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The mechanism of Mn promotion of a silica-supported Co catalyst in the Fischer-Tropsch reaction has
been studied at varying pressures up to 20 bar. IR spectroscopy in combination with DFT calculations sug-
gest adsorbed CO is activated by reaction with an oxygen vacancy in the MnO, which covers the Co sur-
face. This leads to a higher activity, higher CH, coverage and thus higher Cs. and lower CH,4 selectivity.
Increasing the pressure magnifies the selectivity differences. However, above around 4 bar, the effect
of Mn on the selectivities is reversed and the Cs. selectivity is decreased by Mn addition. This is tenta-
tively attributed to Mn promoting the C-O bond dissociation but not the chain growth. Formed mono-
mers have to migrate to stepped sites for chain growth on the Co surface. Whilst this is migration is
not impeded by co-adsorbates at low pressure, migration could be hindered by especially the high CO
coverage at high pressure.

© 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The Fischer-Tropsch (FT) reaction is a catalyzed reaction, in
which hydrocarbons and water are formed from synthesis gas (a
mixture of CO and H;). Several large-scale industrial plants have
been constructed based on synthesis gas derived from either coal
or natural gas. The interest for FT synthesis in future energy sce-
narios stems from the possibility to obtain synthesis gas from
renewable sources such as biomass or from CO, using renewable
hydrogen. Whereas most group VIII transition metals exhibit activ-
ity in the Fischer-Tropsch synthesis, only Fe and Co have been used
as industrial FT catalysts. For FT synthesis using coal-derived syn-
thesis gas with a low H,/CO ratio, Fe-based catalysts are preferred
due to their high water-gas shift activity. When synthesis gas is
derived from natural gas, supported Co catalysts are typically used
because of their higher activity and higher chain-growth probabil-
ity in combination with a low water-gas shift activity [1,2,3].

A serious drawback of Co- and Fe-catalyzed FT is the high
methane yield, which often even exceeds the yield predicted by
the Anderson-Schulz-Flory (ASF) distribution for polymeric chain
growth [4]. Therefore, a lot of research has concentrated on
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decreasing the methane selectivity and increasing the selectivity
to desired longer-chain hydrocarbons. For this purpose, addition
of promoters has been studied extensively. Metal promoters (e.g.,
Cu, Pt, and Re) are known to increase the reducibility or dispersion
of the active phase, but they hardly improve the selectivity [5]. On
the other hand, oxides of metals such as Mn, V, Th, Ce, and Cr can
improve the selectivity. Their promotional mechanism is however
uncertain [5,6].

Since 2000, a large number of studies has been devoted to Mn-
promoted Co catalysts [7-13]. It was found that the use of Mn can
enhance the activity and suppress hydrogenation, leading to a
higher chain-growth probability (o) and lower methane selectivity.
However, many of the catalytic performance tests in these studies
were performed at ambient pressure, which is quite different from
the industrially used pressure (10 to 30 bar). Moreover, studies
employing elevated pressure report contradicting results regarding
the influence of Mn on the olefins-to-paraffins (O/P) ratio and the
product distribution (Cs. and methane selectivity). In the past,
the manganese promotion effect was ascribed to faster CO dissoci-
ation due to the binding of the oxygen atom of adsorbed CO to the
Mn redox center [14-16]. The group of Bel [6,17,18]l developed a
mechanistic model for Mn promotion where Mn?" acts as a Lewis
acid, which would facilitate the dissociation of CO. This hypothesis
was supported by studying a wide range of metal oxides that
showed a similar enhancement of the catalytic performance [6].
Mn has also been said to enhance Co,C formation [19,20]. Thus,
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the nature of Mn promotion has not been resolved yet. Theoretical
studies have shown that Co catalysts operate in the monomer for-
mation limit, in which the dissociation of the C-O bond is the rate-
limiting step [21]. As a result, it seems reasonable to assume that
Mn helps to dissociate CO. However, experimental proof is still
missing. The aim of this paper is to shed light on the mechanism
of Mn promotion on silica-supported Co catalyzed FT at industrial
reaction pressures. Catalytic tests were performed at low and med-
ium pressure. Based on the activity data in combination with in situ
IR experiments, steady-state isotopic kinetic analysis (SSITKA), and
density functional theory (DFT) calculations, the mechanism of Mn
promotion in the Co catalyzed FT is discussed.

2. Experimental methods
2.1. Catalyst preparation

The silica-supported Co catalysts were prepared by incipient
wetness impregnation of SiO, (Shell, sieve fraction 120-250 pm,
136 m?/g) with an aqueous solution of Co(NOs),-6H,0 (Merck,
99.99%) and Pt(NH3)4(NO3), (Alfa Aesar, 99.995%). Pt (0.04 wt%)
was added as a reduction promoter. To study the effect of Mn pro-
motion, Mn(NOs),-xH,0 was added to the solution at atomic Mn/
Co ratios of 0.05, 0.1 and 0.25. The impregnated catalysts were
dried at 80 °C in a flow of 80 vol% He and 20 vol% O, for 2 h, fol-
lowed by calcination at 350 °C for 2 h (heating rate 2 °C/min).
The Co and Mn loadings were determined by ICP-OES elemental
analysis (Spectroblue, AMETEK Inc.) after dissolution in concen-
trated HCl. The silica supported Co-only catalyst is denoted as
Co/Si. The Mn-promoted Co catalysts are referred to as CoMn(x)/
Si with x being the atomic Mn/Co ratio.

2.2. Catalyst characterization

2.2.1. In situ X-ray diffraction (XRD)

In situ X-ray diffraction (XRD) patterns were obtained on a
Rigaku D/max-2600 X-ray diffractometer. The size of the Co-
oxide particles in the calcined catalysts was estimated by applying
the Scherrer equation to the (311) reflection of the as-prepared
Co304 phase. Based on the particle size of the cobalt oxide, an esti-
mation could be made of the metal particle size obtained after
reduction by multiplication with a factor of 0.75.[22] The structural
evolution during reduction of the oxidic catalyst precursor was
monitored by in situ XRD: The samples were reduced at 450 °C
with a rate of 5 °C/min in a flow of 10 vol% H, in He. XRD patterns
were recorded every 25 °C.

2.2.2. Hydrogen-Temperature programmed reduction (H>-TPR)

H,-TPR measurements were conducted in a Micromeritics
AutoChem II 2920 apparatus. In a typical experiment, 50 mg of
sample was dried in a flow of He for 1 h at 100 °C before ramping
to 1000 °C at a rate of 10 °C/min in a flow of 4 vol% H, in He.

2.2.3. In situ XPS

The oxidation state of Co and Mn was characterized using quasi
in situ XPS in a Kratos AXIS Ultra 600 spectrometer equipped with a
monochromatic Al Kot X-ray source (Al Kot 1486.6 eV). Survey scans
were recorded at a pass energy of 160 eV, detailed region scans at
40 eV. The step size was 0.1 eV in both cases. The background pres-
sure during the measurements was kept below 5 -10° mbar. A
high-temperature reaction cell (Kratos, WX-530) was used to pre-
treat the sample. The sample was supported on an alumina stub,
allowing in vacuo transfer of the sample into the measurement
chamber. Reduction was performed in an equimolar mixture of
H, and Ar flow at atmospheric pressure at 450 °C for 8 h. After
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reduction, the sample was allowed to cool to 150 °C and subse-
quently evacuated and transferred to the measurement chamber.
The XPS data were analyzed with CasaXPS (version 2.3.16 PR 1.6)
software.

