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1 Calculation of partition functions

To be able to calculate the temperature dependent corrections to the enthalpy, entropy and free energy values of each
species, the partition function of each species needs to be known. This can be calculated using the approximation:

qi = 4ivibqirotqi trans

where g¢; i, is the partition function due to vibrational motions, g;ro is the partition function due to rotational motions
and g; rrans is the partition function due to the translation motion.

1.1 Vibrational partition function

The calculation of the vibrational partition function g; 4, is simplest within the harmonic oscillator approximation. The
energy-levels of an harmonic oscillator can be calculated from quantum mechanics and, assuming the particle has 3N — 6
vibrational modes (v;), the partition function can be expressed as:

3N—-6 1

qivib = l—! 1 — e—hvi/kgT
i

where £ is the Planck constant, kg the Boltzmann constant and T is the temperature.

1.2 Free rotation and translation

The free rotational partition function, g;ror, is estimated from the energy eigenstates of the Schrédinger equation that
describes rotation of a free particle. The exact form of the equation within the harmonic approximation depends on
whether the species is a linear or a spherically symmetric rotor, or in general an asymmetric rotor. For a linear rotor the
quantum partition function is the sum over energy states J in the form

o _JU+D
4 lin,rot = Z (27 +1)e Olin,rot ,J=0,1,2,...
J=0
where the rotational temperature @y ror = 2”£§T and I is the moment of inertia. In the classical limit the states can be

considered to be nearly continuous and thus the sum can be replaced by an integral:

_JU+D

qz?,llailrsl,rot = /0 (2 +1)e Clmrord] = Olinror

Before continuing, note that for centrosymmetric linear rotors the symmetry number (¢) must be included. Since non-
centrosymmetric linear rotors have symmetry number ¢ = 1 we have in general

clas _
49; lin,rot — ®1in,rot / 9
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For a spherically symmetric rotor a similar approach can be followed leading to the formulation:

o0 _JU+D
49 spher,rot = Z 27+ l)2e Osphesot J=0,1,2,...
J=0

In the classical limit this reduces to:
clas

4 spher,rot ~ H(GSPher,mt)a/o-

In the present microkinetic model the quantum formulations were used by applying an asymptotic expansion based
on the Euler-Mclaurin series. To maintain accuracy the Euler-Mclaurin series was truncated only after 20 terms in the
actual code implementation. Aside from linear rotors, the spherically symmetric rotors (of which CHy is an example)
can also be expressed in a form that can be represented exactly using a similar approach as the one thus far outlined. If
a species is neither linear nor spherically symmetric, we use a quasi-spherically symmetric approximation by rescaling,
setting Iy =Ig =Ic = W, InIplc.

The free translational partition function is calculated by summing over the energies of the eigenstates of the Schrodinger
equation for a free particle. Along one dimension this is given by:

0 n2x?

1D _ " 8mkgTI2
Gtrans = Z e "B
x=1

Once again the translational temperature ©; ;,4,s = 27tm;kpT /h* can be used, giving

2

oo —X
Qtlr]gns = Z o O
x=1

where m; is the mass and [ is the translational length of the dimension. In the classical limit the sum is replaced by an

integral giving
2

qtlr]iifslas = ¢ iarans dx = | O trans
x=0
The calculation of the exact translational partition function can be achieved by applying an asymptotic expansion based on
the Euler-Mclaurin series. To maintain accuracy the Euler-Mclaurin series was truncated only after 16 terms in the actual
code implementation. The direct sum is implemented for 47[12®;Y,mns<1.535 because, interestingly, the Euler-Mclaurin

series terminates in this case, such that the asymptotic expansion just evaluates to

1
Qtlr]gns (®i,trans) = Qtlr[;;fsas(Gi,traHS) + 1/2

1.3 Partition function of species with frustrated motions

On surface sites the translational and rotational mobility of a species will depend on the energy landscape it experiences.
These motions can be considered to take place within an energy potential. Due to the periodicity of rotation and translation
over a surface lattice the frustrated motions will be represented by a particle in motion in a cosine potential well. In
kinsolv the implemented formulation of a frustrated rotation partition function follows the approach given by McClurg
et al.! To calculate these values a vibrational frequency that represents the frustrated rotation, along with a rotational
barrier should be provided. Hindered translational motions can also be described using potential functions that are sums
of cosine-potentials, with each cosine-potential along a specific dimension. The implementation for frustrated rotations
can directly be applied to hindered translations by noting that the vibrational frequencies that are used in this case should
relate to the translational motions.

