 8.5 10.1 80.5 0.9 0.789
Pt-Co/SiO2 Acetate uncalcined 45.1 13.5 25.2 58.7 2.5 0.693

Pt-Co/SiO2 Acetate calcined 47.1 12.6 19.6 65.9 1.9 0.766
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Figure 18. Selectivity results of catalyst testing in the CSTR (T = 220 ◦C, P = 20 atm,
H2/CO = 2 mol/mol, SV = 6 slph/gcat).
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Figure 19. Fraction of olefins and paraffins for C5–C14 hydrocarbons (T = 220 ◦C, P= 20 atm, H2/CO = 2 mol/mol,
SV = 6 slph/gcat).

Interestingly, the Pt-Co/silica catalyst derived from cobalt acetate and prepared by
air calcination/H2 reduction performed significantly better (C5+ of 65.9% versus 58.7%;
α-value of 0.766 versus 0.693; and higher olefin fractions) than the catalyst prepared by
direct reduction, which is opposite to what we observed with the Pt-Co/silica prepared
from cobalt nitrate. This improvement in selectivity with the air calcination of cobalt
acetate prior to H2 reduction strongly suggests that the removal of residual carbon from
the catalyst, present as cobalt carbide, is an issue. In the future, we will strive to improve
the selectivity of this catalyst further by carrying out oxidation-reduction cycles, as it is
well known that cobalt carbide significantly increases light gas selectivity and suppresses
activity [44].

4. Conclusions

The strength of the interaction between Co species and the support depends signifi-
cantly on the type of Co precursor used. Using cobalt chloride as a precursor results in a
very large average cobalt particle size due to the weak interactions between cobalt species
and silica, resulting in agglomeration and loss of the cobalt active site density following
activation in H2. In this respect, cobalt chloride is an even worse compound than the
traditional one, Co3O4, derived from the air calcination of cobalt nitrate, the latter of which
also results in large Co0 particles (e.g., 24–52 nm) on silica following activation in H2.

On the other hand, cobalt acetate shows promise. In this investigation, the best catalyst
in terms of activity on a per gram of catalyst basis was the H2-activated, air-calcined Pt-
promoted Co/SiO2 catalyst derived from cobalt acetate, as well as the same catalyst but
prepared from the direct reduction of cobalt acetate. The H2-TPR profiles reveal that the
calcined and uncalcined Pt-Co/silica catalysts derived from Co acetate catalyst follow
completely different rates of reduction during activation, not only in comparison to each
other but also compared to the counterpart catalysts prepared from Co nitrate (where the
trend is the opposite). In the case of the Pt-Co/silica catalysts derived from Co acetate, direct
reduction was too facile, resulting in relatively larger-than-ideal Co particles (~19.5 nm)
and an active site density of 21.4 micromoles of H2 desorbed per gram of catalyst, while air
calcination and reduction led to strong interactions, an ideal Co particle size (7.8 nm), and
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a higher active site density of 49.5 micromoles H2 desorbed per gram of catalyst. This site
density was higher than that of our best cobalt/silica catalyst to date, Pt-Co/SiO2 prepared
from the direct H2 reduction of cobalt nitrate (active site density of 39.2 micromoles H2
desorbed per gram of catalyst and an average diameter of 8.9 nm) and far higher than that
of the conventional air-calcined/H2-reduced Co/SiO2 and Pt-Co/SiO2 catalysts (10.8 and
19.3 micromoles per gram of catalyst, respectively) from cobalt nitrate.

The XANES and EXAFS spectra of the uncalcined catalyst revealed the existence of
a fraction of cobalt carbide after reducing in H2 up to 560 ◦C; this carbide is detrimental
to both activity and selectivity. Despite having different active site densities, both the
Pt-Co/silica catalysts derived from cobalt acetate had a similar CO conversion, which was
~20% higher (relative basis) than that of the conventional air-calcined Pt-promoted catalyst
prepared from cobalt nitrate. A fraction of cobalt in Pt-Co/silica catalysts derived from
cobalt acetate and with air calcination/reduction likely consisted of tiny Co crystallites
due to the reduction of Co species in strong interaction with the silica support. Following
air calcination, the TPR profiles in the unpromoted catalysts were significantly broadened,
suggesting strong interactions between tiny cobalt oxide species and the silica support. It is
known that Co particles below 2–4 nm are susceptible to oxidation at the onset of FTS due
to indigenous H2O; however, residual cobalt carbide present in the catalyst can also hinder
activity. Both Pt-Co/silica catalysts derived from cobalt acetate had a CO conversion that
was three times higher than that of the conventional Pt-Co/silica catalyst prepared from
the air calcination of cobalt nitrate followed by H2 reduction. However, the catalysts had
75% of the initial CO conversion of our best catalyst to date (in terms of activity), which
is the Pt-Co/silica catalyst derived from the direct reduction of cobalt nitrate. Due to the
retention of some carbon in the catalyst resulting in excessive hydrogenation/termination,
the Pt-Co/SiO2 catalysts derived from cobalt acetate had higher C1-C4 selectivity (32.2%
air-calcined and 38.7% uncalcined) relative to the unpromoted and Pt-promoted catalysts
prepared from cobalt nitrate (17.5–18.6%). In addition, the chain growth probability (α)
values were lower for the Pt-Co/SiO2 catalysts derived from cobalt acetate (0.766 air-
calcined and 0.693 uncalcined) relative to the catalysts derived from cobalt nitrate (0.789–
0.792). Olefin/paraffin ratios trended with the α-values. Of the Pt-Co/SiO2 catalysts
derived from cobalt acetate, the air-calcined catalysts had a better selectivity, suggesting
that further improvements might be possible with oxidation–reduction cycles, and this
aspect will be investigated in the future. Due to the lower costs associated with cobalt
acetate, this precursor is of significant interest.
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