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Abstract

Three different CoMn/y-Al,O; catalysts were prepared by the incipient wetness
impregnation route and compared to a Co/y-Al>Os catalyst. The effect of co-impregnation
vs. sequential impregnation as well as the order of component addition was investigated.
All catalysts were characterised by TPR, H-chemisorption, XRD and XPS and their
activity and selectivity in the Fischer-Tropsch reaction was investigated. Complementary,
self-consistent DFT calculations were performed to further address the observed promotion
effects. All Mn promoted catalysts displayed heightened intrinsic activity, heightened
selectivity to light olefins and Cs: species and lowered selectivity to CHs compared to Co.
The promotion effects on selectivity and intrinsic activity were found to be independent on
catalyst preparation method. The catalysts undergo a restructuring during operation, in
which an excess of Mn saturates the catalytically relevant sites causing the similar
behaviour. The Co-specific activity differed between the Mn promoted catalysts. This was
attributed to varying degrees of Mn incorporation in the Co304 particles, causing different
degrees of reduction limiting the available metallic Co surface area. The DFT calculations
suggested that the binding energy for all investigated species increases on Co in the
presence of Mn, facilitating CO dissociation which can explain the higher intrinsic activity.
The affected selectivities for olefins, Cs+ and CHy4 can all be attributed to an inhibited

hydrogenation activity demonstrated by the increased barriers for CHs and CH4 formation.



1 Introduction

Light olefins are among the most important chemical intermediates in the production of
plastics, fibres and other organic chemicals. In 2011, the production of ethylene and
propylene was 127 and 70 MT respectively, and the demand for both is projected to grow
by 3.3 and 4.4 %/year, respectively [1]. Ethylene is produced mainly by steam cracking of
natural gas and naphtha which carries a high capital investment cost. Propylene is
primarily a by-product in ethylene plants and in fluid catalytic crackers used for gasoline
production. Due to the increasing demand of propylene and a shifted focus towards higher
ethylene selectivity in steam crackers, the gap between conventional propylene supply and
demand is expected to grow. Consequently, there has been a growing interest towards

alternative, on-purpose production of light olefins in both industry and academia [2].

Among the proposed alternative routes, the Fischer-Tropsch synthesis (FTS) process
presents a potential option. As a synthesis gas process, it is highly flexible with respect to
its source of carbon (coal, biomass, natural gas) in comparison to e.g. propane
dehydrogenation. Compared to the other proposed syngas processes, (methanol to olefins,
lower alcohol dehydration, cracking of FTS liquids) it presents a potential advantage as it

is the only process that can convert syngas to olefins in one reaction step.

The FTS process produces hydrocarbons from synthesis gas (CO + H;) by a chain-growth
polymerisation process. Depending on the synthesis gas precursor, impurities and H»/CO
ratio the preferred catalysts are either Fe or Co based. Conventionally, the hydrocarbons
produced can be used as chemical intermediates or high purity fuels. More recently, it has
been shown that high selectivity to light olefins is obtainable through tailored catalysts and
specialised operation conditions. Fe based catalysts are the most frequently employed for
this purpose, with high selectivity towards light olefins reported coupled with a low
selectivity towards methane [2,3]. Cobalt catalysts are known for their high activity, may
also provide high olefin selectivities, and is the preferred choice for synthesis gas with

high H»:CO ratio [4-7].

FTS products are to a large extent produced in accordance with the Anderson—Schulz—Flory
(ASF) distribution. To increase the yield of light products, a higher temperature and lower
pressure than conventional is applied. This has the drawback of also increasing the selectivity
towards methane, which is the least desirable product in the FTS product range. Manganese is in
both Co and Fe based FTS a frequently reported promoter for increasing olefin selectivity [2].
The experimental investigations into the promotion effect of Mn have been significant. As a

general trend, in addition to increasing the olefin selectivity, Mn is in Co based FTS catalysts



reported as to increase catalyst activity, Co dispersion, Cs; selectivity and to decrease CHy
selectivity [8]. However, with different support materials, pre-treatments, Mn:Co ratios and
preparation methods, reported results are also ranging from Mn having no discernible effects [9]
to activity effects only [10] and to negative effects [4,11]. From the experimental data available,
it is clear that the promotion effect of Mn is not fully understood, and strongly depends on the
state and location of Mn with respect to Co, which again depends on preparation method,

support etc.

While the experimental efforts to investigate the Co-Mn catalyst system have been
substantial, the efforts from a theoretical point of view are limited. While there have been a
significant number of theoretical investigations into FTS [12—14], the majority of the
works focus on the much debated reaction mechanism [15-17], geometric effects [18-20]
and the complicated selectivity scheme [21-24]. A few works exist on promotion with
noble metals [25, 26] and boron [27]. Cheng et al. [28] investigated transition metal
promotion, Mn included, and found only late transition metals to be likely olefin
promoters, disagreeing with the experimental work. The need for an investigation on the

promotion effect of Mn combining experimental and theoretical methods seems evident.