1.4 Linking sticking probability to partition functions

Adsorption transition states are described by a 2D free translating gas over the active site area. Although this ensures
thermodynamic consistency, it might overestimate the actual adsorption rates of these gases. Since the usual Collision
Theory approach that is frequently used in microkinetic models is not thermodynamically consistent,? we decided to
rather include an ad hoc correction scheme to the transition state species in the kinsolv program that is akin to the notion
of sticking probabilities. This is similar to the collision theory approach, while maintaining thermodynamic consistency.
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The sticking probability is the ratio
F, stick(ev T) = N{VSti.Ck
impinge

where Ny ¢ is the number of particles that stick to a surface area per second and Niypinge is the number of particles that
impinge with the same surface area per second. If Py;q < 1 it implies that the some of the gas species were repelled back
to the gas phase by the local energy landscape at the transition state. In the most general sense, the sticking probability
is a function of temperature and coverage. The sticking probability at some temperature in the limit of zero coverage is
then So(7T) = Pytjec(0,T). In the correction scheme applied within kinsolv, the sticking probability is assumed to affect the
partition function of the transition state directly, and it thus behaves as an attenuation factor:

CjTS,i = Qi,vibcﬁ,rotq:',trans-Pstick(ea T) ~ Qi,vibCIi,rotCIi,transSO

The effective free energy of the transition state thus increases as Py decreases to zero.

For species such as CO* and ethylene S is close to unity, while for H, a value of Sy = 0.03 is used (experimental value
ranges between 0.01 and 0.05) 2 for the terrace-like sites and a value close to unity for the step site. For paraffin products
like CH4 and ethane, S is usually very small and a value of 10~® was therefore used.

2 Thermochemical correction to gas phase species

It is essential for an overall good description of the chemistry to ensure the overall gas phase thermodynamics is correct.
If this is not the case, any equilibrium process will be incorrectly described, as well as gas to surface adsorption and
desorption processes. The overall thermodynamics for the reactions described here is well studied and the DFT results can
be checked and corrected in respect to these.

It must be noted that there is a known inherent problem in DFT in calculating the electronic state of CO.*° Calculated
CO adsorption energies can be incorrect relative to the experiment, with deviations of between 0.15 €V and 0.50 €V. If the
calculated electronic energy of CO is used as is, there is a mismatch in the overall thermodynamics of all the gas phase
reactions involving CO, as well as resulting in overestimated adsorption energies. An in-depth discussion of the origins of
this effect is outside the scope of the current work. However, it implies that we need to correct the energy level of the
gas phase CO molecule. By using the DFT calculated gas phase enthalpies and free energies, the energies of the gas phase
species can be adapted to ensure that the resulting temperature dependent curves agree with the experimental values. A
thermochemical correction of -0.49 eV was applied to the CO gas phase electronic energy to improve the agreement with
the experimental enthalpies.

To obtain the correct Gibbs free energy dependence on temperature for the gas phase species, the calculation of the
entropy contribution is very important. This is done by calculating the number of states accessible to the molecule at
a given temperature (partition functions). We have compared a number of experimentally observed accessible states of
the gas phase molecules,® with the corresponding calculated partition functions in kinsolv. The individually computed
partition functions of most of the gas phase molecules (CO, H,, CO,) are in good agreement with experimental partition
functions in relevant temperature ranges. However, the roto-vibrational partition function of H,O and CH4 were somewhat
less accurate. A correction was applied to obtain a better experimental agreement. The H,O molecule is an asymmetric
top when it comes to rotation. The quasi-spherical approach in kinsolv seems to result in too few states (see Figure 1). The
approximately correct number of roto-vibrational states can be obtained by changing the symmetry number of H,O to the
value of 0 =~ 0.25 (four times more states than the calculated unsymmetrical value). The methanation reaction (M1, see
below) was chosen as a test case since it is a representative and typical reaction which forms part of the Fischer-Tropsch
process. The recalculated thermodynamics of the methanation process with the correction applied to Hy, can be seen in
Figure 2. By changing the water symmetry number, a better agreement between the calculated and experimental values is
obtained. In a similar manner the apparent symmetry number for CH4 of 0.75 was obtained. Other gas phase corrections:
CH4 0 = 0.125 and Ej corrected by -0.161 €V. C;Hg o = 0.08 and no E\ correction was needed.