2.2.4. Transmission electron microscopy (TEM)

TEM measurements were performed with a FEI Tecnai 20 elec-
tron microscope at an electron acceleration voltage of 200 kV with
a LaBg filament. A few milligrams of sample were ultra-sonicated
in ethanol and dispersed over a carbon-coated Cu grid. The average
particle size and particle size distribution were determined by
measuring at least 100 particles.

2.2.5. Hy-chemisorption

The metal surface area of the reduced catalysts was determined
by H,-chemisorption in a Micromeritics ASAP 2010 apparatus.
After reduction of typically 200 mg of catalyst in a flow of 2 vol%
H, in He at 450 °C, the sample was evacuated for 30 min at
470 °C to desorb chemisorbed hydrogen. H, uptake was deter-
mined at 110 °C. The available metal surface area was calculated
assuming that one H atom adsorbs per surface Co atom.

2.2.6. Infrared (IR) spectroscopy

IR spectra were recorded with a Bruker Vertex V70v instrument
by averaging 32 scans at 2 cm™! resolution. Typically, 15 mg sam-
ple was pressed into a self-supporting wafer with a diameter of
13 mm and placed in a homemade controlled-environment trans-
mission IR cell. Prior to IR measurements, the sample was reduced
in a flow of H, at 450 °C for 4 h using a heating rate of 5 °C/min.
After evacuation at 450 °C for 30 min, the sample was cooled in
vacuo. Before dosing CO, a background spectrum was recorded.
CO was dosed using a sample loop of 10 pl connected to a 6-way
valve.

Temperature-programmed IR (TP-IR) spectra were recorded in
the presence of either CO (10 mbar) or synthesis gas (60 mbar
H,, 30 mbar CO) in the temperature range of 50 to 300 °C. For these
TP-IR measurements, the number of scans was reduced to 16.

2.3. Catalytic performance measurements

The catalytic performance of the Co samples was determined in
a Microactivity Reference unit (PID Eng&Tech) at a temperature of
220 °C and a pressure of 20 bar. In a typical experiment, 150 mg
catalyst was homogenously mixed with SiC particles of the same
sieve fraction to yield a constant bed volume of 3 ml. The mixture
was placed in a tubular reactor with an internal diameter of 9 mm
resulting in a catalyst bed height of 4.7 cm. The reactor tempera-
ture was controlled using a thermocouple located at the center of
the catalytic bed. The samples were reduced by heating to 450 °C
at a rate of 3 °C/min in an equimolar flow of H, and He, followed
by a dwell of 8 h. Subsequently, the reactor was cooled to 220 °C
and the gas feed was replaced by the reaction mixture, which
was synthesis gas with a H,/CO ratio of 2 diluted with He (volu-
metric He/H,/CO = 40/40/20) and containing 4 vol% Ar as an inter-
nal standard. The gas-hourly space velocity (GHSV) of the total gas
flow was 1000 h™!, which resulted in typical conversion levels in
the range of 5 to 15%. A TRACE 1300 gas chromatograph of Thermo
Scientific Instruments equipped with a TCD and FID was used to
analyze the effluent reaction mixture. Liquid products and waxes
were collected in a rearward cold trap. Hydrocarbons (C; to C;5)
were analyzed using an Rt-Silica BOND column equipped with an
FID. The analysis of light gasses H,, CO,, CH,4, C;H4, CoHg, Ar, and
CO was performed with Molsieve 5A (mesh 60/80, 2 m) and two
Rt-XL Sulfur columns (0.25 m and 1 m) in combination with a
TCD. Under the studied reaction conditions, CO, was not detected
as a reaction product and the carbon-based selectivity of
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oxygenates was lower than 1 %. The CO conversion (Xco) was deter-
mined based on Eq. (1), the carbon based selectivity to product i
with i carbon atoms (S;) based on Eq. (2), and the reaction rate
(rco) was based on Eq. (3). The turnover frequencies of the CO con-
version, (TOF¢o) and methane formation (TOFcy,) were based on
Egs. (4) and (5), respectively.
COout

Arour)

Oy
Arypy

Xoo = (1-

(1)

A v x G
t AroutcoinxCO * 100%
Tco = ILOXCO

Mco
T0F - X0 Fo
©= Nco * Dy

. Xco * F(c)o % ScHa
e ®)

Where CO;, and COyy,, and Ar;, and Ar,, represent the CO and Ar
concentration in the inlet and outlet flow, respectively. v; stands

for the number of carbon atoms in species i, F3, represents the inlet
flow of CO (mol/s), m¢, the mass of cobalt (g), ny the number Co
atoms (mol), and Dy, the dispersion as determined by H,
chemisorption.

2.4. Steady-state isotopic transient kinetic analysis (SSITKA)

The coverages and residence times of reaction intermediates
under steady-state conditions were determined by SSITKA. The
details of the SSITKA setup have been described elsewhere [23].
Typically, an amount of 200 mg catalyst diluted with SiC of the
same sieve fraction was loaded in a low dead-volume stainless-
steel tubular reactor with an inner diameter of 5 mm and a bed
length and of 80 mm. The sample was reduced at 450 °C using a
rate of 3 °C/min at ambient pressure for 8 h in a flow of 50 ml/
min consisting of 10 vol% H, in Ar. Subsequently, the reactor was
cooled to 220 °C in an Ar flow and the pressure was increased to
1.85 bar. Afterwards, the reactor feed was switched to a mixture
of 12C0, H,, and Ar. The CO flow was varied to change the H,/CO
ratio, while the Ar flow was used to adjust the total flow rate
to 50 ml/min. After 16 h, a SSITKA switch was made from
12CO/H,/Ar to >CO/H,/Ne. The transients of '2CO (m/z = 28) and
13C0O (m/z = 29), the main hydrocarbon product '>CH, (m/z = 15)
and '®CHy4 (m/z = 17), and the inert tracers (Ne (m/z = 22) and Ar
(m/z = 40) were recorded by online mass spectroscopy (quadrupole
mass spectrometer, ESS, GeneSys Evolution). Surface residence
times were calculated via the area under the normalized transient
curves N;, whilst a correction was applied for the gas-phase hold-
up with the use of the inert Ne tracer:
T = /0 (N; — Ny )dt (6)

The residence time of the CH, intermediate (precursor to CH,)
was corrected for the chromatographic effect of CO by subtracting
half of the CO residence time by [24]:

1
Tcu, (corrected) = Tey, — ETCO 7)
The amount of reversibly adsorbed CO and CHy species can be
estimated from the residence time and effluent flow of these
species. The coverage of these two species (0;) was calculated by
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dividing the amount of adsorbed species by the number of Co sur-
face atoms as determined by H,-chemisorption.

_ TcoFco(1 — Xco)

Oco (8)
H2
Doy, = “T O o5 9)

where F¢ refers to the CO feed, Xco and Scy, refer to the CO conver-
sion and CH,4 selectivity as determined by online GC.

