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ABSTRACT: Uncertainty quantification, Bayesian statistics, the reported % mpt211) 3%
experimental literature, and density functional theory are synthesized to identify 2 _z:g ! 8 %‘; :

the active sites for the non-oxidative propane dehydrogenation on platinum §0.04 N\ Cz\g) o
catalysts. This study tests three different platinum surface models as active sites, 2 <O .
Pt(100), Pt(111), and Pt(211), and two different methodologies for generating 8002

uncertainty, using data from four density functional theory functionals and data J2

from the BEEF—vdW ensembles. By comparing these three surface facets using 0

two uncertainty sources, a total of six different computational models were 0 0.2 04 0.6 0.8 1

evaluated. Three experimental data sets, with varying numbers of reported

Selectivity of Propane to Propylene

observables, such as turnover frequencies, selectivity to propylene, apparent

activation energy, and reaction orders, are calibrated and validated for these six models. This study finds no evidence for Pt(100) as
the dominant active facet and finds that Pt(211) has some evidence for being the most relevant active site on the catalyst. In
addition, all four functional models were excluded from final data analysis due to poor “goodness-of-fit”. In contrast, the BEEF—vdW
model with ensembles (BMwEs) was found to pass “goodness-of-fit” for most of the models tested. Finally, for both Pt(111) and
Pt(211), this study finds that the majority of simulations found the kinetically rate-controlling step the first dehydrogenation step

from propane to C;HZ.

KEYWORDS: uncertainty quantification, computational catalysis, heterogenous catalysis, Bayesian statistics, propane dehydrogenation,

platinum catalysts

B INTRODUCTION

Propane dehydrogenation (PDH) to propylene research
continues to attract significant scientific interest due to
propylene’s industrial importance and reaction complexity.
Non-oxidative PDH on platinum-based catalysts continues to
be a significant pathway for producing propylene." Under-
standing the reaction mechanism and kinetics of surface-
catalyzed reactions and identifying the active sites for industrial
catalysts can help design future catalysts for PDH. Many
experimental studies have been done to measure kinetic data
for non-oxidative PDH.>""* For example, in the work by
Biloen et al,” platinum and platinum—gold catalysts were
studied at 633 K, a partial pressure of hydrogen gas of 2 bar,
and a partial pressure of propane of 0.04 bar. They found that
the surface was covered by hydrogen under these reaction
conditions and reported a turnover frequency (TOF) of
propylene of 3.5 X 107> 57!, They also calculated a reaction
order of —1.1 for hydrogen gas and 1 for propane gas and
measured an apparent activation energy of 121 kJ/mol. Finally,
they proposed that the rate-determining step was the
dehydrogenation step of a propyl radical, C;H¥, to propylene.

Others have found a similar TOF at higher temperatures
with lower partial pressures of H,. In the work performed by
Barids et al,’ a propylene TOF of 0.2 s™! was observed on
platinum at 792 K, a partial pressure of propane of 0.29 bar,
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and a partial pressure of H, of 0.09 bar. In addition to the
reported TOF, they also reported a selectivity to propylene of
85%.

Experimental work on size-dependent platinum particles was
performed by Zhu et al.* The group studied multiple-sized
particles to possibly identify the active site at temperatures
from 723 to 823 K and pressures of H, and propane that vary
from 1 to 9 kPa. They found that particles 5 nm in diameter
and larger had a higher selectivity and lower TOFs for both
propane and propylene than smaller particles. In addition,
reaction orders for propane were approximately 1 for all sizes,
but the reaction order for H, ranged from —0.07 to —0.51,
with the reaction order decreasing for larger particles. The
apparent activation energy was found to range from 92 to 95
kJ/mol under steady-state conditions. Compared with that of
Biloen et al.,” the propane reaction order is the same, but the
H, reaction order is less inhibiting. The apparent activation
order is slightly less. Both of these shifts are within reason
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Figure 1. Schematics of all platinum facets used in this study.
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Figure 2. Dehydrogenation reaction network for C; species.
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given the different temperature and partial pressure conditions
of propane and H,. One would expect H, to exhibit a more
negative reaction order at lower temperatures and higher H,
partial pressures.

In the work done by Yang et al,'" PDH was tested on two
different particle shapes that they claimed to contain
approximately only Pt(100) and Pt(111) sites. They then
evaluated the selectivity to propylene and the TOF of
propylene. They found that TOFs of propylene on both
surfaces were relatively similar, from 0.58 to 0.6 s™'. However,
the cubic particles had a selectivity to propylene of
approximately 72%, while the selectivity toward propylene
for the octahedral particles was approximately 93%. They
believed that this difference in selectivity was due to the
particular facets being more present on the cubic particles.
They justified this claim by comparing theoretical results using
density functional theory (DFT), where they theorized that the
lower selectivity to propylene was due to a lower adsorption
energy for intermediates involved in the PDH on Pt(100).

