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1 Potential energy diagrams

Potential energy diagrams for the Surface_Bidentate_Dissociation, Surface_Dissociation,
and Surface_Dissociation_to_Bidentate families are shown in Figures[SI]to [S3|

2 Raw DFT data

The raw DFT data and results from the vibrational analysis are shown in Table [S1]
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Surface_Bidentate_Dissociation
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Figure Sl1: A potential energy diagram for the reactions added to the
Surface_Bidentate_Dissociation family training reaction database in RMG, show-
ing the (higher) first reaction energy barriers which are listed in Table 1 of the main
manuscript, and the subsequent diffusion barriers leading to a more stable final state (if
there is one).
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Figure S2: A potential energy diagram for the reactions added to the Surface_Dissociation
family training reaction database in RMG, showing the (higher) first reaction energy barriers
which are listed in Table 1 of the main manuscript, and the subsequent diffusion barrier (2b)
and energy decline (2¢) leading to a more stable final state.

S-2



Surface_Dissociation_to_Bidentate
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Figure S3: A potential energy diagram for the reactions added to the
Surface_Dissociation_to_Bidentate family training reaction database in RMG,
showing the (higher) first reaction energy barriers which are listed in Table 1 of the main
manuscript, and the subsequent diffusion barrier (3a) and energy decline (3b and 3c) leading
to a more stable final state.
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3 Transition State Theory and BEP relations

We calculate the reaction rate constants using canonical transition state theory (TST):

kT Q*
krsr(T) = igRe(_EO/RBT), (1)

where Qt and Qp are the transition state and reactant partition functions, respectively, and Ep
is the potential energy barrier. In this study, we use the harmonic approximation to obtain the
partition functions. RMG uses Arrhenius-type equations for to compute the rate constants. Fitting
a regular Arrhenius expression to the rate constants is sufficient over the considered temperature
range, which reads as

k(T) = 7Fn_1e<*Ea/RT> (2)

where n is the number of reactants and I' is the surface site density of the Pt(111) facet, which is
determined from the (3x3) unit cell to be 2.39 x 1072 molcm=2. Figure shows a comparison

of the fitted Arrhenius expressions and the rate constants derived from harmonic transition state
theory.
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Figure S4: Comparison of the rate constants derived from transition state theory and
from the fitted Arrhenius expressions for the a) Surface_Bidentate_Dissociation, b)
Surface_Dissociation, and ¢) Surface_Dissociation_to_Bidentate family.

Bronsted (Bell)-Evans-Polanyi relations™!
according to their reaction families.

were constructed by grouping the elementary reactions

E, = FEy+ aAHmcna (3)

where Ej is a reference activation energy. The slope a describes the dependence of the activation
energy on the reaction enthalpy, and correlates with the position of the transition state along the
reaction pathway.

Figure [S5] show the rate constants calculated from DFT with the rate constants calculated using a



general rate rule in RMG,

k(T) = Ao~ (Bd+aAHyzp) /RT, n

for the new and updated reaction families, respectively. BEP plots were used to get values for «
and EY, whereas A and n were obtained by fitting to the average rate constant of the respective
family. The plots show that while the general rules are relatively close to the TST result for some
of the reactions, for others it differs from the TST rate constant results, ks, by multiple orders
of magnitude. This deviation is mostly caused by the uncertainty in the BEP relations of approx.
+30kJmol ™! due to the scatter of the data points. Therefore, BEP results are useful to obtain a
rough estimate of the rate constants for unknown reactions, but it is necessary to perform additional
electronic structure calculations to refine the rate constants. All investigated reactions in this work
were provided in a reaction library. If RMG finds a reaction in a library, these parameters are
prioritized over the general rate rules.

a b c
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Figure S5: Rate constants from transition state theory and the rate constants calcu-
lated with the BEP rules in RMG for the a) Surface_Bidentate_Dissociation, b)
Surface_Dissociation, and ¢) Surface_Dissociation_to_Bidentate family.