In the present work, the effects of Mn on Co based FTO are investigated by a combination
of experimental and theoretical methods in order to further elucidate the nature of Mn
promotion. In the experimental part, Mn promoted Co/Al,Os catalysts are prepared,
characterised and tested at industrially relevant FTS conditions favouring light olefin
formation. The effect of preparation procedure, i.e. co-impregnation vs. sequential

impregnation, is investigated as well as the order of component addition.

DFT calculations are performed where adsorption energies of relevant species as well as
elementary reaction barriers are evaluated on clean and Mn modified Co(111) model
surfaces. While in situ studies have found the operating state of Mn to be MnO [29], this

work employs a simplified model where Mn' is considered in a surface alloy with Co.



2 Methods

2.1 Experimental

2.1.1 Catalyst Synthesis

All catalysts investigated were prepared by the incipient wetness impregnation (IWI)
method using Co(NO3),6H,0 and Mn(NOs),-4H,0 as precursors and y-Al,O3 (Sger= 175
m?/g) as the support material. The catalysts were dried overnight under reduced pressure
and calcined in flowing air at 300 °C (2 °C/min) for 16 h. Prior to further characterisation

and testing, all catalysts were sieved to a particle size of 53-90 um.

Three CoMn/ALO; catalysts were prepared in addition to Co/AlOs3 to serve as the Co
reference. Of the three CoMn catalysts, one was prepared in one step, hereafter referred to
as Cot+Mn, and two were prepared in two steps, one with Co followed by Mn (Co—Mn)
and one with Mn followed by Co (Mn—Co). For all catalysts the Co loading was kept
constant at 15% with respect to Co+Al,O3 and the Mn:Co ratio was kept at 1:4 w/w. For
the sequentially impregnated catalysts, it was assumed that Co and Mn were present as
Co0304 and MnO; respectively after the first step [30]. For characterisation purposes, a fifth
3.75% Mn/Al,O3 sample without Co was also prepared.

2.1.2 Temperature Programmed Reduction

Temperature Programmed Reduction (TPR) was performed using an Altamira Instruments
BenchCAT™ Hybrid instrument. The sample (0.15 g) was inserted into a 4 mm i.d. quartz
U-tube reactor between two plugs of quartz wool. Pre-treatment consisted of heating in Ar
flow (50 mL/min) to 300 °C (10 °C/min) for 30 min. Reduction took place in 50 mL/min
10% Hy/Ar flow, heating from ambient temperature to 800 °C (10 °C/min). The effluent
gas was passed through a Drierite™ filled trap, to extract moisture before being passed
over a thermal conductivity detector (TCD). To estimate the degree of reduction (DoR),
the catalysts were reduced in sifu by heating to 350 °C (1 °C/min) for 16 h in 25/25
mL/min Hy/Ar flow. The reduced catalysts were then cooled to 50 °C before being
subjected to the same TPR procedure described above. The TPR profiles for the pre-
reduced and calcined catalysts were integrated and compared. It was assumed that full
C0304—C0® and MnO,—MnO reduction took place in the calcined samples and that only

Co0—Co" reduction took place in the pre-reduced samples.



2.1.3 H2-Chemisorption

Volumetric H>-chemisorption was performed using a Micromeritics ASAP 2020C
instrument. The sample (0.3 g) was placed into a 9 mm i.d. quartz u-tube reactor between
two plugs of quartz wool. The sample was reduced in situ in H, flow for 16 h at 350 °C (1
°C/min) before being cooled under vacuum. Chemisorption data was gathered at 40 °C at
15-507 mmHg H,. The data between 100 and 507 mmHg were used to extrapolate and
estimate the monolayer. For estimation of the dispersion, it was assumed that H,

chemisorbs dissociatively and one H atom occupies one Co surface atom.

2.1.4 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was performed on a Kratos AXIS Ultra DLD
instrument using a monochromated Al Ko X-ray source. The samples were mounted by
pressing onto carbon tape. The equipment base pressure was in the range of 2-5-10~° Torr
during acquisition. Measurements were done with take-off angle normal to the surface and
individual core level spectra were recorded at a pass energy of 40 eV. Low energy
electrons were used for charge compensation. Reported binding energies are referenced to
the C 1s peak of adventitious carbon at 284.8 eV, resulting in an Al 2p contribution of

AlLOs at 72.3 eV.

2.1.5 X-Ray Diffraction

X-ray diffraction experiments (XRD) were performed at ambient temperature on a Bruker
D8 Advance DaVinci X-ray diffractometer using a Cu Ko X-ray source. Co3O4 lattice
constants and average particle sizes were obtained using the Pawley method [31] of full
pattern fitting in the Topas 5.0 software [32]. A separate scan and fit of the y-Al,Os pattern
was obtained and used in the refinement of the supported catalysts. Refinements were
obtained with Ry, values of approx. 4.2 %. Mn species were excluded from the refinement
due to a very weak signal. The Co particle size was corrected for contraction during
reduction by dco” = 0.75-dcos0, [33] and Co dispersion was then estimated by assuming
spherical, uniform Co particles with site density of 14.6 atoms/nm? and using the formula

D =96/d, where D is Co dispersion (%) and d (nm) is average particle diameter [33].