In a similar work done by Zhu et al,* experiments and DFT
calculations were used to identify a dominant active site. Using
a relatively small dehydrogenation network, they concluded
that Pt(111) might be the most active site. Other theoretical
work has been performed to identify the active site responsible
for the activity of platinum catalysts for PDH, by either
calculating the adsorption of propane and C3 species on
platinum facets'""'*> or by generating microkinetic models on
particular surfaces."”'* Pt(211) has been studied as a model
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site representing edges and corners.”'>'® It was found that

Pt(211) is active but may be unselective toward PDH,
dependent on reaction conditions.'® Numerous and competing
theories of the active site for PDH persist.

In this work, we seek to identify the most likely dominant
active site (assuming one facet dominates the reaction kinetics
under experimental reaction conditions) by combining
published experimental data with Bayesian statistics and our
DFT calculations. This work compares three surface facets,
Pt(100), Pt(111), and Pt(211), while using two different
sources of generating uncertainty and its correlation structure.
While modeling each facet, kinetic data such as TOFs for
propylene, apparent activation energies, reaction orders, and
selectivity to propylene are reported. Finally, this study also
seeks to identify the mechanism and rate-controlling species
for these potential active sites.

B METHODS

Computational Details. In this study, DFT calculations
were performed using the Vienna Ab initio Simulation Package
(VASP) version S.4.4, which uses the projector augmented-
wave method.'” "' A plane-wave energy cutoff of 400 eV was
used, and together with a Monkhorst—Pack reciprocal space
grid of 5 X 5 X 1, converged energies were obtained for the
reaction systems.””>’ In addition, the Methfessel—Paxton
method order one with a smearing width of 0.2 eV was used
for calculating the electronic occupancies. The energy
convergence criterion was 1 X 1077 €V, and for geometry
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convergence, a force criterion of 0.03 eV/A was used.
Transition state searches were conducted using the nudged
elastic band method followed by further optimization with the
dimer method.”*~*® In addition, it is known that the entropies
calculated by a purely harmonic approach may be a poor
approximation. Due to this, we apply a frequency correction to
set all low frequencies below S0 to 50 cm™, as previously
described by Haworth et al.*®

Three surface models, Pt(100), Pt(111), and Pt(211), were
chosen as model facets for this project. For Pt(100) and
Pt(111), we used a (4 X 4) 4-layer, 64-atom surface, relaxing
the first two layers. For Pt(211), an 80-atom, 10-layer surface
model was used, and the first six layers were relaxed. The bulk
fce-platinum crystal was found to have an optimized lattice
constant of 3.92 A using the PBE-D3 functional,””*° and the
optimized surfaces had cell parameters as indicated in Table
S1. A vacuum gap of 20 A was included on each surface to
avoid periodic interactions. Representations of these surfaces
can be seen in Figure 1. In addition, 138 reactions were
investigated, including cracking and deep dehydrogenation.
Figure 2 displays the dehydrogenation reaction network for C,
species studied in this system. The full reaction network is
described tabularly in tables TS2—TS13 in the Supporting
Information.

We chose to first explore the system by using the Perdew—
Burke—Ernzerhof functional with Grimme’s van der Waals
corrections (PBE-D3) for the optimization of the surfaces,
adsorbed species, and transition states.”””° This functional was
chosen for its generality, the computational communities’
extensive experience, and its inclusion of empirical van der
Waals interactions. An additional three functionals were
chosen, including the revised Perdew—Burke—Enzerhof func-
tional (RPBE),”" the Bayesian error estimate functional with
van der Waals corrections (BEEF—vdW),”” and the strongly
constrained and appropriately normed functional with revised
Vydrov and Van Voorhis nonlocal correlations (SCAN-
rVV10),” to generate single point energies based off the
PBE-D3 structures. Three generalized gradient approximation
(GGA) functionals, these being PBE-D3, RPBE, and BEEF—
vdW, were specifically chosen due to the metallic nature of the
surface model and their prominent use in the computational
catalysis community, that is, any of them could have been used
for studying the PDH over Pt catalysts. In addition, we chose
SCAN-rVV10, a meta-GGA that generally does not under-
predict energy barriers as much as GGA functionals. Out of
these four functionals, three include van der Waals interactions,
which we believed to be critical for the adsorption processes of
hydrocarbons, and one without van der Waals interactions that
generally predicts lower adsorption energies (RPBE), but that
is optimized for predicting adsorption energies of small
molecules so that errors in adsorption energies would be
more likely to be represented in the prior distribution. These
functionals were also previously compared in other work, and
it was thought that they might aid in identifying possible
functional pairings that may better estimate the errors
present.”* Next, BEEF—vdW was used as it generates 2000
non-self-consistent ensemble energies based on the converged
charge density. Finally, gas-phase thermodynamics were
corrected to NIST data using a Dirichlet distribution as
described in the work done by Walker et al. in order to allow
gas-phase uncertainties to be uniformly sampled among the
three different gas-phase species.”> " The range for the gas-
phase errors was allowed to range from +0.2 eV, assuming that
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propane, propylene, and H, are generally well described by
DEFET. All of the intermediate, gas-phase species and transition-
state energies of these four functional calculations can be found
in Tables $2—S14 in Section II of the Supporting Information.