Table S2: The modified Arrhenius parameters for the reverse of reactions that are endother-
mic in the forward direction. In the training reactions database of RMG, A is divided by
the surface site density I' = 2.471 x 10~ molm~2.

Rxn label Reaction A (m%mol 's7!) Ea (kJmol™")
Lerey "CH, + CH, = CH,CH, 9.89 x 1023 154
ey ‘CH+ 0 =HCO 6.54 x 102! 142
18rey "CH, + 'O = "CH,0 2.20 x 1022 115
Qe "CH'CH + H= CHCH, +  3.68x 102 76
2Dy ‘CH,CH + 'H = "CH,CH, + =~ 6.21 x 102 63
2d,ev ‘C'CH + H = "C°CH, + 5.19 x 1019 34
260y "C"CH + 'H = "CH'CH + 3.32 x 102! 62
3Crev "CH,0 + H — CH,OH | 27 8.22 x 10% 29
3dsey "C"CH, + 'H = "CCH, + 2~ 1.07 x 1022 72
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4 Heat of reaction comparison

Table [S3] shows a comparison of the enthalpies of reaction computed from the DFT energies of the
initial and most stable final state with the reaction enthalpies from the enthalpies of formation in
the RMG database. There are three reasons for the deviation between these two reaction enthalpies.
First, the enthalpies of formation are calculated at a low coverage limit at 1/9th mono layer (ML),
while the final state has a coverage of 2/9th ML, as both adsorbates are on the same slab. There-
fore, these two adsorbates exhibit repulsive interactions. These repulsive interactions decreases the
stability and lead to a higher energy configuration. Second, the most stable configuration for the
final state is not necessarily the most stable configuration if each adsorbate is on a vacant surface.
Third, when we calculate the reaction enthalpy directly from the initial and final state using the
zero-point corrected DFT energies, we achieve a cancellation of the DFT errors. Converting these
energies first to enthalpies of formation using the adsorption reaction approach described in the
work of Blondal et al. does not exploit this error cancellation. Due to all these reasons, we see
differences between the reaction enthalpies from RMG and from the DFT energies.

Rxn label AHDPET (kJmol™) AHRME (kJmol™)

rxn rxn

Surface Bidentate Dissociation

la -77.1 -92.3
1b -79.5 -91.9
1lc -49.2 -53.4
1d 0.0 -2.1
le 71.5 67.5
1f 40.1 39.5
1g 29.5 37.2
Surface Dissociation
2a, -6.7 0.8
2b -6.9 19.1
2c -74.0 -52.8
2d 127.9 115.8
2e 130.0 93.5
2f 44.0 -21.6
Surface Dissociation to Bidentate
3a, -41.4 -12.8
3b -34.4 -7.0
3c 20.9 41.0
3d 29.9 44.1
Surface vdW to Bidentate
4a, -156.1 -172.3
4b -35.0 -71.2
4c¢ -44.1 -6.7
Surface Adsorption Bidentate
Ha, -255.1 -221.4
5b -147.5 -118.2
5¢ -69.4 -60.8

S-9



Rxn label AHDET (kJmol ") AHEME (kJmol ')

rxXn
Surface Monodentate to Bidentate

6a -148 -128.1
6b -86 -49.5
6¢c 6 28.8

Table S3: The heat of reaction AH,,, considering the most stable final state, AH,,, obtained
with RMG database values.

4.1 Mechanism Generation

Table summarizes all the rate rules that were used in RMG for the automated construction of
the reaction mechanisms for the non-oxidative dehydrogenation of ethane.

Table S4: Bronsted-Evans-Polanyi relations for the reaction families with an exemplary
reaction and the literature source of the relation.