2.5. Density functional theory (DFT) calculations

All spin-polarized DFT calculations were performed using pro-
jector augmented wave (PAW) [25] potentials and the Perdew-B
urke-Ernzerhof (PBE) functional [26] as implemented in the
Vienna ab initio simulation package (VASP) [27,28]. The model
structure for MnO consisted of an Mn4O4 cluster placed on the
dense (0001) surface of hcp Co. The Co(0001) surface unit cell
was a p(3 x 3) slab model with three atomic layers of Co. Details
about the genetic algorithm (GA) used to identify the global mini-
mum structure of the Mn4O4 cluster on the Co(0001) surface have
been given elsewhere [29]. To accelerate the GA calculations, the
cutoff energy was limited to 300 eV, the convergence threshold
for geometry optimization was set to 103 eV, and Brillouin zone
sampling was restricted to the I" point. The GA optimization proce-
dure yielded 600 structures in 80 cycles. The dissociation reaction
energy diagrams of CO at the interface of Co and MnO was deter-
mined by using the most stable Mn40,4/Co(0001) structure. The cal-
culated reaction pathways were inspired by pathways explored
earlier for an Mn4O4/Ni(111) model [29]. The cutoff energy for
the valence electrons was 400 eV. The geometry optimization
was converged until the maximal residual force was smaller than
0.02 eV/A and the electronic self-consistent field was converged
to 1 - 1074 eV. Neighboring slabs were separated by a vacuum of
15 A to avoid self-interactions. A Monkhorst-Pack k-points sam-
pling of 2 x 2 x 1 was employed [30]. Transition states were
located by the force reversed [31] and climbing-image nudged
elastic band (CI-NEB) [32,33] methods with a force tolerance of
0.02 eV/A.

3. Results and discussion
3.1. Catalyst characterization

The characterization results of the Co catalysts are displayed in
Table 1. The Co loading is slightly lower than the intended 20 wt%,
which is likely due to the presence of crystal water in the metal salt
precursors. The atomic Mn/Co ratios are as targeted. Particle sizes
are either based on XRD (see Fig. 1) or TEM (see Fig. S1 in the Sup-
porting Information). The XRD pattern in Fig. 1 shows that Co30;4 is
the only crystalline phase in the calcined precursors. The broad
scattering feature around 23° is typical for amorphous silica. The
XRD patterns do not contain indications of separate Mn-oxide
phases. However, with increasing Mn content a shift to lower
angles is observed in the diffraction pattern of Cos0,4 together with
a broadening of the reflections (see Fig. 1b). These changes indicate
incorporation of Mn in the spinel structure of Co304. Substitution
of Co by the larger Mn leads to an expansion of the unit cell,
explaining the decrease in the Bragg angles of the Cos0,4 reflec-
tions. The decrease in the intensity of the main diffraction lines
is most likely due to the lower atomic scattering factor of Mn.
Therefore, XRD analysis demonstrates the incorporation of Mn in
the Co oxide precursor.
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Table 1

Characterization of CoMn/Si catalysts.
Sample Co Mn (wt%) Mn/Co ratio dxrp C0304 (nm)! dxrp TEM H, chem.

(wt%) Co metal (nm)* Co (nm) (mmol/g)

Co/Si 19.2 0 0 14.6 11.0 12.6 +4.1 0.097
CoMn(0.05)/Si 18.8 0.95 0.05 10.1 7.6 nd 0.086
CoMn(0.1)/Si 17.4 1.68 0.1 10.8 8.1 119+27 0.055
CoMn(0.25)/Si 16.3 3.85 0.25 9.9 7.4 nd 0.042

! particle size as determined by the Scherrer equation of the (311) reflection.
2

estimated metal particle size after reduction, derived from the Cos0,4 particle size by multiplication with 0.75.

a) —cCorsi b)

I ~—— CoMn(0.05)/Si

LN

| CoMn(0.10)/S

1 A
V)0 NT VAN WY, W .
e e

Intensity (a.u.)

Intensity (a.u.)

i i i

Co,0, PDF#42-1467

N\
ColSi Q’\ 37.25
—— CoMn(0.05)/Si ~3700{ ©
CoMn(0.10)/Si -
: €0,36.75

[ A
10 20 30 40 50 60 70 80 90 30
20[°)

20 [°]

Fig. 1. (a) XRD patterns of calcined Co/Si and CoMn/Si catalysts, (b) detail of the XRD reflections between 20 = 30 and 48° (the inset shows the peak position of the (311)

reflection of Co304 as a function of the Mn/Co ratio).

H, chemisorption was used to compare the available surface
area of metallic Co after reduction. The data in Table 1 show that
the amount of chemisorbed H, strongly decreases with Mn con-
tent. As the particle sizes do not differ much, this decrease can,
in accordance with earlier studies [12,18,34], be assigned to partial
coverage by oxidic Mn species of a Co surface, which is metallic
despite the use a mild prereduction treatment.

The reduction behavior of the catalysts was studied by H,-TPR
(Fig. 2). Two distinct peaks observed at 303 °C and 371 °C can be
assigned to the sequential reduction steps of Co30,4 to CoO and of
CoO to metallic Co. The initial reduction of Co304 to CoO is only
slightly affected by Mn addition, while the subsequent reduction
form CoO to Ca® is delayed from 371 °C to 465 °C. This implies that
the initial reduction of the spinel Co304 structure is hardly influ-
enced by the incorporation of Mn, but that the last reduction step
of CoO to metallic cobalt is strongly hindered by the presence of
Mn, indicating a strong interaction between manganese oxide
and cobalt after the spinel structure has ceased to exist.

The structural evolution of the Co/Si and CoMn(0.1)/Si samples
during reduction was monitored by in situ XRD (Fig. 3). Consistent
with the TPR results, the reduction of Co304 proceeds in two steps
via an intermediate CoO phase. The onset of Co30,4 reduction is just
above 200 °C. The resulting CoO phase of Co/Si is reduced at a
lower temperature than CoO in the Mn-containing sample, which
is in agreement with the TPR results. XRD also shows that metallic
Co is already present after reduction at 275 °C with a slight delay
for the CoMn(0.1)/Si sample. The differences in temperature values
between Figs. 2 and 3 are caused by the use of another setup and
heating rate. Analysis of the XRD patterns obtained after reduction
at 450 °C indicates that the metallic Co nanoparticles consist of
both fcc and hcp crystal structures with the former dominating.

The hcp/fcc ratio can have a substantial impact on the catalytic
performance of Co nanoparticles with hcp Co being more active
than fcc Co [35]. Although it has been observed that unusual bcc
phases can be formed in the presence of Mn [36] and that Mn
can influence the fcc/hcp ratio, the XRD patterns of the reduced
catalysts (Fig. 3) do not evidence the formation of a bcc phase
nor a substantial difference in the hcp/fcc ratio by Mn addition.
The main influence of Mn thus appears to be a slower reduction
of CoO to metallic Co, likely by the presence of a double Mn-Co-
oxide in the precursor. It has been reported that such double oxides
reduce at a higher temperature than Co-oxide or a physical mix-
ture of Mn- and Co-oxide [37].