Functional Latent Variable Model. To summarize the
uncertainty present in our DFT calculations, factor analysis
was applied to the four functionals used in this study in the
same way as that in Walker et al.>’ =’ This has been thought to
be an encompassing methodology for calculating the
uncertainties for the energies of the species involved. In
general, the different functionals, stated in the previous
paragraph, have been extensively used in the catalysis
community, and these functionals have been thought of as
relatively accurate in calculating emergent properties of
catalytic surfaces, such as TOFs. The uncertainty for the four
functional models (FFMs) was generated by this method, with
the covariance matrix calculated between the energies of the
adsorbed species and transition-state species, and the mean of
the energies being the mean of the four functionals chosen in
this study.

We also chose to generate a second model system using
BEEF—vdW and its ensembles. For every species, including
gas-phase, metal slab, adsorbed species, and transition-state
species, BEEF—vdW generates an ensemble of 2000 non-self-
consistent energies. The adsorbed intermediate and transition-
state energies were referenced to propane, hydrogen, and the
platinum slab, such that

1/ref,i,j = 1)i,j - (Npropane,ivpropane,;’ + NHZ,ivHZ,j + 1)plal'cinu.m,slalb,j)
(1)
where v,;; is the referenced BEEF ensemble energy j for either

the adsorbed species or transition state i, v;; is the BEEF
ensemble energy output j for species i, vy, ; and v,qpan; are the

gas-phase values of the ensemble energies for propane and
hydrogen gas, respectively, vyjgnum,siab,j is the ensemble energy j
of the specific slab the species is adsorbed on, and Nj,;opane,; and
Ny,; are the number of propane and hydrogen molecules,
respectively, needed to correct the sum to the number of
carbon and hydrogen atoms present in the species i, which can
be fractional.

Next, the mean was taken of the referenced 2000 BEEF—
vdW ensembles, f,.¢;, and subtracted from the referenced 2000
functional ensemble energies, vy, so that the mean of the
ensembles would be 0, as described in eq 2.

sk
1)ref,i,j - l)ref,i,j - K

)
where v%;;; are the 2000 BEEF ensemble energies for each
species with a mean of 0. Finally, the BEEF—vdW referenced
energy was added back into the ensemble using the following
equation

’ ok
1)ref,i,j - 1)ref,i,j + GBEEF—VdW,ref,i

3)

where Gppgp_vawyer; is the Gibbs free energy of species i
computed from the mean of the BEEF—vdW functional (and
referenced as before). Equation 3 ensures that the mean of the
ensembles yields the BEEF—vdW Gibbs free energy for the
intermediate or transition state i. After this, the BEEF—vdW
ensemble energies were processed using a factor analysis
model. It was found that the covariance matrix generated by
the factor analysis and the covariance matrix generated without
the factor analysis for BEEF—vdW were similar to each other.
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Still, this study used the factor analysis-derived covariance
matrix to keep the methodologies consistent. Using the
BEEF—vdw data, this model is known as the BEEF—vdW
model with ensembles (BMwEs).

Likelihood Function and Model Discrepancy. The
likelihood function, p(DI6,M), as defined in the previous
work,””*" provides the likelihood of finding experimental data,
D, given the values of parameters and the uncertainty of the
model. This study compared our models against three data
sets, each data set of a different size. These three data sets are
summarized in Table S21 in Section III of the Supporting
Information. Data set 1 (D;) contains the following quantities
of interest”

D, = {TOF, a E

(4)

Data set 2 (D,) contains five quantities of interest to
calibrate on.*

D, = {TOF, a

propane’ aHzJ apparent}

E Selectivity }

©)

Data set 3 (D,) contains two quantities of interest to
calibrate on.’