2.1.6  Fischer-Tropsch Synthesis

Fischer-Tropsch Synthesis was performed in a 10 mm i.d. tubular stainless steel fixed bed
reactor at 240-270 °C, 5 bara and Ho/CO = 2.1. The catalyst (1 g) was diluted with inert
SiC (19 g) to minimise temperature gradients and loaded into the reactor between plugs of
quartz wool to keep the catalyst bed in place. The reactor was fixed in an aluminium block

to further facilitate heat distribution and mounted in an electrical furnace.

The catalysts were reduced in situ in 125/125 mL/min H»/He at 350 °C (1 °C/min) for 16
h. Subsequently, the reactor was pressurised in He flow to 5 bar at 180 °C before syngas
(250 mL/min) was introduced. The reactor was then heated to 230 °C (20 °C/h) and 240
°C (5 °C/h). Effluent gases were passed through a hot trap kept at approx. 100 °C and a
cold trap at ambient temperature before the gas phase was analysed by an Agilent
Technologies 6890N GC fitted with a TCD and an FID. The syngas contained 3 % vol. N»
which served as the GC internal standard. The space velocity or temperature was changed
at 24 h intervals to reach set conversion levels. After the reaction, the reactor was cooled to

ambient temperature in He flow and the catalyst was passivated in 0.5% O,/N, flow for 2

h.

2.1.7 Catalyst Dewaxing

After passivation, the spent catalyst was extracted from the reactor and dewaxed by
Soxhlet extraction. The wax containing catalyst and SiC mixture was placed in a cellulose
thimble which was mounted in the main chamber of the Soxhlet extractor. The extractor
was placed on an RB flask containing approx. 200 mL of xylene which was heated to 130-
140 °C to reflux. The extraction process was run for approx. 48 h for multiple extraction
cycles. The dewaxed catalyst was dried at 100 °C and magnetically separated from the

SiC.

2.2 DFT Calculations

Self-consistent, spin polarised DFT calculations were performed using the Vienna ab initio
simulation package (VASP) code [34-37]. The GGA-PBE [38, 39] functional was
employed using Ist order Methfessel-Paxton electron smearing. The electron—ion
interactions were described by the PAW [40, 41] method with a plane-wave cutoff energy
of 500 eV. The Brillouin zone was sampled by a 7x7x1 Monkhorst—Pack grid [42]. The

structures were optimised with a force criterion of 0.01 eV/A. Transition states were



obtained by initially applying the climbing image nudged elastic band (CI-NEB) method
[43,44], and further optimising using the Dimer method [45]. Transition states were

confirmed by vibrational analysis yielding one imaginary frequency.

Three model systems, shown in Fig. 1, a Co surface and two Mn-modified Co surfaces
oriented in the (111) direction were chosen. For the Mn-modified surfaces, Mn was added
as a subsurface monolayer (Co/Mn/Co) and as a top monolayer (Mn/Co). Co can inhabit
both the hcp and fce phase, but in the case of H, activated Co, the fcc phase is most
prominent [46]. Mn inhabits the [-43m space group, similar to the bce structure [47], but is
considered in a surface alloy with Co for the purpose of this work. The systems were
modelled as a 5-layer slab and (2x2) surface unit cell. The three top layers were relaxed
without restrictions during structural optimisations while the bottom two layers were fixed
to the bulk lattice structure. An optimised bulk lattice parameter of 3.517 A was obtained,
in reasonable agreement with the experimental value of 3.545 A [48] and used for the
modelling of the slabs. The slabs were separated in the z-direction by a vacuum layer

equivalent to 9 atomic layers.

3 Results and Discussion

3.1 Catalyst Characterisation

3.1.1 Temperature Programmed Reduction

Temperature programmed reduction profiles are shown in Fig. 2, with peak temperatures
listed in Table 1. Three peaks were observed during the experiments. The first peak,
appearing at about 190-230 °C, is most prominent for the Co and Co+Mn catalysts. This
peak is reportedly caused by residual nitrates after calcination [33] and is consequently less
prominent in Co—Mn and Mn—Co as they were calcined twice. The two latter peaks
appear at about 290-330 and 410-550 °C respectively. These peaks originate from the
stepwise reduction of Co304 [50]. Comparing the CoMn catalysts to the Co and Mn
references, Mn has a significant effect on the catalyst reducibility. The Mn—Co catalyst
appears very similar to Co, indicating slow or little Mn reduction. In the Co—Mn catalyst,
the first peak is shifted to a higher temperature and has a higher intensity. It appears
similar to the Co and Mn references superimposed on each other, indicating a delayed
reduction of Co3;0s with simultaneous reduction of Mn. The Co+Mn profile shows
evidence of strong Co«»>Mn interaction with a significant increase in reduction temperature

and broadening of the third peak. CoMn catalysts have previously been reported to form a



Co3-xMnO4 type mixed oxide which remain in oxidic state during operation [29, 30, 51,
52]. The reduction of this oxidic phase is the probable cause of the significant broadening

of the high temperature peak.