Fig. 4 shows the Co 2p XPS spectra for Co/Si and CoMn(0.1)/Si
before and after reduction at 450 °C. Reduction was done in the
pretreatment chamber directly connected to the XPS analysis
chamber, permitting quasi in situ XPS characterization. The spectra
of the calcined precursors contain contributions of Co?* and Co>* at
781.4 and 779.6 eV, respectively. This assignment is supported by
the presence of satellite features characteristic for Co304.[38] The
presence of Mn decreases the Co?* peak intensity of CoMn(0.1)/Si
compared to the Mn-free sample. The Co>*/Co®" ratio increases
from 2.2 for the Co/Si to 3.5 for the CoMn(0.1)/Si sample, which
indicates a preferential substitution of Co** by Mn?* ions in the
mixed oxide spinel structure. After reduction at 450 °C for 8 h,
the XPS spectra are dominated by a feature at 778.1 eV assigned
to Co® suggesting a nearly complete reduction of Co for both
samples.

The oxidation state Mn was also investigated by XPS. The Mn 2p
and Mn 3s XPS spectra of the calcined as well as reduced Co/Si and
CoMn(0.1)/Si catalysts are given in the Supporting Information
(Fig. S2). Both spectra are dominated by satellite features
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Fig. 2. H,-TPR of Co/Si and CoMn/Si catalysts with silica supported Mn oxide as
reference (1.5 wt% Mn on SiO,).

characteristic for MnO, which are typically absent for Mn,05 and
MnO, [38]. Resolving the Mn oxidation state from the Mn 2p core
line is challenging due to overlapping features at similar binding
energies [38]. Instead, analysis of the Mn 3s XPS spectra can pro-
vide insight into the Mn oxidation state. The splitting of the Mn
3s core line in these spectra originates from the exchange coupling
of 3s holes and 3d electrons of Mn [39]. Typical reported splitting
values are 4.5-4.8 eV for MnO,, 5.3 to 5.4 eV for Mn,03, 5.5 to
5.6 eV for Mn30,4, and 5.6 to 5.8 eV for MnO [40,41,42]. Comparison
of the Mn 3s peak splitting values of CoMn(0.1)/Si before and after
reduction at 450 °C shows that Mn is reduced from Mn>* (3s split-
ting of 5.0 eV) to Mn2* (3s splitting of 5.8 eV). Finally, it is worth-
while to note that the Mn/Co ratio after reduction (0.98) is higher
than before reduction (0.57), indicating an increased presence of
Mn at the surface. It can thus be inferred that Mn migrates from
the oxide precursor to the surface of the metallic Co particles as
MnO. The presence of MnO at the surface of reduced Co nanopar-
ticles has been reported before [9]. Based on the XPS analysis, it
cannot be determined on which kind of surface structure the
MnO is located. However, as chain growth still occurs after Mn
addition (see below), it is unlikely that MnO is located on stepped
sites, which catalyze chain growth.

3.2. Catalytic performance measurements

The influence of Mn on the Co catalyst performance was evalu-
ated using typical industrial conditions, i.e., 20 bar, 220 °C, and a
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H,/CO ratio of 2. The reaction rate, product distribution, ASF plots,
and olefins-to-paraffins (O/P) ratios as a function of increasing Mn
content are shown in Fig. 5. Notably, the Co-weight-based activity
decreases with increasing Mn content, while the TOF based on H,
chemisorption remains relatively constant especially above Mn/
Co = 0.05. Since the site-normalized activity is constant, the
decrease in the weight-based activity can most likely be ascribed
to a decrease in the active surface area due to decoration of the sur-
face by MnO. The product selectivities of the remaining Co surface
is influenced significantly by Mn addition. The product distribution
data show that, under these conditions, Mn addition results in an
increase in the C,-C4 hydrocarbons selectivity from 7.7% for Mn/
Co = 0 to a maximum of 29.1% for Co/Mn = 0.1 (Fig. 5b). At higher
Mn/Co values, a small decrease in the light hydrocarbon selectivity
is observed. The CH,4 selectivity decreases slightly and monoto-
nously from 8.8% for Mn/Co = 0 to 7.3% for Mn/Co = 0.25. The
increased selectivity to C,-C4 hydrocarbons goes at the expense
of Cs. formation (from 83.5% to 60.0 %). These differences are also
reflected in the ASF plots. Whereas the unpromoted sample follows
the typical ASF distribution with a CH, selectivity higher than pre-
dicted by the ASF plot, Mn addition leads to a lower than predicted
CH4 selectivity. This is clearly due to a significant decrease in the
chain-growth probability, at almost constant CH, selectivity. In
parallel, Mn addition also increases the O/P ratio already at low
Mn/CO ratios (Fig. 5d).

It is worthwhile to compare these data with performance data
published earlier for Mn-promoted catalysts. Especially early stud-
ies by Hutchings et al. emphasized exceptionally high alkene, in
particular propylene, yields [43,44,45] (up to 20 wt%), in conjunc-
tion with an improved activity and stability upon addition of rela-
tively large amounts of Mn (Mn/Co > 1). Also patent literature from
ExxonMobil reported CoMn catalysts exhibiting a high C,-C,4 selec-
tivity of 26% with a total C,-C4 olefins content of 83%.[46] Zong
et al. [19] linked the increased light olefins selectivity to the forma-
tion of Co,C in the presence of Mn. Yet, the CO, selectivity was
close to 50% in their study. The CO, selectivity in the present study
is less than 1%, which is typical for metallic Co catalysts. Further-
more, in situ XRD (SI, Fig. S3) data shows very limited signs of
Co,C formation, ruling out any dominant role of carburized Co.
The data obtained at 20 bar and presented in Fig. 5 clearly show
that Mn promotion suppresses the coupling of the chain-growth
monomers (CHy) as well as olefin hydrogenation. Decreased chain
growth and suppressed hydrogenation of olefins might be a result
of an increased surface coverage due to the presence of Mn, hinder-
ing olefin re-adsorption and possibly monomer coupling. To verify
this hypothesis, the role of surface coverages was investigated fur-
ther by studying the pressure dependence of the catalytic perfor-
mance of both the promoted and unpromoted catalysts. Since
pressure is also expected to influence the surface coverages. The
catalyst with an Mn/Co ratio of 0.1 was chosen as representative
for the Mn-promoted catalysts, as it exhibits the largest influence
of Mn promotion on the Co catalyst performance, not only at high
pressure (see Fig. 5 above) but also at low pressure (see Fig. 7
below). The influence of the studied pressure dependence is shown
in Fig. 6.