A(cm?mol s~ a/— Eyo/kJmol™' Reference
or
A (em*mol %) 1
or A (s71)* or

Reaction family

AT

Dissociation of double bonds in « position CO+ ="C+ 0

R-R 4.18 x 10%! 0.84 185.1 Wang et al.52

C=0 4.18 x 10% 0.77 142.8 Sutton and Vlachos®3

C-C 4.18 x 10% 0.72 126.4 Sutton and Vlachos®3
Dissociation in « position ‘CH+ = "C+H

R-R 4.18 x 10%! 0.84 185.1 Wang et al.52

C-C 4.18 x 10%! 0.72 126.4 Sutton and Vlachos®™2

C-0 4.18 x 102! 0.77 142.8 Sutton and Vlachos®™2

C-H 4.18 x 102! 0.57 75.3 Sutton and Vlachos®™2

O-H 4.18 x 10%! 0.26 73.3 Sutton and Vlachos®3

C-OH 4.18 x 102! 0.58 117.7 Sutton and Vlachos®2
C-H (bidentate) 7.25 x 1020 0.961 93.6 This work
Dissociation in 5 position "COH + "= "CO + 'H

R-R 4.18 x 102! 0.84 185.1 Wang et al.52

C-H 4.18 x 10 0.58 112.9 Sutton et al.>4

O-H 4.18 x 10?1 0.26 73.3 Sutton and Vlachos®?

Dissociation in 8 position forming physisorbed species

"COOH + ~ == CO, + H

R-R 4.18 x 10% 0.58 112.9 Sutton et al.>4

C-H 4.18 x 10% 0.58 112.9 Sutton et al.>4

O-H 4.18 x 10%* 0.26 73.3 Sutton and Vlachos®™3

Dissociation of physisorbed species HZO* + " ="OH+"H

R-R 4.18 x 10%! 0.84 185.1 Wang et al.52

H,O 2.09 x 102 0.51 97.5 Wang et al.52

C-OH 4.18 x 102! 0.58 117.7 Sutton and Vlachos®3
C-H 4.18 x 102! 0.57 75.3 Sutton and Vlachos®3




A(cm?mol ™ 's~1h)
or
A (em*molZs~ 1)1
or A (s71)* or

Reaction family

a/—  FEy/kJmol™' Reference

A
C,Hg 4.18 x 10?1 0.57 75.3 Sutton and Vlachos™?
CyH, 4.18 x 102! 0.57 75.3 Sutton and Vlachos®™?
CH,4 4.18 x 102 0.57 75.3 Sutton and Vlachos®™3
Adsorption of physisorbed species CO,y + . CO;
R 0.1 0.0 0
Dissociative adsorption CH, + 2 T — *CHS +"H
R 0.19 0.69 107.9 Wang et al.52
O-H 0.1 0.69 107.9 Wang et al.52
C-H 0.19 0.69 107.9 Wang et al.>2
H, 0.1 0 5
CsHg 1.199 0 33.6 Cushing et al.5?
CH,0OH 0.19 0.76 107.1 Wang et al.52
Abstraction in « position *CH3 + 70 = *CHQ + "OH

R-R,R 4.18 x 10% 0.37 99.3 Kreitz et al.=¢

R-HR 4.18 x 10% 0.37 99.3 Kreitz et al.=6

C-H,0 4.18 x 10% 0.94 129.3 Sutton et al.>”

0-H,0 4.18 x 10%! 0.65 15.4 Sutton et al.>”

C-H,C 4.18 x 102! 0.37 99.3 Kreitz et al.>0

Abstraction in § position "COH + "0 == "CO + "OH
R-R,R 4.18 x 10% 0.94 129.3 Sutton et al.>t
R-C-H,O 4.18 x 10 0.94 129.3 Sutton et al.5T
R-O-H,O 4.18 x 101 0.65 15.4 Sutton et al.5T
Abstraction in 3 position forming one physisorbed species "COOH + "0 = CO; + "OH
R-R,R 4.18 x 10% 0.94 129.3 Sutton et al.>7
R-C-H,0 4.18 x 10% 0.94 129.3 Sutton et al.57
R-O-H,0 4.18 x 10% 0.65 15.4 Sutton et al.57
Abstraction in 8 position forming two physisorbed species "COOH + "OH =— CO; + HQO*