3.1.2 X-Ray Photoelectron Spectroscopy

XPS analysis were performed on the fresh (calcined) as well as spent (dewaxed) catalysts.
The acquired Co 2p and Mn 2p core level spectra are shown in Fig. 3, with the
corresponding Mn:Co, Co:Al, Mn:Al and (Mn+Co):Al atomic ratios listed in Table 2.

The Mn:Co atomic ratio is highest for the Co—Mn and lowest by Mn—Co, while in
between for Co+Mn. This indicates that Mn is closely associated with Co, and that the
second added phase covers the first, whereas a mixture exists for the co-impregnated
sample. This is supported by Co:Al ratios, where the highest ratio is observed for Mn—Co
and the lowest for Co—Mn. Interestingly, the Mn:Al ratio of the Mn reference is higher
than the (Co+Mn):Al ratios for all the other catalysts. This indicates that Mn forms a
highly dispersed phase over the Al,O; when impregnated alone. When Co is added, both
Mn:Al and (Co+Mn):Al ratios decreases, showing that Mn’s affinity for Co is greater than
its affinity for AL Os.

The fresh catalysts show Co 2p peak shapes similar to what is reported for Co3;O4 [53] and
previously reported for supported Co catalyst [S4]. The Co 2p spectra of the Co reference
sample were fitted using the same fitting parameters determined by Biesinger et al. [53] for
Co0304. The FWHM values were allowed to increase during fitting due to the higher pass
energy applied here. The peak position of the low binding energy contribution is at 779.6
eV agree well with the literature [53]. The CoMn catalysts display similar peak shape and
binding energies. However, the fit is less optimal (not shown) when applying the same
fitting parameters to the CoMn catalysts as the Co reference. This is probably due to
changes caused by Co-Mn interactions. The Mn reference sample has a peak shape similar
to that previously reported for MnO, [53], but is shifted about towards lower binding
energies by about 0.4 eV. The Mn 2p spectra of the Mn promoted Co catalysts are different
compared to the Mn reference, and appears more like Mn,Os [53], but the signal to noise
ratio is too low to make a conclusive remark. The Mn 3s spectra, while measured, were
found too low to observe any 3s splitting and make an assessment of the oxidation state of

Mn.

Both the Co 2p and Mn 2p core level changes for the spent catalysts compared to its fresh

counterpart. The most distinct change is the increase at the high binding energy side of the



main feature in both spectra. These features are associated with satellite peaks and the
overall peak shapes typically observed for CoO and MnO, respectively [53]. The Co 2p
core levels of the Co reference and Mn promoted catalysts are somewhat different in
overall shape compared to the CoO literature spectra [53]. The main low binding energy
peak is at 780.5 eV. This is likely due to a different oxidation state of Co, e.g. CoOx or a

mixed phase.

The Mn promoted catalysts exhibit a significant increase in the Mn:Co atomic ratio from
before to after reaction, except for the Co—Mn. This suggests that Mn enriches to Co
particle surface during reduction and/or FTS operation. This effect is largest for the
Mn—Co catalyst where Mn is covered by Co after preparation, and negligible for the
catalyst with Mn added last. Previously, Morales et al. [29] observed a similar trend from
before to after reduction and attributed this to MnO segregating from the Co, decorating
the support during reduction and forming a mixed oxide phase with the TiO,. This is
indicated as they observed Mn:Ti XPS ratios well above the bulk composition suggesting a
highly dispersed Mn phase. Apart from for the Mn reference, this is never observed in our
work. Moreover, the TPR profiles indicate that Mn is associated with Co at temperatures
well above the reduction temperature. It seems more likely that Mn remains closely
associated with Co during operation, but the Co surface gets enriched with Mn during
operation. Using carbon nanofibres (CNF) as support material, Bezemer et al. [55] did not
observe any segregation from before to after reduction. CNFs, due to their chemical
inertness and weak metal-support interaction are extensively used as model support
materials in FTS to investigate isolated effects [56—60]. It would appear Co-Mn
segregation is less severe on y-Al,O3 and CNF than for a strongly interacting support like
TiO..

A more surprising result is the substantial (up to 3-fold) increase observed in the Co:Al
ratios from before to after reaction. The previously mentioned work [29] observes a mild
increase for CoMn catalysts during reduction and attributes this to the segregation effect.
As we also observe this for an unpromoted Co catalyst, Mn segregation onto the support
cannot explain this alone. Previous investigations [61, 62] have revealed that Co particles
may break up and form a highly dispersed phase after reduction-oxidation-reduction
treatment. As the catalysts investigated here are reduced, then passivated and heated during
Soxhlet extraction and drying, a similar effect may be the cause of the observed increase in

Co:Al ratios.