D, = {TOF, Selectivity}

propane’ aHZ’ apparent’

(6)

The TOF is the turnover frequency, @ is the reaction order
of either propane or hydrogen gas for propane consumption,
and E,qeqe is the apparent activation energy for propane
consumption. Selectivity is defined to be the following

TOFpropylene

TOE

propane

selectivity =

(7)

This study compares data sets of unequal size, remembering
that likelihoods are multiplicative, and though incomplete data
sets are less than ideal, they are unfortunately a reality of
modeling and synthesizing already published experimental
data. The measurements are assumed to be independent given
our model, which can translate into the factorization of the
likelihood function given the data such as D;.

p(D,10, M) = p(TOFI0, M)*p(a 10, M)

propane

*p(aHZIG, M)*p(E 10, M)

(8)

For D,, the equation is similar; however, it includes the
additional selectivity term

apparent

p(D,10, M) = p(TOFIO, M)*p(a 10, M)

propane

*p(aHzlel M) >lkp(‘Ea\pparentlef M)

*p(Selectivityld, M) 9)

D; only reports the TOF and selectivity, which reduces the
likelihood function for this set to eq 10.

p(D510, M) = p(TOFIO, M)*p(Selectivityld, M) (10)

Each individual likelihood function is defined by the
difference between the simulations of our models and the
experimental data. This discrepancy is due to unknown errors,
both from the model and from the experiment.*® We assume
that the discrepancies are distributed with a mean of zero and
an unknown variance in each measurement of ¢ Each of
these variances is described using an inverse gamma
distribution, which is reported in Table S18 in Section II of
the Supporting Information, and an example is graphically
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described in Figure S1. These discrepancies can be written
such that the experimental values are equal to the model value
plus an error term.

log , TOF = log ' TOF* + €rop (11)

The likelihood function for the calibration of PDH for
experimental D, can be expanded, as shown in eq 12.

1

f 2
270 1oR

1 (log10 TOF — log TOF*)?

p(Dllgi M) =

exp| —— 5
OTOF
" 1
2
2’ﬂ:obpmpanc
* 2
l (apropane - propane) " 1
P 2 ol 2
202,
k\2
1(ag, —ag)" | 1
exp| —— > -
2 Ga 2mo
Hy Eapparem
* 2
1 (Eapparent - apparent)
exp —E B
OF pprent (12)

The derivations for the likelihood functions for data sets D,
and Dj are included in Supporting Information Section IL. The
Quantification of Uncertainty for Estimation, Simulation and
Optimization (QUESO) package is used to perform the
statistical forward problem and calibration problem.”® Using
this, QUESO performed Metropolis-Hastings Markov chain
Monte Carlo simulations for calibrating our data sets and for
simulating the experimental data through the use of the
microkinetic model.*""**

A similar framework to that of the previous work done by
Walker et al. was used to proceed with the Bayesian
analysis.””*® Bayesian inference was first performed for each
surface. Then, the Bayes formula in eq 13 was used to generate
a posterior distribution, p(61D,M), for each surface model, that
is, Pt(100), Pt(111), and Pt(211).

p(DI6, M)p(6IM)

p(elDl M) = p(D|M)

(13)

The prior distribution, p(6IM), contains all of the
uncertainties present in the calculations, including the
correlation between the molecules.

Microkinetic Modeling. To calculate the adsorption free
energies, the following equations were used, with propane and
hydrogen gas as references

AGyy,; = Gyavi — Gyan — (Newen,cn,*Genenyen,)
- (Ny,*Gy,) (14)

where AG,y; is the free energy of adsorption of the
intermediate i, Gg,,; is the free energy of the slab and
adsorbed intermediate i, Gy, is the free energy of the clean
slab, Ncy,ch,cn, is the number of propane gas molecules

involved in the reaction, Gcy,ch,cn, is the free energy of gas-
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phase propane, Ny is the number of correcting H, gas
molecules present in the reaction, and Gy, is the free energy of
hydrogen gas.

The activation free energy is defined as the following, and

the forward rate constants are defined using harmonic
transition state theory.

i R
AG! =G} - Z Gty

(13)

_ kg T —AG! /kyT
for,j — € ( 1 6)
where AG}; is the activation free energy of the reaction j, G}fi is

the free energy of the transition state in the reaction j, Gfds,j is
the reactant free energy of adsorption for the reaction j, and
Kty is the forward rate constant.

Collision theory was used for calculating adsorption rate
constants using the following equation

1
Ny 2mmy kg T (17)

where N, is the number of sites per surface area, and m, is the
molecular weight of species A. The sticking coefficient has
been set to one.

A linear lateral interaction model was used to calculate the
change in adsorption energies and transition state barriers as a
result of the coverage of certain intermediates that dominate
the surface, such as hydrogen on all three surfaces, CH;C
species on Pt(211) and Pt(111), acetylene and single-atom
carbon on Pt(100), and CH and CH,CH,C on Pt(111). It is
assumed that errors in linear interaction parameters are small
relative to the uncertainty in the low coverage species energy
such that the linear lateral interaction parameters are only
computed with the PBE-D3 functional. This and additional
details such as the site occupancy of each species are further
described in Section IV of the Supporting Information.