It appears that the presence of Mn strongly influences the pres-
sure depends of the catalytic performance. As mentioned in the
introduction, earlier catalytic tests at elevated pressure contradict
each other regarding the influence on the O/P ratio and the selec-
tivities to either Cs. or CH,4 [7-13]. As a consequence, the product
distribution data reported here for high pressure cannot be in
agreement with all literature. However, the unpromoted catalyst
behaves in good keeping with most reports, since the rate and
TOF increase with increasing pressure (see Fig. 6a) [18,47,48]. Typ-
ically, reaction orders with respect to CO and H; for Co catalysts are
slightly negative and close to unity, respectively [18,49,51]. This
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results in an overall increase in reaction rate with increasing total
pressure at constant H,/CO. The selectivities of the unpromoted
catalyst also behave as anticipated: at increasing pressure an
increasing monomer coverage is expected, which results in a
higher Cs. selectivity (Fig. 6¢) and lower selectivity to CH4 and
C,-C4 products (Fig. 6b). However, in contrast to the unpromoted
Co, the Mn-promoted catalyst has surprisingly a maximum in both
the rate and the TOF at around 4 bar. Above this pressure, there is
no clear increase (Fig. 6a). The Mn-promoted catalyst follows at
increasing pressure the same trends in product distribution as
the unpromoted one, but reaches a maximum Cs. selectivity at
about 4 bar and a minimum for the C,-Cy4 selectivity at the same
pressure (Fig. 6¢). Only the CH,4 selectivity decreases with increas-
ing pressure for both catalysts (Fig. 6b), although the influence of
Mn promotion on the CH4 selectivity diminishes with increasing
pressure. Understandably, the Cs. selectivity selectivity mirrors
the selectivity to the other hydrocarbons CH4 and C,-C4 for both
catalysts. Notably, at low pressure, the Mn-promoted catalyst has
a higher Cs. selectivity and a lower C,-C4 selectivity than the
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unpromoted catalyst. However, an almost opposite selectivity dis-
tribution is observed at 20 bar, when the Mn-promoted catalyst
has a lower Cs. selectivity and a higher C,-C4 selectivity. The turn-
ing point from one selectivity being higher than the other occurs
around 4 bar. Fig. 6¢ also shows that over the whole pressure range
Mn promotion increases the olefin to paraffin ratio of the C3 hydro-
carbons. It can thus be concluded that an increase in total pressure
for the unpromoted catalyst leads to a similar effect as an increase
in Mn content at low pressure, i.e., an increased activity, Cs. selec-
tivity, and O/P ratio. These two similar effects can tentatively be
explained in a the same way: Mn promotion as well as an
increased pressure enhance the coverage of surface species, hin-
dering hydrogenation of olefins by re-adsorption and increasing
the coupling probability of growth monomers. In order to deter-
mine the role of the surface adsorbed layer on the selectivity
trends, the surface coverages were measured by steady-state iso-
topic transient kinetic analysis (SSITKA) experiments.

SSITKA was carried out at model FT conditions, viz. at 220 °C
and a total pressure of 1.85 bar with a H,/CO ratio of 3. The
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steady-state catalytic performance of the catalysts under these
conditions is displayed in Fig. 7, showing an overall beneficial
influence of Mn on the CO conversion. TOF, Cs. selectivity, and
chain-growth probability. Simultaneously, the CH4 and C,-C,4 selec-
tivity decrease with increasing Mn content. The changes in selec-
tivities and activity upon Mn addition to Co is almost reversed to
those observed at 20 bar (Fig. 5), as expected from the pressure
dependency of the promotional effect of Mn (Fig. 6). Notably, in
both cases the largest effect of Mn addition occurs at an Mn/Co
ratio of 0.1. This has also been described before in literature
[17,18,34], where it was explained by two counterbalancing
effects. On one hand, Mn enhances the FT reaction rate on Co. On
the other hand, Mn, which is by itself catalytically inactive, blocks
the catalytic cobalt sites. At too high Mn/Co ratios, the latter effect
appears to be dominant.

The residence times 7 and surface coverages 0 of CO and CHy
determined under the same conditions as the experiments pre-
sented in Fig. 7 are depicted in Fig. 8a as a function of the Mn/
Co ratio. tcp is practically independent of the Mn content, while
Tcn, increases with increasing Mn/Co ratio. The coverages of CO
and CHy species increase with increasing Mn content. A higher
coverage of CHy is expected to lead to a higher chain-growth
probability. This is in line with the increasing Cs. selectivity
(Fig. 7a) and with the increasing difference between TOFco and
TOFcu4 at higher Mn/Co ratio (Fig. 7b), as this difference repre-
sents the rate of carbon conversion to Cp. hydrocarbons. Notably,
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although Fig. 7a shows that, above the Mn/Co ratio of 0.1, the Cs.
selectivity increases, the calculated chain-growth probability does
not increase. The extreme increase in CHy coverage leads thus to
the formation of heavy hydrocarbons that are not included in the
calculation of the chain-growth probability in our work (namely
C3 to C7)

Noteworthy is the increasing CO surface coverage with increas-
ing Mn/Co ratio. Chen et al. determined by SSITKA that the CO cov-
erage on (unpromoted) Co/SiO; can be as high as 0.4[23], just as we
observe here for the samples up to an Mn/Co ratio of 0.1. From a
theoretical perspective, the maximum attainable CO coverage on
Co(0001) is 7/12 (0.58) [50]. However, at an Mn/Co ratio of 0.25,
the CO coverage is as high as 0.67, indicating that an exceptionally
high coverage can be obtained in the presence of Mn. Apparently,
Mn enhances CO adsorption. In contrast to unpromoted cobalt cat-
alysts, this adsorbed CO does not hinder CO dissociation. Hin-
drance of CO dissociation by co-adsorbed CO is often used to
explain the negative order in CO for Co catalysts. As can be seen
in Fig. 8b, the reaction order with respect to CO is indeed negative
for unpromoted but positive for Mn promoted Co. The change in
CO reaction order from negative to positive through Mn promotion
suggests that, in the presence of Mn, CO dissociation does not need
vacancies on the metallic cobalt surface. It can thus be speculated
that CO adsorption and dissociation take place on Mn-promoted
cobalt sites. This aspect is investigated further with IR spec-
troscopy and density functional theory calculations. Most impor-
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tantly, it is evident from Fig. 8a that the presence of Mn leads to a
higher coverage of CH,, despite the increasing CO coverage. A
higher CHy coverage explains the above described effects of Mn
promotion at low pressure. Since a higher monomer coverage not
only leads to a higher coupling rate at the expense of CH, forma-
tion, but also, in combination with the high CO coverage to less
readsorption of olefins. Hence, these SSITKA results explain the
appearance of longer chain products and a higher O/P ratio for
Mn-promoted catalysts.