The calculated overall thermodynamics of the gas molecules were compared to the experimental overall gas phase
thermodynamics of four relevant reactions involved in the methanation reaction:

M 1. CO + 3H; &= CHy + H,O

M2.2CO + 2H; = CHy + CO,
M 3. 4H, + CO, = CH4 + 2 H,0
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M 4. CO + H,O0 = CO; + Hy

For all the species involved the corrected DFT calculated energies, vibrational frequencies and moments of inertia were
used. The comparison of our calculated thermodynamic values to the experimental values can be seen in Figure 3. From
this figure it is clear that the reaction enthalpies and their temperature dependence are accurately described by kinsolv
up to 1000 K. The Gibbs free energy changes are very sensitive to the entropy values. Despite this we obtain a very good
agreement with the experimental values up to 1000 K. Note reaction M 4 (which does not contain CHy4) corresponds the
best with experiment. The slight mismatch of the reaction containing CH4 indicates that there is still a small level of
uncertainty which lies within the calculation of the CH, partition function. The agreement with the experiment is good
enough to validate the gas phase values used in the microkinetic model implementation. In a similar manner the C, gas
species were also corrected to ensure a good agreement with the experimental thermodynamics.

3 Coverage dependence of CO* on Co(100)

The energy values for CO* on Co(100) were calculated using plane-wave periodic boundary condition Density Functional
Theory (DFT). The DFT calculations used were performed with the Vienna ab initio Simulation Package (VASP) 7~ using
plane waves and ultrasoft pseudopotentials (US-PP). 1011 All energies were calculated using the generalized spin-polarized
gradient approximation (GGA) with the Perdew and Wang exchange-correlation functional (GGA-PW91).!? The electron
distribution at the Fermi level was modelled by Methfessel and Paxton!® smearing with ¢ = 0.2 eV. The cut-off energy
for the calculations was set to 400 eV and dipole corrections were applied. A Fcc Co(100) surface model with 4 layers,
with a 10 A vacuum layer was used. A p(3 x 3) surface unit cell was used for the calculations and the k-point sampling
was generated by following the Monkhorst-Pack 4 procedure on a 4 x 4 x 1 mesh. Partial Hessian vibrational analysis was
performed on the calculated structures. From these calculations we obtained the vibrational frequencies (v;) within the
harmonic approximation. From the list of frequencies the vibrational zero-point energy was calculated Ezpyg = %):ihvi,
with 4 as the Planck constant.

The number of CO molecules in the unit cells was systematically increased from 1 to 9 to obtain a coverage dependent
adsorption energy curve. The resulting curve can be seen in Figure 4.

4 CO desorption profile on Co(111)

Two cases for the description of CO adsorption energies were initially considered on Site-A/Co(111). In the first, a
constant adsorption energy (about 1.26 €V) was used. In the second case the energy of CO on the Co(111) surface was
made coverage dependent. This coverage dependent CO adsorption energy profile was extracted from two sources. The
first profile was extracted from Lahtinen et al. > who performed detailed studies on CO desorption. Using the temperature
programmed desorption (TPD) spectrum, a coverage dependent CO desorption energy profile was constructed assuming
a saturation coverage of 0.60 ML. The second source was desorption data based on previous in-house surface science
experiments. ©

The coverage dependent CO adsorption energies can be seen in Figure 5. The resulting comparison of CO* coverages
using these three approaches during a TPD (at 2 K.s~' ramp rate and 1 x 10~/ mbar CO) simulated with kinsolv can be
seen in Figure 5. It is clear that the use of a constant adsorption energy results in a very different behaviour of the model
compared to the coverage dependent profiles. A constant value would result in a too large CO coverage and an incorrect
desorption peak. The result for the TPD trace using the coverage dependent energy based on our in-house work!® is
compared to the experimental ultra-high vacuum Co(0001) CO TPD trace!® in Figure 6. The resulting TPD trace for CO
corresponds well with the experimental TPD.