Reaction orders in H, and CH;CH,CH; were calculated
using the following equation

kads

_ 0ln(TOF)

%= T o (P) (18)
where @; is the reaction order of species i, In(TOF) is the
natural logarithm of the TOF of propylene, and In(P,) is the
natural logarithm of the partial pressure of species i. We also
calculated the apparent activation energy using the following
equation

1
5 _ _p|dn(TOF)
L E
e (19)
where E,, is the apparent activation energy.

Campbell’'s degrees of kinetic and thermodynamic rate
control were calculated using the following equations.**~*

Jln(TOF)

Gf
o

XKRC,i =

) T,B,G™, Gy (20)
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dln(TOF)
Xrre,i = o\

a<_k‘*T (21)

where Xypc, is the degree of kinetic rate control, and Xppc; is
the degree of thermodynamic rate control.

The reaction network studied includes coking (surface
carbon atom formation) and other deep-dehydrogenation
steps. All of the intermediates and transition states can be
found in Section II of the Supporting Information.

Model Exclusion Using Mahalanobis Distance. Be-
cause of the large number of models tested in this paper, a test
was first conducted to see if the Pt(100), Pt(111), and Pt(211)
surfaces did not fail to predict the quantities of interest for the
calibration and validation data. Failure was checked using the
squared Mahalanobis distance for each experimental data set
and testing for goodness-of-fit using a chi-squared table.**™**
The square of the Mahalanobis distance is the following

(d—p)E7d — p)

where y is a (n X 1) vector of the predicted mean values, # is
the number of degrees of freedom present in the evaluated
experiment, X is the n X n predicted covariance matrix, and d is
the (n X 1) vector of reported data. The tested quantities can
include TOFs, selectivity, reaction orders in propane and
hydrogen, and apparent activation energies.

If the distance statistic was outside of the probability of
occurring at a 5% significance level, data was said to have failed
to pass the goodness-of-fit, and those models would have to be
removed from consideration. As shown in Table S19 in Section
II of the Supporting Information, each of our experiments has
different degrees of freedom and thus different outlier
exclusion values.

Bayesian Model Selection. A similar methodology to that
of Walker et al.*® was used to evaluate the model evidence, also
referred to as p(DIM), to see how more probable a surface
(and the corresponding microkinetic model) is the active site
compared to another surface. Each prior model was assumed
to have an equal likelihood of being the active site. We note
that it is assumed here that one “characteristic” surface model
is able to describe all experimental kinetic data, that is, the
experimental observation is not a result of multiple,
qualitatively different surface models. In other words, this
study did not test combinations of surface facets and
corresponding microkinetic models as the collective active
site. This does not remove the possibility of a combination of
surfaces being the active site, just that this work is only testing
the surface models independently. The evidence that was
generated is compared between models by using Jeffery’s
scale.”” Jeffery’s scale is a comparison tool for the Bayes factors
to see if one model is more favored than another given the
ratio of evidence between them. As described in Table S20 of
Section II of the Supporting Information, Jeffery’s scale can
give a basic description of how much more likely, or how more
well supported, a model might be when compared to another
model based on evaluating the Bayes factors.

(22)

B RESULTS AND DISCUSSION

For each catalyst model, a separate microkinetic model,
uncertainty region, and gas-phase corrections were performed
to generate the quantities of interest for each experimental

https://doi.org/10.1021/acscatal.1c04844
ACS Catal. 2022, 12, 2487—-2498


https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c04844/suppl_file/cs1c04844_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c04844/suppl_file/cs1c04844_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c04844/suppl_file/cs1c04844_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c04844/suppl_file/cs1c04844_si_003.pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c04844?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

>
3 0.1 1
[0} a 1 b
[m]

2005 ] 0.5
£ 'I

©

o)

S o

& 15 10 5 0 5 0
> IOg1OTOFPropy|ene (1/3)

2 — 0.2
5 d | €
a

> 05 P 0.1
%

©

S 9 ——-‘L—L 0
S 05 0 05 1 15 -2

Propane Reaction Order

0.5

-1
H2 Reaction Order

0.2
1 |
I 0.1 |

OI_;A:.J OM

1 0 2 4

Selectivity to Propylene Apparent Activation Energy (eV)

=P1(100)
=Pt(111)
: =Pt(211)