R-R,R 4.18 x 10% 0.68 106.1 Sutton et al.>t
R-C-H,OH 4.18 x 10 0.68 106.1 Sutton et al.>?
R-O-H,0H 4.18 x 10% 0.02 1.9 Sutton et al.>7

Bidentate dissociation "CH'C = "CH + "C

R-R.R 1.187 x 1012 ¥ 0.842 145.69 This work
Monodentate dissociation to bidentate adsorbate *CHQCHS 42" — *CH;CHQ +'H

R-R.R 5.726 x 1020 0.082 50.67 This work
Monodentate to bidentate *CCHQ + " = *C*CHQ

R-R,R 1 x 10 10.0 0 This work
Physisorbed species to bidentate adsorbate CHch; + = *CH;CHQ

R-R,R 1.838 x 102! 0 12.20 This work

Coverage dependent thermochemistry

The most abundant surface intermediate during the non-oxidative dehydrogenation of CyHg
on the Pt(111) surface is ethylidyne ( CCHgz). It will cover the entire surface and reduces
the amount of vacant sites necessary for the reaction. DF'T calculations were performed at
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varying coverages on a Pt(111) (3x3) surface, starting with 1/9th monolayer, which is the
reference coverage to 5/9 of *CCHg coverage. These electronic structure calculations were
performed as part of a previous project using the BEEF—vdW functional, which is consistent
with the thermophysical values in the RMG database. For details on the DFT calculations,
the interested reader is referred to.5® Due to repulsive lateral self-interactions, the enthalpy
of formation A¢H decreases strongly with increasing coverage © as seen in Figure [S6]
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e DFT I “CCH3
1.75 H— Fit

=

w1

o
T

1.25

1.00 |-

0.75 |-

A heat of formation (eV)

0.50 |-

0.25 F

0.00 -
0.0 0.2 0.4 0.6 0.8 1.0

*CCHs; coverage

Figure S6: Coverage dependence of the enthalpy of formation of "CCHj, as a function of its
own coverage on Pt(111).

In order to subject the enthalpy of formation with a coverage dependence to account for this
behavior, a second-order polynomial was fitted to the data. The polynomial reads as

“CCH,4 CCH, (5)

where a and b are the fitted parameters and amount to a = —0.683eV and b = 4.269¢V,
respectively. The effect of coverage on the entropy or heat capacity was neglected, as this
effects the stability to a minor extent.

Convergence Study

Figure [S7] shows the results from the convergence study, which was used to finalize the
termination rate ratio.

Additional Simulation Results

Figure [S§ shows the simulations results without the addition of a coverage dependent en-
thalpy of formation of CCHjs. The results from the reaction path analysis at the entrance
of the reactor are displayed in Figure [S9]
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Figure S7: Convergence study to determine the termination rate ratio for the mechanism
generation in RMG. The final termination rate ratio is 1 x 1077. a) Mechanism metrics. b)
Simulated end-of-pipe concentrations and c¢) simulated coverages at the end of the reactor
obtained from the coverage dependent microkinetic models.
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Figure S8: Results from the reactor simulations without coverage dependent enthalpy of
formation of CCHj for a) gas-phase concentration profiles and b) surface coverages.
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Screening Across the Periodic Table with RMG