Similar efforts were made to ensure the description of H* is correct. The simulated TPD traces of H* desorption
correspond well to the experimental results. These have been reported earlier. 3

5 Descriptor for C, formation selectivity

A comparative selectivity descriptor value is used to assess whether the microkinetic model is producing a sufficiently
meaningful amount of C, products compared to what is experimentally expected. To do this we use a C; to C; C atom-
based ratio:

S: 2}’(;2

rcl
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where rc, is the sum total TOF of C, production and rc, is the TOF of methane production. The expected values of S, as
derived from a variety of experiments, 1727 vary depending on the catalyst preparation and the reaction conditions, but it
ranges typically between 0.1 and 0.3 with a mean around 0.15. The summary of the data set used is shown in Table 1.

Table 1 Summary of S’ values obtained from a selection of experimental FTS product distributions

Year Reference T (K) Protal H,:CO Xco S Catalyst?
1989 Satterfield I 493 11.8 1.6 11-70 0.257 Co/Si0,/MgO
1989 Satterfield 17 503 7.9 1.5 11-70 0.291 Co/Si0,/MgO
1993 Iglesia et al. 18 473 20 2.0 9.5 0.200 Co/TiO,
1994 Van Berge 17 495 4 1.7 0.202 Co/Al,03/Re
1994 Van Berge 495 20 1.7 0.129 Co/Al,03/Re
1997 Claeys 20 463 8.4 2.3 0.159 Co/Si0,/Zr0,
1997 Iglesia 2! 473 20 2.05 55-65 0.102 Co/Si0,
1997 Iglesia?! 473 20 2.05 55-65 0.100 Co/TiO,
1997 Iglesia?! 473 20 2.05 55-65 0.150 Co/Al,05
2003 Zwane %2 493 20 2.0 0.226 Co/Al,03/V,05
2004 Dry?3 493 20 0.210 Supported Co
2004 Dry?23 503 0.175 Supported Co
2004 Dry?23 503 0.226 Supported Co
2009 Bertoncini et al. 24 503 20 2.0 56 0.140 Co/Al,04
2011 Visconti et al. 2% 503 20 2.1 0.134 Supported Co
2014 Todic et al.2° 766 15-25 1.4-2.1 26-57 0.106-0.145 Co/Al,03/Re
2014 Todic et al. 26 751 15 1.4-2.1 18-62 0.095-0.189 Co/Al,03/Re
2014 Todic et al.26 776 15-25 1.4-2.1 16-53 0.109-0.156 Co/Al,03/Re
2015 Kasht et al. 2’ 513 20 2 58 0.149 Co/Al,05
2015 Kasht et al.2” 513 65 2 70 0.191 Co/Al,03

Mean 0.148

Min. 0.095

Max. 0.291

@ Catalyst formulation format "Co/Support/Promoter"
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Table 2 Outputs of the microkinetic analysis of the combined multi-site model at the reference conditions (7" = 503 K; P, = 20 bar; Inlet H,:CO = 2;
Xco = 50%) for scenario S2

Response Value Unit

rco -0.035 s—I

rcH, 0.031 s

rc, 0.001 s

S 0.071

Scn, 89 C-%

Sco, 5 C-%

Coverages (ML) Site-A Site-B Site-C

0¢ 0.670 0.180 0.150

Oco 0.394 0.086 0.009

Oy 0.023 8.39 x 107° 6.40 x 1076
Ouco 2.62 x 1078 5.64 x 1077 2.68 x 1078
6con 2.80 x 1078 1.08 x 10~8 2.07 x 10710
6c 2.47 x 10710 0.021 9.56 x 107¢
Ocn 4.63 x 1077 0.006 1.19 x 1073
Oc, 1.24 x 1077 3.92 x 1078 3.19 x 1079
Octs 5.20 x 1073 4.74 x 1070 7.40 x 107°
6o 0.234 0.059 0.022