3.1.3 Dispersion

Measured dispersions and particle sizes are shown in Table 1 without the Mn reference
which did not adsorb H,. For the H:-chemisorption measured dispersions, significant
differences are observed between samples with results ranging from 2.2 to 5.5 %. All Mn-
promoted catalysts show lower dispersions than the unpromoted catalyst. In comparison,
the particle sizes and dispersions based on XRD show very little variation indicating that
the differences in H, uptake/Co'®-surface area are not caused by differing Co particle sizes.
Two alternative explanations are blockage of Co sites by Mn, or a partially oxidised Co
surface. If blockage by Mn were the principal cause of the diminished Co® surface it
would have been expected that the Co—Mn catalyst, rather than the Co+Mn catalyst
exhibited the lowest dispersion, both by considering the preparation method and the
observed Mn:Co XPS signal ratios. A much better correlation is observed between the
measured DoR and the observed H,-chemisorption measured dispersions. A weakness
worth noting with this method of DoR estimation is that is does not differ between reduced
and irreducible Co. At high temperatures, Co is known to migrate into the y-Al>Os lattice
[63] and become irreducible, which would cause an overestimation of the DoR. Observing
the XRD patterns shown in Fig. 4, a weak MnO: signal is visible at 28.7, 44.8 and 55.7°.
This is clearest in the Co—~Mn and Mn—Co, indicating two separate Co and Mn phases.
Whereas for Co+Mn, the signal corresponding to MnO; is less apparent suggesting that
Mn is to a larger extent incorporated in the Co3O4 particles. This is also supported by the
estimated lattice parameters (Table 1) where lattice expansion of Co3Oy4 is observed for all
Mn promoted samples indicating at least some degree of Mn incorporation in the Co3Os4
lattice [64]. As shown earlier, this has a pronounced effect on the reducibility. However,
the correlation between the degree of Mn incorporation and dispersion is less apparent,
with the Mn—Co catalyst, which has the highest dispersion of the Mn promoted catalysts
displaying the 2" highest lattice expansion. This catalyst also has the lowest Mn:Co XPS
signal ratio both before and after reaction, so it is possible the unreduced Co3-xMnyOy4 is
situated further from the surface and having less of a limiting effect on the dispersion.
Consequently, different degrees of partial reduction of the catalyst surface is likely the

main cause of the observed differences in dispersion.

This correlation between Mn promotion and lowered reducibility and dispersion is
consistent with what has been seen in previous studies [10, 30]. However, it has been
found that small amounts of Mn may have a beneficial effect on dispersion [65]. This was
attributed to Mn forming a mixed compound with the support (TiO;) and inhibiting strong
metal-support interactions (SMSI) effects with Co. Increasing the amount of Mn resulted

in a lowered dispersion agreeing with our results. Of course, an SMSI effect is not

10



expected with Al,O3 as the support, which in combination with our comparably high Mn

loading explains why no such effect is seen here.

3.2 Fischer-Tropsch Synthesis

The CO conversion and site-time yields for the catalysts in the initial 24 h of operation are
shown in Fig. 5. The catalyst performances vary from 20-45 % CO conversion. Observing
the intrinsic activity, it can be seen that all Mn-promoted catalysts exhibit site-time yields
approximately 50 % higher than the unpromoted catalyst. For the initial 2-4 h, this
behaviour appears to be independent on the preparation method, suggesting that the
differences in conversion between the Mn-promoted catalysts are primarily caused by the
observed differences in available Co surface area. It has previously been suggested that Mn
decorates the Co particle surfaces and that the source of its promoting effect is enhanced
activity sites near the Co-Mn interface [66]. Our XPS results, which show a surface
enrichment of Mn from before to after operation is not in contradiction of this hypothesis.
From 0 - 24 h time on stream the expected initial deactivation is observed, but the catalysts
are shown to deactivate at different rates. As mentioned, the XPS results indicate that the
catalysts undergo a restructuring during operation. The rate of this restructuring appears to
depend on the catalyst preparation method, or the initial location of Mn. This in turn can
explain the different rates of deactivation. It should also be noted that under the different
conversion levels tested, different partial pressures of indigenous water is present which is

well established as a cause of deactivation [67, 68].

Fig. 6 shows the selectivity towards C,-4 olefins evaluated at various CO conversion levels
and temperatures. As the effect CO conversion on the selectivity is known to be significant
[33], all reported selectivity values have been evaluated at comparable CO conversion
levels (£5%). The light olefin selectivity for the Mn-promoted catalysts is notably higher
than for the unpromoted catalyst, caused by a 2-2.5 fold increase in the O/P ratio, as seen
in Fig. 7 which shows the a-olefin/n-paraffin ratio in the gas phase of the product stream.
The increase in light olefin selectivity is however lessened by the shift towards a heavier
product spectrum, as evidenced by the increase in Cs: selectivity, shown in Fig. 8 and

simultaneous decrease in CHy4, shown in Fig. 9.