0 - Reported Value

Figure 3. Probability densities of reported quantities of interest, including (a) TOF (1/s), (b) selectivity to propylene, (c) apparent activation
energy (eV), (d) propane reaction order, and (e) H, reaction order, modeling data set D, for Pt(100), Pt(111), and Pt(211) using the BMwE for
the forward-only model. Reported values are the experimental values reported in data set D,.

o
N

1

[

A 1“ 0.5

Probability Density
o

10 5 0 5
- IOg10TOFPropylene (1/5)
% 1 . 0.1
a d e |
205 0.05 !
=
©
) 0
o -1 0 1 2 -1

Propane Reaction Order

‘b 1 c 1
f ! 0.05 I
1 1

0 0.5 1 0

0

0.1

2 4

Selectivity to Propylene Apparent Activation Energy (eV)

=Pt(100)
=Pt(111)
Pt(211)

- Reported Value
p

H2 Reaction Order

Figure 4. Probability densities of reported quantities of interest, including (a) TOF (1/s), (b) selectivity to propylene, (c) apparent activation
energy (eV), (d) propane reaction order, and (e) H, reaction order, modeling data set D, for Pt(100), Pt(111), and Pt(211) using the FEM for the
forward-only model. Reported values are the experimental values reported in data set D,.

result. Figures 3 and 4 illustrate the prior distribution of each
model for both the BMwE and FFM models under D,
conditions. As visible in these figures, Pt(211) is the more
selective of the surfaces, followed by Pt(111) and Pt(100). As
reported in Table 1, after lateral interactions are included, we
find that under D, reaction conditions, Pt(211) and Pt(100)
are dominated by H*, while Pt(111) has close to equal free
and H* sites present on the surface. At higher temperatures,
such as 793 and 792 K for experiments D, and D;, we find that
Pt(100) is dominated by C* and CHCH* species, with minor
contributions from CHC*, CH;CCH*, and CH,CCH*.
Under reaction conditions of D, and D5, Pt(111) has a high
free site coverage and a minor CH* coverage. Pt(211) has a
high free site coverage, but CHC* and other minor coverage
species, including CH;CHCH¥, CH;CH,C*, CH,CHCHY,
and CH;CCH®, become more prevalent at these higher
temperatures. Lateral interactions used and their methodology
can be found in Section IV present in the Supporting
Information. Using the prior only, we find that Pt(211) has
high selectivity to propylene for all reaction conditions, as seen
in both Figures 3 and 4 and also displayed in Table S27.
Pt(100) has a relatively high selectivity to propylene under D,
conditions; however, it becomes unselective under D, and D;
conditions, where dominant products include ethylene and
methane. Pt(111) is also selective to propylene under D,
conditions. At higher temperatures, Pt(111) becomes less
selective toward propylene, with average selectivity to
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propylene falling from 77 and 84%, dependent on the
methodology, to approximately 50%. Methane and ethylene
become important products at these temperatures, similar to
what happens to Pt(100) at higher temperatures. These
changes in selectivity can be explained through reviewing both
the free energy of adsorption of propane and other key
products, as described in Tables S2—S14, and in activation
barriers around the propane to propylene dehydrogenation
pathway, as described in Supporting Information Tables S15—
S17. Though the adsorption energies of propylene can partially
explain the selectivity to propylene, selectivity to propylene
may be better explained by the activation barriers for
competitive dehydrogenation products for other C;Hjg
intermediates, deeper dehydrogenation of propylene, and
cracking of propylene, which are all partial functions of the
adsorption energy of propylene. For Pt(100), activation
energies are lower for competitive dehydrogenation steps,
such as CH;CH,CH} — CH;CH,CH* + H* and
CH;CHCH3* — CH;CCH;* + H*, than for either
CH;CH,CH,* or CH;CHCH;* to produce propylene. At
higher temperatures, cracking barriers of propylene and further
propylene dehydrogenation are much more accessible, explain-
ing the decrease in selectivity at the increasing temperatures of
experimental data sets D, and D;. For Pt(111), competitive
dehydrogenation of the C;H, intermediate species to other
C;Hg species is relevant, as is similar to the case of Pt(100),
but the barriers to further deep dehydrogenation and cracking

https://doi.org/10.1021/acscatal.1c04844
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Table 1. Average Site Coverages after Including Lateral Interactions on Pt(100), Pt(111), and Pt(211) for D,, D,, and D,

Conditions Using the FFM and BMwE

average coverage of selected species on surface (%), after including lateral interactions, no Calibration