Oon 5.58 x 10~* 9.49 x 1073 0.119

Oc, 0.017 0.007 1.56 x 107*
0. 6.51 x 10~* 4.54 x 1077 6.75 x 1078

@ Initial amount of empty sites included in the model

Table 3 Outputs of the microkinetic analysis of the combined multi-site model at the reference conditions (7 = 503 K; P, = 20 bar; Inlet H,:CO = 2;
Xco = 50%) for scenario S3

Response Value Unit

rco -0.051 s~!

rcH, 0.046 s

rc, 0.001 57!

N 0.045

Sch, 92 C-%

Sco, 4 C-%

Coverages (ML) Site-A Site-B Site-C

08 0.670 0.180 0.150

6co 0.394 0.091 0.010

Oy 0.032 1.22 x 1073 8.19 x 107
Ouco 3.68 x 1078 8.23 x 1077 3.42 x 1078
Ocon 3.93 x 1078 1.12 x 10°8 2.64 x 10710
6c 1.94 x 10710 0.017 7.07 x 107
Ocn 4.13 x 1073 0.005 1.11 x 1073
Oc, 1.25 x 1077 4.10 x 1078 3.16 x 10~°
Ocn, 5.91 x 107? 5.60 x 10~° 7.83 x 107¢
6o 0.231 0.061 0.019

Oou 6.20 x 10~ 1.10 x 1073 0.120

Oc, 0.011 0.005 6.64 x 1073
6. 8.06 x 10~ 5.83 x 1077 7.59 x 1078

¢ Initial amount of empty sites included in the model

101-13



Table 4 Outputs of the microkinetic analysis of the combined multi-site model at the reference conditions (7' = 503 K; P,,;; = 20 bar; Inlet H,:CO = 2;
Xco = 50%) for scenario S4

Response Value Unit
rco -0.028 s
rcw, 0.023 s
rc, 0.001 s
N 0.113
ScH, 79 C-%
Sco, 12 C-%
Coverages (ML) Site-A Site-B Site-C
08 0.670 0.180 0.150
6co 0.396 0.123 0.075
Oy 0.270 0.002 6.14 x 10~
Ouco 4.30 x 1077 1.16 x 10~* 2.47 x 107¢
Ocon 4.60 x 1077 9.35 x 1077 1.91 x 10°8
6c 2.27 x 1071 1.07 x 10°° 1.08 x 10°°
Ocn 1.49 x 107 1.67 x 107 1.67 x 1073
Oc, 1.39 x 10710 1.12 x 1011 1.13 x 10~ 1
Oct, 1.99 x 10710 1.40 x 10710 1.40 x 10710
6o 0.002 0.007 0.001
Bou 6.13 x 107> 1.31 x 107 0.073
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0. 9.89 x 1074 8.64 x 1076 5.75 x 1077
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Fig. 8 Comparison between microkinetic calculated FTS rates and experimental summary macrokinetic models M1 (top) and M2 (bottom) for different
scenarions: S1 (left); S2 (middle); S4 (right). All rates are normalized to a single condition (7 = 503 K; P, = 20 bar; Inlet Hy:CO = 2; xco = 50 %).
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Fig. 9 The carbon atom reaction network for the multi-site Co microkinetic model under scenario S2 at the standard reference condition (T = 503 K;
Py = 20 bar; Inlet H,:CO = 2; yco = 50 %). The arrow thickness is an indication of the scale of the rate and the C mol-% flow is indicated in the labels.
The network was truncated at 1% of the total CO conversion rate.
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Fig. 10 The carbon atom reaction network for the multi-site Co microkinetic model under scenario S3 at the standard reference condition (7 = 503 K;
Poorar = 20 bar; Inlet Hy:CO = 2; yco = 50 %). The arrow thickness is an indication of the scale of the rate and the C mol-% flow is indicated in the labels.
The network was truncated at 1% of the total CO conversion rate.
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