The CHy4 selectivity displays a negative correlation with CO conversion caused by a shift
towards a higher carbon no. product spectrum, agreeing with previous results [33]. The
opposite trend is visible for the Co reference catalyst. A review by Yang et al. [69]
compiles a list of various Co catalysts and their correlation between conversion and CHy4

selectivity, all in disagreement with the observed trend. A similar trend as we find has

11



however been observed for a Ru catalyst [70], where it was attributed to an increasing rate
of hydrogenolysis of olefins producing methane and paraffins. Olefin hydrogenolysis has
previously also been observed on Co [71]. The temperature in the present work is above
what is conventionally applied so hydrogenolysis may be a possible explanation for our

observed trend.

The increased space time also facilitates secondary olefin reactions, as evidenced by the
decrease in O/P ratio, this in turn also affects the light olefin and Cs. selectivity. Increasing
the temperature was shown to have little effect on the light olefin selectivity. The observed
decrease in O/P ratio is countered by a shift towards a lighter product yield, shown by the

Cs+ and CHy selectivity.

The selectivity results for the Mn-promoted catalysts appear to be independent on the
catalyst preparation method. The restructuring seen by XPS, particularly the Mn:Co signal
ratios, could indicate that the catalyst’s structures change towards a similar morphology
during operation despite their different original states. The fact that this near identical
behaviour is observed already in the earliest stage of the reaction suggests that the
restructuring predominantly takes place during the reduction pre-treatment, which was also

previously suggested [30].

Previous investigations into the effect of Mn promotion have yielded a range of results.
Using co-impregnation of Co and Mn on TiO,, Morales et al. [9, 30] found Mn to strongly
interact with the support and have little to no effect on the catalytic performance. No effect
on selectivity was found with the Mn—Co and Co—Mn impregnation routes [30] either,
however deposition-precipitation of Co and subsequent impregnation of Mn yielded better
Co-Mn contact and similar promotion effects as reported here. Using the Co—Mn
impregnation route on CNF, Bezemer et al. [55] also found similar results as reported here
with little Mn-CNF interaction. Good Co-Mn contact seems to be paramount to obtain a
promotion effect from Mn, and the operating state and location of Mn is appears to be less
dependent on its initial state, or catalyst preparation method, for y-Al,O3 and CNF supports

than for a strongly interacting support like TiO» on which Co and Mn may segregate.

Dinse et al. [72] studied the effect of Mn:Co ratio with Co-impregnation on SiO,, and
while they found a similar promotion effect as reported here. The promoting effect of Mn
was found to increase for Mn:Co ratios up to 0.05. No further increase was observed at
higher Mn loadings, indicating a saturation of the catalytic sites. It was further found by
Johnson et al. [66, 73] that for Mn:Co ratios above 0.1, Mn decorates the SiO; surface as a

spectator species. In our study, the Mn:Co ratio is 0.25, above the threshold value

12



indicated above [66, 72, 73]. An excess of Mn may explain the identical behaviour
between preparation methods. During the restructuring, a fraction of Mn migrates to and
saturates the catalytically relevant sites, which end up with similar properties, and due to
the excess, the rest remain as spectator species, either as MnO decorating the support, or in
a mixed oxide phase with the unreduced cobalt. It is worth noting that the value of this
Mn:Co threshold also seems to depend on preparation method and support as Morales et
al. [65] found a continuous increase in promotion effects with Mn:Co ratios from 0 to 0.45

using the DP preparation method on TiO,.

3.3 DFT Calculations

To better understand the nature of the catalyst-adsorbate interactions, we performed DFT
calculations on adsorption and reaction steps on simplified model systems. As Mn was
found to affect the intrinsic activity and methane selectivity, the calculations focus on CO
dissociation and methane formation. The Mn modified models, shown in Fig. 1, were
chosen with Mn at the surface and subsurface as the XPS results indicate Mn enrichment
of the catalyst surface region. As mentioned, the probable experimental operating state of
Mn is MnO rather than Mn® [29] which is used in our calculations. Our XPS results also
show the presence of Mn®" which could indicate MnO or a more complex mixed
compound containing Mn, but for simplicity, promoters are often modelled as metallic

rather than oxidic for these types of calculations [28, 74].

The calculated adsorption energies of relevant species are shown in Table 3. All species
preferred adsorption in 3-fold hollow sites on the different model surfaces. From the
presented values, it is evident that the presence of Mn has a profound effect on the
adsorption energetics of C, H and O. A significant increase in adsorption energy due to the
presence of Mn is predicted for all the investigated species except CHs which is similar for
all the surfaces. The effect is strongest for the Mn-terminated surface (MnCo), with
changes in the adsorption energies being close to, or in excess of 1 eV, but is still
significant on the CoMnCo surface without direct Mn-adsorbate contact. The calculated
adsorption energies on clean Co(111) are in reasonable agreement with values found in the
literature, but as the majority of previous works have focused on the Co(0001) facet, direct
comparison is difficult. A previous direct comparison found Co(0001) to bind these species
slightly stronger compared to Co(111) [75]. Experimentally, previous investigations have
shown with TPD that Mn promotion increases CO binding energy on Co [66], agreeing
with our results, as well as on Fe [76] and Rh [77].