3.3. IR spectroscopy
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IR spectroscopy was carried out to understand better the impact
of Mn on the adsorption and CO dissociation activity. In one set of
measurements, IR spectra were recorded with increasing CO cover-
age (0 - 10 mbar CO) at room temperature, followed by ramping
the temperature to 300 °C. A second set of IR measurements was
carried out in situ under a synthesis gas atmosphere (H,/CO = 2),
whilst ramping the temperature to 300 °C.
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The CO IR spectra recorded at room temperature with increas-
ing CO partial pressure (Fig. 9) are typical for CO adsorption on
Co nanoparticles [51]. The bands at 2020 cm~', 1935 cm™' and
1835 cm~! can respectively be ascribed to linear (top), two-fold
(bridged) and threefold (hollow) adsorbed CO on extended Co sur-
faces [52,53]. The blue-shift of the IR band of top-adsorbed CO with
increasing coverage can be attributed to lateral interactions. For
instance, Weststrate et al. [53] showed that, up to a CO coverage
of around 0.15 ML, the top-CO stretching frequency and the IR
intensity increased linearly, leveling off when approaching a cover-
age of 0.33 ML.[54] DFT calculations support this interpretation
[54]. The corresponding spectra for the Mn-promoted catalysts
are qualitatively similar. The most obvious changes upon Mn addi-
tion are the lower intensity at low CO pressure of the CO adsorp-
tion bands, in line with the decreasing metal surface by Mn
addition as observed by H, chemisorption. The presence of Mn also
leads to a loss of three-fold CO adsorption sites. This was also
observed by Den Breejen et al. [34] The CO IR spectra of the Mn-
promoted catalysts also contain a feature at 1650 cm™!, which
becomes more intense with increasing CO coverage. This band,
which is stronger at higher Mn/Co ratios, can be assigned to a
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€03~ stretching vibration. Such carbonates can originate from the
reaction of CO or CO, with metal oxides such as MnO [55].
Although we cannot exclude that the carbonates are formed by
CO interacting with MnO, it is likely that they are formed by inter-
action with CO,, which would imply that CO can react on the cat-
alyst via the Boudouard reaction to surface C species and CO,.

A temperature-programmed IR experiment at a CO partial pres-
sure of 10 mbar leads to pronounced changes of the IR spectra
(Fig. 10). The CO IR spectra for the Co/Si catalyst are very similar
to those reported by Chen et al. [51] The small red-shift of top-
adsorbed CO towards slightly lower wavenumbers during heating
to 150 °C can be explained by desorption of CO, resulting in less
lateral interactions. The clear blue-shift from 2022 cm™! to
2068 cm™~! observed in the 150 to 175 °C temperature range, which
goes together with a strong increase of the IR intensity can be
explained by the formation of co-adsorbed C and O. Model exper-
iments by Chen et al.[51] DFT calculations showed that the pres-
ence of co-adsorbed C and O leads to a blue-shift of the CO band
in parallel with an increase in the extinction coefficient. A similar
shift has been described in literature and coupled to the presence
of co-adsorbed O or C [51,52]. The blue-shift occurring during
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the temperature-programmed IR spectroscopy can thus be linked
to CO dissociation, yielding co-adsorbed C and O. Comparison of
the shift on Co/Si (Fig. 9b) with the shift on CoMn(0.1)/Si
(Fig. 10d) shows that Mn addition lowers the onset temperature
of the blue-shift by nearly 50 °C (from 175 °C to 125 °C) indicating
that CO dissociation is facilitated by the presence of Mn. The blue-
shift occurs for all CoMn/Si samples (Fig. 10e). In order to deter-
mine whether this enhanced CO dissociation upon Mn addition
also occurs under reaction conditions, the above experiments were
repeated in a synthesis gas atmosphere (H,/CO = 2, potar = 100-
mbar). An overview of the results is shown in Fig. 11.

Fig. 11a and 11b show the IR spectra for CoMn(0.1)/Si as a func-
tion of the temperature. In contrast to the conditions in Fig. 10, the
surface contains also hydrogen. In the presence of hydrogen, the
position of linearly adsorbed CO at room temperature is shifted
from 2020 cm™! to 2050 cm~!, which is most likely due to lateral
interactions with hydrogen-containing reaction intermediates.
Similar to Fig. 10, a blue-shift due to CO dissociation, is observed.
The temperature at which the blue-shift occurs is lower in synthe-
sis gas than in a CO atmosphere. The influence of Mn on the onset
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of the blue-shift is less pronounced than in the presence of
hydrogen.

Fig. 11d depicts the C-H stretch region of hydrocarbons for the
Co/Si and CoMn/Si catalysts. The spectra are dominated by the
absorption bands of gas-phase CH4. Above 150 °C, all catalysts
show distinct vibrations in the range of 2900 to 3200 cm™! typical
for gaseous CH,4 and located on the low- and high-frequency side of
the v; C-H stretch vibration at 3020 cm™". The typical vibrations of
gas-phase CH,4 appear at approximately 190 °C independent of the
catalyst. A high CH,4 selectivity for cobalt catalysts is as expected
under the low total pressure (100 mbar) conditions with a high
H,/CO ratio of 3. The weaker and broader features in the 2800 -
3000 cm™~! regime are typical for hydrocarbons with C-C bonds.
Notably, the spectra for Co/Si contain only bands for CH,4, while
the Mn-containing catalysts also exhibit bands due to higher
hydrocarbons as evidenced by the sp> C-H vibrations of CH, and
CH; in the 2800-3000 cm~' range (CH, at 2927 cm~! and
2864 cm~! and CH; at 2968 cm™!). This indicates that Mn facili-
tates the formation of higher hydrocarbons as compared to Co/Si.
These bands appear already at a relatively low temperature, i.e.,
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in this figure legend, the reader is referred to the web version of this article.)

just below 150 °C. The CH, and CHs bands are most intense in the
200-220 °C range. We speculate that the observed hydrocarbon
bands stem from adsorbed hydrocarbon fragments, which desorb
or react at higher temperatures. In summary, the IR spectroscopy
results show that Mn promotes the dissociation of adsorbed CO
and enhances the formation of higher hydrocarbons.

3.4. Computational modeling

DFT calculations were employed to investigate how the pres-
ence of MnO on the metallic Co surface can affect CO dissociation.
A relatively simple Mn404/Co(0001) model was chosen to repre-
sent MnO on a metallic Co surface. Various structures of MnsO,/
Co(0001) were identified by a DFT-based genetic algorithm
method. The most stable structures are given in Fig. S4. In structure
with the lowest energy each Mn atom binds to two surface Co
atoms and two O atoms (see also Fig. 12a). This structure is very
similar to the one determined for Mn4O4 on the Ni(111) surface
by Vrijburg et al. [29] It was shown that such model structures
can lower CO or CO, dissociation barriers via reactions involving
an O vacancy in the Mny4O4 cluster. Here, similar pathways for
CO dissociation are explored, starting from an Mn4O,4 cluster with
a vacancy, i.e., Mn40s. Specifically the elementary CO dissociation
step is examined, as this supposedly is the rate-limiting step in
the whole Fischer-Tropsch reaction sequence. The reaction energy
needed for the creation of such a vacancy was also calculated.

DFT calculations show that direct CO dissociation can occur on

the step-edge sites of Co, viz. on the Co (ll 2 1) model surface. A
typical value for CO dissociation activation energy on a stepped
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Co (1121) surface is 1.07 eV [35]. CO dissociation on the close-
packed Co(0001) surface is very difficult with total activation bar-
riers of 2.46 eV for direct and 1.83 eV for H-assisted CO dissocia-
tion, respectively [35]. Three pathways were explored for CO
dissociation on the vacancy containing Mn403/Co(0001) model.
Direct CO dissociation and H-assisted dissociation via either an
HCO or COH intermediate. The corresponding the reaction energy
paths are shown in Fig. 13a. The involved transition states are
depicted in Fig. S5. The direct and H-assisted CO dissociation via
COH have overall barriers of 1.71 eV and 1.26, respectively. The
most favorable CO dissociation mechanism on Mn403/Co(0001)
involves HCO as a surface intermediate with an overall barrier of
0.98 eV, which is slightly lower than the most favorable CO disso-
ciation on unpromoted Co. Hence, these calculations show that H-
assisted CO dissociation at the Co-Mn,405 interface is much easier
than on the planar surfaces of Co and slightly easier than on a
step-edge sites of Co. The finding that H-assisted CO dissociation
is favored fits with the IR experiments above, which show that
the blue-shift due to CO dissociation occurs at lower temperatures
in the presence of hydrogen.