Linear Scaling Relations for Bidentate Adsorbates in RMG

One of the big advantages of RMG is that we can scale across the periodic table and build a
microkinetic model for every point in the descriptor space. This approach is more sophisti-
cated than using a static mechanism since the kinetically relevant pathways can change. As
RMG is extended to provide reliable predictions for reactions involving multidentate adsor-
bates on the reference metal Pt, appropriate scaling relations need to be in place, so they
can be extrapolated to other metals with a degree of confidence. Therefore, we performed a
study to confirm the suitability of the implemented scaling relations in RMG for polydentate
species. RMG uses linear scaling relations (LSRs) to efficiently extrapolate database values
to a range of hypothetical metal surfaces without additional DFT calculations.®® It has been
shown that the adsorption energies of H-containing molecules of C/O/S/N on transition
metal surfaces scale linearly with the adsorption energy of the surface adatom:>

EMe = yEf 1 ¢, (6)

where E{:‘H” is the adsorbate binding energy, E;' is the binding energy of the reference adatom
through which the adsorbate binds, and the intercept £ is the independent of the metal in
question, but unique for each adsorbate. d The proportionality constant 7 is a function of
the normalized bond order z:

Lmax — L
V=— (7)

xmax

Here, x,.« 18 the maximum number of atoms that can bind to the central atom A, and x
is the number of bonds of the reference adatom, excluding its bond to the surface site. In
other words, the binding energy of an adsorbate on different surfaces scales with normalized
bond order. A binding energy scaling relation exists for bidentate adsorbates as well, where
for bound molecular fragments B and C within an adsorbate:>4?

By~ =4 B 497 + 67 (8)

In Equation , it is assumed that the electron interaction at each binding site can be treated
separately depending on the bond order at each site, hence the overall bond strength is a
sum of the individual scaling terms. Furthermore, this assumption allows for straightforward
further generalization for multidentate adsorption beyond two binding sites.” RMG uses a
consequence of equation |8 to scale binding energies to other metals. In the case of bidentate
adsorbates:

EbB*—C*—M2 — EbB*—C*—Pt + 7B(EbB_M2 . Ef_Pt) +’70(EI)C_M2 o EbC_Pt), (9)

where M2 represents the second metal. In order to validate the scaling relations in RMG, we

S-15



conducted DFT calculations for a various bidentate adsorbates on a range of metals. DFT
calculations were performed for all H/C/O-containing bidentates with two heavy atoms
on Ag(111), Pd(111), Au(111), Co(0001), Ru(0001), Ni(111), Au(111), Pt(111), Cu(111),
Ir(111) and Rh(111). Lattice constants were optimized for every metal. Spin-polarized
calculations were conducted for Co(0001) and Ni(111). The workflow for the geometry
optimization is identical to the one described in the main manuscript.

The scaling behaviour of the bidentate adsorbates was studied and intercepts £ were calcu-
lated for each adsorbate, using the reference adatom binding energies present in the RMG
database. The results were averaged to obtain a general ¢ for each adsorbate across the
ten metals. The DFT binding energies of the five C/H-containing bidentate adsorbates are
plotted vs the carbon adatom binding energies on each metal in Figure [S10]
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Figure S10: Binding energies £}, of bidentate *CH;CHY (x,y=0,1,2) adsorbates versus a C
atom binding energy on 10 monometallic transition metal surfaces. The solid lines represent
fits to the data for each adsorbate in the respective binding energy region.

The linear scaling fits are included in the plot as solid lines. The plot reveals two carbon
binding energy regions, as has previously been observed in Ref.” On one hand there is a
region with stronger (<—6eV) carbon atom binding on Pt(111), Pd(111), Ni(111), Ir(111),
Rh(111), Ru(0001), and Co(0001), and on the other, a region with weaker binding energy
(>—5eV) for Cu(111), Ag(111), and Au(111). The fittings were performed separately for
each of the regions. In the case of *C*C, "C"CH and *CH*CH, the fits can have different slopes
due to multiple possible values of 7 resulting from different resonance structures. Bidentate
"C"CH is not stable on Ag(111) and Au(111). Additionally, a stable CH,CH, configuration
on the Ag(111) surface was not found. The value of v that produced the fit with the lowest
mean absolute error (MAE) for each adsorbate in each region was chosen.
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The LSR assumption for bidentate adsorbates was then tested by plotting the binding energy
resulting from the linear scaling fits against the corresponding DFT results for all seven
bidentate adsorbates on all ten metals (see Figure [S11). The overall mean absolute error
(MAE) is 0.23eV, which is on the same order of magnitude as the DFT functional error.
Highest errors are obtained for *C*C, and the LSRs perform better for the other species
(leaving "C"C out gives an MAE of 0.19eV). In the case of Ag and Au, only monodentate
"CCH was found from the DFT geometry relaxation, and therefore 'C'CH-Ag(111) and
*C*CH—Au(lll) are not part of the study. This result shows that it is possible to apply
LSR with the implementation in RMG®? when building mechanisms that involve bidentate
species automatically with RMG and achieve an acceptable accuracy of the thermophysical