13



In this work, CO activation and CH4 formation is modelled after the carbide mechanism. In
this model, CO dissociates directly into C and O, while methanation and chain-growth
takes place by hydrogenation of C and coupling of CH», monomers. While the exact nature
of CO dissociation is highly debated [12], the carbide mechanism still retains some merit,
especially for surfaces which bind CO strongly [75]. Furthermore, since this is not a
mechanistic study, the carbide mechanism is deemed a suitable model reaction for this

work.

As seen in Fig. 10 and Table 4, CO dissociation is clearly more energetically favourable in
the presence of Mn with the promoter decreasing both the dissociation barrier and
increasing the stability of the dissociated state. The breaking of the strong, triple C-O bond
and subsequent monomer formation has been proposed as the rate determining step in FTS
[79]. Consequently, this find could help explain the enhanced intrinsic activity observed
for the Mn-promoted catalysts. A similar observation has previously been made on Mn
modified Rh [80, 81], where it was observed that the addition of Mn increased the binding
energies of CO, C and O as well as lowering the dissociation barrier. As here, Mn addition
also made the endothermic CO dissociation become exothermic. A similar correlation
between increased binding energies and decreased CO dissociation barrier has also
previously been observed when comparing dissociation of CO on Co step and terrace sites

[18, 82].

The energetics for the stepwise hydrogenation of surface C towards CHy is illustrated in
Fig. 11 and in Table 4. For the first 2 hydrogenation steps, or the monomer formation,
there is little difference in the behaviour between the clean Co and Mn modified surfaces.
A small increase in the hydrogenation barrier is observed with Mn modification for CH,
hydrogenation. Moreover, the adsorbed CH3; becomes less stable relative to CH,+H on the
Mn modified surfaces compared to the pure Co surface. The largest activation barrier is
predicted for the final hydrogenation step in methane formation which has also previously
been identified as the rate determining step in methane formation [22]. This step also
exhibits the largest differences between the Co and Mn modified surfaces, where the
activation barrier increases for the latter two surfaces. It can be seen that CHj
hydrogenation is made significantly less energetically favourable in the presence of Mn.
The hydrogenation barrier is increased, and a strong relative increase in CH3z binding
energy compared to the weakly binding CHy is observed. This unfavourable effect on CHj3
hydrogenation agrees with the experimentally observed methane inhibiting effect of Mn.
Another finding explaining the CHy selectivity effect is the strong relative increase in the
adsorption energies for the species binding via a C atom, particularly C and CH,. This may

indicate that in the presence of Mn, H is displaced by C-binding species, inhibiting
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hydrogenation. An increased surface coverage of C species in the presence of Mn has also

been observed experimentally by den Breejen et al. [83] using SSITKA.

Previous works have identified olefin binding energy to be the key descriptor for olefin
selectivity. Olefin binding energies have not been evaluated in this work. However,
observing the hydrogenation barriers in Fig. 11 and Table 4, it can be seen that while the
hydrogenation barriers for C and CH are similar, the barrier for hydrogenation of CH, is
increased, resulting in a net stabilising effect on CH», precursor to olefins and paraffins.
With the possible displacement of hydrogen, this may in turn increase the surface coverage
of CH». Consequently, a possible explanation for the experimentally observed increase in
olefin selectivity could be an increased surface coverage of olefin precursors coupled with
a decreased rate of hydrogenation. Furthermore, an increased surface coverage of CH, may
also induce C-C coupling. A decreased coverage of H could also inhibit chain termination
by hydrogenation. Both these effects offer a possible explanation for the experimentally
observed increase in Cs: selectivity for the Mn promoted catalyst compared to the Co

reference.

4 Conclusion

Using different impregnation methods, a series of y-Al,O3 supported Co and CoMn FTS
catalysts with the same cobalt loading were prepared. Compared to the Co catalyst, the Mn
promoted catalysts displayed a larger intrinsic activity, larger selectivity to light olefins
and Cs. species, whereas the selectivity to CH4 was considerably lower. Mn was found to
be closely associated with Co, and a surface enrichment of Mn was observed during the
course of operation. Theoretical investigations suggest that Mn promotion of Co has a
stabilising effect on the adsorption of CO, C, H, O, CHx compared to unpromoted Co. This
in turn decreases the CO dissociation barrier, which would explain the higher intrinsic
activity. Based on the DFT calculations, the selectivity effect observed for CH4 can be
explained by an increased barrier for CH4 formation. The predicted stabilising effect on
olefin and paraffin precursors on Mn promoted Co may lead to the increased selectivity
towards olefins and Cs: species observed experimentally. The selectivity effects were all
found to be independent on the catalyst preparation method, which can be attributed to a
surplus of Mn saturating the catalytically relevant sites causing similar behaviour. The Co-
specific activity differed between the Mn promoted catalysts. This was credited to varying
degrees of Mn incorporation in the Co304 lattice, causing different degrees of reduction

limiting the available metallic Co surface area.
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Table 1: Catalyst characterisation results