The calculations above started with an Mn40,4 cluster in which a
vacancy was created, i.e., Mn4Os. After CO dissociation, the oxygen
of CO fills this vacancy. In order to close the catalytic cycle, the
vacancy has to be created again. The activation energy for remov-
ing one oxygen should preferably be equal or lower than the
above-calculated activation energies for CO dissociation. The acti-
vation energy diagrams for the creation of an O vacancy by H,0
formation at the interface of the Mn404/Co(0001) structure via
two different pathways are shown in Fig. 13b and 13c. Creation
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Fig. 12. (a) DFT structure of an Mn40,4/Co(0001) cluster, (b) configuration CO adsorbed near a on Mn403/Co cluster, (¢) HCO transition state for hydrogen assisted CO
dissociation. (blue: cobalt, red: manganese, grey: oxygen, white: hydrogen). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 13. (a) Potential energy diagrams based on DFT calculations for CO dissociation on a vacancy containing Mn403/Co(0001) cluster. (b), (c) DFT calculations for O vacancy
formation on the Mn40,4/Co(0001) cluster via H,O formation. (d) DFT calculations for O vacancy formation on the Mn404/Co(0001) cluster via CO, formation. Numbers above
the lines are the energy barriers for the forward reaction from the nearest preceding stable state.

of a vacancy in an Mn40,4 cluster by reaction of an oxygen atom
with subsequently two hydrogen atoms requires overcoming a
barrier of 1.18 eV (Fig. 13b), whilst the overall barrier is 1.49 eV.
In another pathway, hydrogen reacts with an oxygen atom in the
cluster leading to an OH group on the Mn404 cluster, which subse-
quently reacts with an OH species on the Co metal. This path has a
lower maximum barrier of 0.79 eV (Fig. 13c). The geometries of the
corresponding transition states are shown in Fig. S6a and S7. The
occurrence of OH intermediates adsorbed on Co during reaction
can be expected as water is a primary product of the FT reaction.
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The barrier for vacancy creation of 0.79 eV is lower than for pro-
moted CO dissociation (0.98 eV), making the highest barrier in
the whole catalytic cycle 0.98 eV. For completeness, another path-
way for vacancy creation, viz. via a reaction with CO to CO,, was
also computed. However, the barrier for formation of a vacancy
via this pathway, which is shown in Fig. S8, is 1.89 eV (Fig. 13d),
much higher than the computed barriers for CO dissociation and
H,0 formation.

In summary, DFT calculations on a simple surface model show a
facile pathway for the dissociation of CO by means of an O vacancy
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in the MnO, which is the result of the reaction of O in MnO with
hydrogen and adsorbed OH forming H,0. The overall barrier for
CO dissociation via this vacancy promoted pathway is lower than
the CO dissociation barrier on step-edge sites of Co (0.98 eV versus
1.07 eV, respectively). The lower activation energy can contribute
to a higher reaction rate on the Mn-promoted Co catalysts. Besides,
the presence of MnO on Co can also lead to an increase in the
number of active sites for CO dissociation compared to the pure
metallic Co surface, which requires step-edge sites. In relation to
the CO reaction orders discussed above, it can be mentioned that
CO dissociation at the Co-MnO interface is not limited by CO cov-
erage on the metal as is the case for the unpromoted Co metal
surface.

4. General discussion

Physicochemical characterization of the catalyst precursor
shows that Mn is completely integrated in the mixed oxide spinel
catalyst precursor. The presence of the mixed oxide spinel of Co
and Mn retards the reduction of Co, especially the last reduction
step of CoO to metallic Co. Nonetheless, according to XPS analysis
after reduction at 450 °C, Co is completely reduced to metallic Co
for all Mn-promoted catalysts, while Mn is converted to MnO with
Mn in the 2 + oxidation state. H, chemisorption and the relative Co
and Mn signals in XPS indicate that the metallic surface of Co
nanoparticles is decorated with MnO. The presence of MnO in close
interaction with the Co surface is in agreement with previous
observations [18]. Mn does not significantly affect the Co particle
size. All catalysts contain Co particles of about 12 nm. The FT per-
formance of these catalysts is thus not affected by structure sensi-
tivity that limits the activity of Co particles smaller than 6 nm
[13,56].

In the last two decades, a substantial amount of research has
been devoted to study the impact of Mn promotion on the Co-
catalyzed FT reaction, often with contradicting outcomes. In this
study, the influence of Mn promotion on silica-supported Co was
studied for the FT reaction at 220 °C and in the pressure range of
2 to 20 bar. The results indicate that the conflicting views in liter-
ature can mostly be attributed to different reaction conditions.
Specifically, the total reaction pressure can significantly influence
the effect of Mn promotion. At pressures below 4 bar, Mn acts as
a promoter for Co in the FT reaction resulting in higher rates,
turn-over frequencies and Cs. selectivity. However, the opposite
holds at higher pressure. This stems from substantially different
pressure dependence of the unpromoted and Mn-promoted Co cat-
alysts. For the unpromoted catalyst an increase in pressure leads to
a higher reaction rate and higher Cs. selectivity with the most pro-
nounced increase in the 2 to 6 bar pressure range. On the other
hand, for the Mn-promoted catalyst, this trend is remarkably dif-
ferent. Though the activity and Cs. selectivity also initially increase
with increasing pressure, the activity stabilizes and the Cs. selec-
tivity starts to decrease steeply above 4 bar. As a result of these
opposite trends Mn enhances Cs. selectivity at low pressure, but
suppresses it at high pressure. Nonetheless, Mn promotion
decreases the CH4 selectivity over the whole studied pressure
range.

To explain the pressure dependence of the promotional effect of
Mn, the role of pressure in the FT reaction and the mechanism of
Mn promotion is discussed here. Mechanistic work of Chen et al.
[23] has demonstrated that the increasing activity and Cs. selectiv-
ity when the reaction pressure is increased can be well explained
by a higher CO coverage, which leads to a higher CHy monomer
coverage and, thus, higher activity and chain-growth probability.
This clearly also holds for the unpromoted Co catalyst in this study,
and for the Mn promoted catalysts up to 4 bar.
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Temperature-programmed IR spectroscopy in the presence of
CO shows a lower onset temperature for CO dissociation in the
presence of Mn, indicating a positive role of MnO in the CO disso-
ciation. Similar IR measurements in synthesis gas show that unpro-
moted Co produces under the conditions used only CHy, but that
Mn-promoted Co also forms larger hydrocarbons at a significantly
lower temperature than the formation of CHy4. SSITKA carried out at
arelatively low pressure confirms the positive impact of Mn on the
activity and CHy coverage. This can explain well the higher chain-
growth probability in the presence of Mn, yielding more longer
hydrocarbons and thus less CH,4 at low pressure.