properties.
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Figure S11: The linear scaling result versus the DF'T binding energy for the seven adsorbates
on 10 monometallic transition metal surfaces. Enthalpies of formation and DFT binding
energies of the adsorbates are strongly correlated and they both show the same trends,
which is why only DFT binding energies are shown in this figure.

Linear Scaling Results

The binding energies for 'C and H for all (111) facets used for the linear scaling study
are summarized in Table [S5| Binding energies for the monometallic facets are provided
in the RMG database and it is possible to call the metal in the RMG input file via, e.g.,
metal="Pd111". The list of these binding energies was compiled using Quantum Espresso
and the PBE functional with D3 dispersion corrections. For the bimetallic alloys, relaxed
structures were taken from Catalysis-Hub,>? which are from the work of Hansen et al.®!3
These structures are 2x2x4 unit cells of the alloys, so the coverage of the adsorbates is
1/4 mono layer. DFT calculations were performed with these structures using identical
DFT settings as were used for the compilation of the metal library. Calculations were also
performed with an available Pt(111) structure as a reference. The binding energies of C
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and “H obtained for the 2x2 Pt(111) unit cell differ slightly from the results in the metal
database with differences of AE;C = 0.042eV and AEZH = 0.046 V. These small differences
are probably caused by the higher coverage of the adsorbates and differences in the lattice
constant due to different DFT functionals. In order to not artificially skew the results, the
binding energies of the alloys were shifted by this difference to align them with the binding
energies in the metal database.

Table S5: Summary of the DFT results from the calculations with Quantum ESPRESSO for
the adsorbates on Pt(111). The single-point energies (SPE) and zero-point energies (ZPE),
as well as the vibrational frequencies for the most stable position, are provided.

Metal E;C (eV) E;H (eV) T (molem~2) core edge
Species Reactions Species Reactions
Ag -3.506 -2.105 2.292 x 107Y 19 26 15 39
Au -4.546 -2.208 2.270 x 1079 23 67 21 70
Co -7.091 -3.020 3.118 x 1079 35 2423 26 421
Cu -4.960 -2.583 2.943 x 107° 23 67 21 70
Ir -7.252 -2.676  2.587 x 107° 41 377 22 459
Ni -6.797 -2.892 3.148 x 107° 50 662 14 461
Pd -7.167 -2.922 2.534 x 1079 48 623 16 460
Pt -7.025 -2.753 2.483 x 1079 52 760 19 434
Rh -7.334 -2.830 2.656 x 1079 39 356 23 454
Ru -7.597 -2.851 2.630 x 107° 32 226 28 346
Pdsln -6.210 -2.833 2.315 x 1079 62 1137 14 483
PtsIn -7.001 -2.857 2.317 x 107° 49 626 15 460
PtsSn  -6.436 -2.755 2.303 x 1079 64 1236 13 589
Pt3Zn -7.135 -2.805 2.471 x 1079 44 456 18 460
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Figure S12: Simulated concentrations profiles along the reactor length for all investigate
close-packed metal surfaces at a temperature of 873 K.
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