D [%] dcos0,° a” TPR peaks [°C] DoR
Catalyst H,Y XRD [nm] [A] C0304 — CoO  CoO — Co”  [%]
Co 55 8.1 158  8.0802(7) 292 429 87
Co+Mn 22 13 17.6  8.0933(7) 313 546 60
Co—Mn 34 84 153 8.0841(7) 333 467 79
Mn—Co 46 9.1 141 8.0858(8) 293 408 84

4 Measured by Ha-chemisorption, ® Measured by XRD. * Co3O4 unit cell parameter.

Table 2: Surface atomic ratios determined using XPS

Atomic Ratio
Catalyst State Mn:Co Co:Al Mn:Al (Co+Mn):Al

Co fresh - 0.06 - 0.06
Co+Mn fresh 049  0.04 0.02 0.06
Co—Mn fresh 0.97  0.02 0.01 0.03
Mn—Co  fresh 0.12  0.08 0.01 0.09
Mn fresh - - 0.31 0.31
Co spent - 021 - 0.21
Co+Mn spent 0.65 0.12 0.08 0.20
Co—Mn  spent 0.99  0.06 0.06 0.13
Mn—Co  spent 0.61 0.12 0.08 0.20

Table 3: Adsorption energies of the main surface species on the Co and Mn-modified Co model
surfaces

Species/ Eoas [eV]

surface Co(111)  Co/Mn/Co(111)  Mn/Co(111) Literature values

CcO -1.76 -2.13 -2.55 -1.61°% -1.88° -1.66°, -1.43¢

C -6.95 -7.43 -8.15 -6.80% -6.71°, -6.46°, -6.54°, -6.62", -7.092
0] -5.73 -6.19 2727 -5.61% -5.43° -5.34¢, -5.42"

H -2.84 -3.25 23.75  -2.88°,-2.72¢, -2.94%, 2.85"

CH -6.42 -6.83 -7.55 -6.31° -6.54°, -5.99"

CH, -4.02 -4.54 -5.44  -3.86°, -3.86°, -3.85"

CH; -1.93 -2.38 -3.03  -2.00° -1.89°

CH,4 -0.02 -0.02 -0.02

3 Co(111), ™ Co(0001). » PBE functional, VASP Code [75],® PW91 functional, DACAPO Code [15], © PWO1 functional,
CASTEP Code [18], ¥ PBE functional, VASP Code [78], © PBE functional, SIESTA Code [20], ? PW91 functional,
CASTEP Code [19], ® PBE functional, VASP Code [26], ™ PBE functional, VASP Code [25].
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Table 4: Elementary reaction energy barriers on the Co and Mn-modified Co model surfaces

Elementary reaction/ E,[eV]

Surface Co(111)  Co/Mn/Co(111)  Mn/Co(111) Literature values
CO—-C+0 2.43 2.27 1.13  2.48% 3.80° 2.70°
C+H—CH 0.77 0.62 0.85  0.41° 0.83% 0.85"
CH + H— CH» 0.66 0.57 0.76  0.37° 0.65% 0.66"
CH,+ H— CH; 0.47 0.69 0.66  0.60%, 0.63"

CHs+ H— CH,4 0.82 1.06 126 0.96°, 1.09

aCo(111), ® Co(0001) w/0.5 ML CO, ¢ Co(0001). & PBE functional, VASP Code [75], ® PW91 functional,
DACAPO Code [15], © PW91 functional, CASTEP Code [18], ® PBE functional, SIESTA Code [20], ) PW91
functional, CASTEP Code [19].
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Figure 1: Top view of the different model surfaces used in the calculations. The (2x2)
surface unit is outlined. (@ = Co, @ = Mn). Visualised using VESTA [49].
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Figure 2: Temperature programmed reduction profiles for CoMn/AL,Os -catalysts.
Reduction conditions: 50 mL/min 10%H»/Ar flow, 800 °C (10 °C/min). Co: Co
reference, Co+Mn: Co-impregnated, Co—Mn: Sequentially impregnated, Co first,
Mn—Co: Mn first, Mn: Mn reference.
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Figure 6: Catalyst selectivity towards C»-Cs4 olefins evaluated at T = 240 °C and different
CO conversion levels (left) and 50 = 5 % CO conversion and different temperatures
(right). Co: Co reference, Co+Mn: Co-impregnated, Co—Mn: Sequentially impregnated,
Co first, Mn—Co: Mn first.
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Sequentially impregnated, Co first, Mn—Co: Mn first.
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Figure 9: Catalyst selectivity towards CH4 evaluated at T = 240 °C and different CO
conversion levels (left) and 50 + 5 % CO conversion and different temperatures (right).
Co: Co reference, Co+Mn: Co-impregnated, Co—Mn: Sequentially impregnated, Co first,
Mn—Co: Mn first.
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Figure 10: Potential energy diagram for CO adsorption and dissociation on Co and Mn-
modified Co model surfaces. Energies shown relative to the clean surface with CO(g).
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Figure 11: Potential energy diagram for CH4 formation on Co and Mn-modified Co model

surfaces. Energies are relative to that adsorbed C* and H* with 1.5 H; in the gas phase.
Grey, dotted lines indicate the energy change due to the adsorption of an additional H.
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