DFT calculations using a Mn404/Co(0001) model show that CO
can dissociate at the Co-MnO interface with a lower overall activa-
tion barrier than on the most active metallic Co step-edge sites.
The modelled catalytic cycle involves the generation of an oxygen
vacancy by removal of O from MnO as H,0, followed by H-assisted
C-0 dissociation. The oxygen atom of CO replenishes the oxygen
vacancy, leaving behind a CH fragment on the metallic Co. Thus,
according to DFT, the decoration of Co with MnO results in the for-
mation of additional CO dissociation sites on Co nanoparticles with
a lower activation energy. The enhanced CO dissociation observed
by IR and SSITKA experiments is thus in agreement with the out-
come of the DFT calculations. Since Co typically operates in the
monomer formation limit regime with CO dissociation being the
rate-limiting step [21,57], enhanced CO dissociation by Mn promo-
tion can explain the higher reaction rate.

A CO activation mechanism via an O vacancy in Mn oxide as
modelled by DFT is in line with the concept launched by Barrault
et al. that redox centers are active sites for CO dissociation [14],
but seems in contradiction with the results of the group of Bell,
who sees, when comparing different promoters, a direct correla-
tion between the activity and the relative Lewis acidity of the pro-
moter [6]. On the other hand, the Lewis acidity of a cation depends
on the number of coordinating oxygen atoms [58]. It could thus be
speculated that the same phenomenon of CO activation is just
described by another parameter, i.e., Lewis acidity versus vacancy
formation. Nonetheless, in contrast to previous literature, which
only correlates activity with a specific parameter, a complete
mechanistic understanding of the catalytic cycle is presented here.

Notably, the reaction order with respect to CO is negative for
unpromoted cobalt as widely reported for Co-based FT catalysts
[17,18], but positive for Mn-promoted Co. The negative order
reflects the need of surface vacancies on the metallic Co surface
for CO dissociation. The positive reaction order in CO for the Mn-
promoted Co catalyst can be explained by the dissociation of CO
at the Co-MnO interface. Since this mechanism does not require
two neighboring vacant Co surface sites, self-poisoning by CO does
not occur. This implies that at high CO coverage the reaction will
mainly proceed at Co-MnO interfaces.

Increasing the Mn content in promoted Co catalysts from Mn/
Co = 0 to Mn/Co = 0.25 at a reaction pressure of 20 bar results in
a decreased Cs. selectivity and chain-growth probability, whereas
the CH,4 selectivity is hardly affected. As a result, the CHy, yield is
not higher than expected from the ASF distribution as is usually
the case for Co, but gets in line with the prediction of the AFS plot.
The promotional effect of Mn reaches a maximum at an Mn/Co
ratio of 0.1, at both low and high reaction pressures. This is in
accordance with previous literature for Co on various supports
[6,11,17,18,34] and has tentatively been ascribed to the formation
of an optimum mixed Mn-Co-oxide crystal structure of the cal-
cined catalyst precursor, which would just yield the desired
MnO-covered metallic cobalt after reduction [17,59].

As stated above, for the Mn-promoted catalysts, the positive
effect of pressure on activity and selectivity only holds up to a
pressure of 4 bar after which a maximum is reached and a negative
effect of increasing pressure on the product distribution is seen. It
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is uncertain why a similar pressure dependence has not been
reported before in literature. The group of Bell reports a continuous
increase in reaction rate with total pressure, but observed a pecu-
liar maximum in rate at about 1 bar CO partial pressure [18], which
would be roughly in line with 4 bar total pressure at a H,/CO ratio
of 2. The occurrence of a maximum can be explained by taking into
account that MnO catalyzes the CO dissociation and CHy formation,
but not C-C coupling. On the unpromoted Co catalyst, the CO
dissociation sites are the same as the chain-growth sites, viz.
step-edge sites [60-65] and enhanced CH, formation at increasing
pressure will immediately lead to an increased chain growth rate.
However, on Mn-promoted catalysts, the CHy monomers are
formed at the interface of MnO and Co and have to migrate to
chain-growth sites on the metallic cobalt. In general, migration
of surface adsorbates is easy on empty Co surfaces [66,67]. Increas-
ing the pressure, however, increases the coverage of adsorbed spe-
cies other than CHx and most prominently CO, which might hinder
the migration of CHx monomers. Apparently, this hindrance starts
to dominate over the positive effect of Mn on the CO dissociation
rate at pressures above 4 bar. Methane formation does not require
stepped sites but occurs on sites that cover the majority of the sur-
face [56] and does thus not rely on migration. As a consequence,
the methane selectivity is rather independent of the pressure. This
results in a maximum Cs. selectivity and thus also to a minimum in
the selectivity to other products like of CH; and C,-C4 hydrocar-
bons at 4 bar. The hypothesis that the MnO-Co interface site does
not catalyze chain growth also explains the observation that at
high pressures, at which the metal sites but not the Mn promoted
sites are poisoned by adsorbed CO, the Cs. selectivity is not
enhanced by Mn addition.

5. Conclusions

In this study Mn-promoted Co catalysts on silica were studied
in the FT reaction in a pressure range from 2 to 20 bar. After reduc-
tion of the oxidic catalyst precursor at 450 °C, metallic cobalt par-
ticles are formed, which are decorated with MnO. In situ IR
spectroscopy and SSITKA measurements indicate that the presence
of Mn enhances the CO dissociation and hydrocarbon formation.
DFT calculations on an MnO/Co(0001) model cluster shows that
CO can be activated by vacancies in the Mn oxide with a lower acti-
vation energy than on regular step-edge sites. At low pressure, Mn
promotion results in a higher activity and Cs. selectivity, which
both can be explained by the increased CO activation rate and
resulting higher monomer coverage. At high pressure, however,
Mn promotion results in a lower Cs. selectivity. This is a result of
peculiar differences in pressure dependence between the unpro-
moted and Mn-promoted catalysts. Increasing pressure leads to
an increased activity and Cs. selectivity for the unpromoted Co cat-
alyst. The Mn promoted catalyst shows the same trend but only up
to 4 bar. Above this pressure, the activity stabilizes and the Cs.
selectivity drops dramatically at increasing pressure. This behavior
is tentatively ascribed to hindered migration of CH, growth mono-
mers at increasing pressure. On unpromoted Co catalysts, the cat-
alytic site for CO dissociation and chain growth is the same, viz, a
stepped site. Mn promotion enhances CO dissociation but likely
not C-C coupling. Hence, CHy fragments formed at the Co-MnO
interface have to migrate to stepped sites for chain growth. This
migration can be hindered by surface adsorbates. Since the cover-
age of adsorbed reactants and intermediates increases with pres-
sure, an higher reaction pressure can suppress migration and
chain growth. Apparently, the hindrance of migration by adsorbed
species dominates at pressures above 4 bar, leading to a decreasing
Cs. selectivity. As a consequence, Mn promotion on silica-
supported Co at low pressure leads to an increase in chain-
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growth probability, while it decreases the Cs. selectivity at high
pressure.
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