FFM
D, conditions D, conditions D; conditions
species Pt(100) Pt(111) Pt(211) Pt(100) Pt(111) Pt(211) Pt(100) Pt(111) Pt(211)
free site 3.71 33.6 13.1 8.11 65.9 86.0 14.0 64.7 86.2
H 96.1 66.1 86.4 0.00 0.45 1.22 0.97 0.96 1.36
CH;C 0.00 0.00 0.00 0.00 0.22 0.00 0.00 0.45 0.00
CHCH 0.00 0.00 0.00 19.7 0.07 0.00 253 1.16 0.00
CHC 0.00 0.00 0.00 6.08 0.00 5.99 1.23 1.14 1.67
CH 0.00 0.00 0.00 1.44 28.3 0.21 2.75 30.6 0.04
C 0.00 0.00 0.00 40.1 2.82 0.12 45.1 0.66 0.00
other species 0.19 0.30 0.56 24.6 228 6.50 10.7 0.30 10.7
average coverage of selected species on surface (%), after including lateral interactions, no calibration
BEEF model with ensembles (BMwE)
D, conditions D, conditions D; conditions
species Pt(100) Pt(111) Pt(211) Pt(100) Pt(111) Pt(211) Pt(100) Pt(111) Pt(211)
free site 18.7 47.3 48.6 7.23 63.4 87.9 9.58 68.6 97.1
H 814 52.7 S1.1 0.74 0.06 0.16 6.34 0.16 0.55
CH;C 0.00 0.00 0.00 0.00 0.08 0.00 0.51 1.14 0.00
CHCH 0.00 0.00 0.00 0.16 0.00 0.00 4.16 0.00 0.00
CHC 0.00 0.00 0.00 0.07 0.00 10.4 3.58 0.00 1.44
CH 0.00 0.00 0.00 0.03 323 0.03 0.15 27.3 0.01
C 0.00 0.00 0.00 79.8 3.24 0.02 62.6 0.79 0.00
other species 0.00 0.00 0.34 11.9 0.92 1.48 13.1 2.00 0.95

average coverage of selected species on surface (%), after including lateral interactions, no calibration

reaction conditions

experiment
D? Pcy,crycn, = 0.04 bar, Py, = 2 bar, T = 633 K
Di Pepcnycn, = 0.03 bar, Py, = 0.03 bar, T = 793 K
D3 Pcy,cu,cn, = 0.29 bar, Py = 0.09 bar, T = 792 K
2
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Figure 5. Probability densities of reported quantities of interest, including (a) TOF (1/s), (b) selectivity to propylene, (c) apparent activation
energy (eV), (d) propane reaction order, and (e) H, reaction order, calibrated with data sets D, and D5 and validating using data set D, for
Pt(100), Pt(111), and Pt(211) with the BMwE. Reported values are the experimental values reported in data set D,.

of propylene are higher, explaining the decrease in selectivity as
temperature increases but not to the extent of Pt(100). In
addition, this may be most evident for the Pt(211) surface,
where the dehydrogenation pathways from propane to
propylene are more favorable than competitive dehydrogen-
ation reactions from the CH;CH,CHF and CH;CHCHZ¥
intermediate species. The barriers for further dehydrogenation
and cracking are much higher for Pt(211) than Pt(100) and
similar to Pt(111), though much larger than the simple
dehydrogenation pathways. These selectivity results change
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after calibration, and the selectivity to propylene becomes
much higher for Pt(111) and Pt(211) for all models, which can
be seen in Figures S and 6 and in Supporting Information
Figures S14—S33.

After evaluating these prior models, we discuss model
exclusion through the use of the squared Mahalanobis distance
and chi-squared goodness-of-fit and then through analyzing the
model evidence to see if any one site can be called a

characteristic active site describing the overall kinetics.
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Table 2. Evaluated Squared Mahalanobis Distances for Pt(100), Pt(111), Pt(211) for Experimental Conditions for the Three
Data sets and the Models Generated by the FFM and the BMwE“

Squared Mahalanobis Distance
Four Functional Model (FFM)
P1(100) Py(111) Py211)
Calibration D3 D2 D1 D3 D2 D1 D3 D2 D1
D1 & D2 27.1 29.1 3.41 0.82 16.6 2.05 0.50 1.18 26.9
D1 & D3 3.52 21.7 2.61 0.81 16.0 1.82 0.25 6.13 24.0
D2 & D3 5.01 18.5 2.72 0.34 23.3 9.21 0.62 0.40 28.7
BEEF-vdw Model with Ensembles (BMwE)
P1(100) Py(111) Py211)
Calibration D3 D2 D1 D3 D2 D1 D3 D2 D1
D1 & D2 0.41 2.91 11.5 0.22 5.17 4.13 2.77 5.77 0.76
D1 & D3 20.7 8.49 13.3 0.25 4.39 2.91 0.70 3.63 0.96
D2 & D3 2.48 13.8 26.9 1.43 6.31 18.4 1.31 5.41 4.18
Experiment Reaction Conditions
DI’ |PCH;CH,CH; = 0.04 bar, PH, = 2 bar, T = 633K
D2*  |PCH,CH,CH; = 0.03 bar, PH, = 0.03 bar, T = 793K
D3’ |PCH;CH,CH; = 0.29 bar, PH, = 0.09 bar, T = 792K

“Squared Mahalanobis distance numbers marked in the bold font are the ones that pass the “goodness-of-fit” tests.

Model Exclusion. To check whether a catalyst model
could be the active site, the goodness-of-fit of each model is
checked to the data by using the squared Mahalanobis distance
and comparing it to the chi-squared values as described in
Table S19 of Section II in the Supporting Information, after
calibrating two experimental data sets to the surface micro-
kinetic model and then running under conditions of one of the
three experimental data sets. If the squared Mahalanobis
distance is smaller than the chi-squared value for the
experiment given the number of degrees of freedom, the
model is not excluded from further data analysis. However,
suppose the squared Mahalanobis distance value is greater than
the y-squared value for a particular experimental condition
given a calibration set; in that case, the catalyst model for the
entirety of the calibration set is excluded, as its estimates and
uncertainties of the quantities of interest are inconsistent with
the published experimental data.”~* As described in Table 2,
we find that we can exclude from further analysis the Pt(100)
surface as the potential only active site using both the FFM and
the BMwE. In addition, similar results are found for Pt(111)
and Pt(211) using the FFM, where the model fails to describe
what is occurring in experiments D, and D, respectively.
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Considering the squared Mahalanobis distance, the only
models to check for Bayes factors are Pt(111) and Pt(211)
using the BEEF—vdW with ensembles model.

Model Evidence. After testing for goodness-of-fit using the
squared Mahalanobis distance, the evidence generated is
checked and compared for all non-excluded catalyst models.
As described in Table 2, only the BMwE was able to pass the
goodness-of-fit tests. This means that in this particular case, the
FFM fails to provide consistent predictions with the
experimental data for the simulations and must not be
considered as a potential model for any of the three catalyst
surfaces. For BMwE, the evidence of the Pt(111) and Pt(211)
catalyst models can be compared, as they have passed the
goodness-of-fit test. Pt(100) is excluded from further analysis
as the active site for both uncertainty generation models since
the surface failed the goodness-of-fit test in all calibration cases.

In generating the Bayes factor between Pt(211) and Pt(111)
for the BMWwE, Table 3 describes that there is strong evidence
for Pt(211) to be the active site for PDH when calibrating on
D, and D,. When calibrating models on D, and D;, there is no
evidence for or against either Pt(111) or Pt(211) to be the
preferred active site. As described in Figure S, Pt(211) and
Pt(111) give similar results for the majority of the quantities of
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Table 3. Evidence of Non-Excluded Models and Their Bayes
Factor”

Evidence Bayes Factor
BMwE BMwE
Calibration Set| Pt(111) | Py211) [Pt211)/Pi(111)
DI &D2  |2.48x 107 2.93x10° 11.8
D1 &D3  [1.93x10%] 434x10° 2.25
D2 & D3 - 1.05x 107 _

“Data marked in black failed “goodness-of-fit” tests for the calibration
and validation data sets and thus are excluded from evaluating
evidence.

interest evaluated. Still, there are significant differences in the
apparent activation energy, where Pt(211) does a more
successful job of capturing the experimental data point.

In addition, we analyzed the surfaces for the degree of
kinetic rate control for propane consumption and propylene
production. As shown in Figure 7, the Pt(211) and Pt(111)
surfaces show that almost all of the rate-controlling steps are
PDH to C;H, species, in line with predictions from the rate-
limiting step from the two experiments.”* There is significant
uncertainty with how rate-controlling these C;H; species and
these first dehydrogenation steps are, but in the kinetic degree
of rate control for propane consumption, these two steps sum
to one or close to one for the majority of simulations.
Differences arise however when measuring the degree of
kinetic rate control for propylene production. As the Pt(211)
surface is highly selective, propane consumption and propylene
production have the same values for the degree of kinetic rate
control. However, for the less selective Pt(111) surface, there
are differences for the degree of kinetic rate control on propane
consumption and propylene production. This difference is due
to the competing mechanisms for different dehydrogenation
and C—C cleavage products.

Next, the two propane to C;H, dehydrogenation steps can
best explain the reported kinetics, which is again supported by
the reported reaction orders. When the rate-controlling step is
the dehydrogenation of CH;CH,CH¥ + 1* — CH;CH,CH,*
+ H*, as described in Table S2 in the Supporting Information
as reaction 2

CH,CH,CHj + 1* - CH,CH,CH} + H* (23)

then the rate equation is

r, = kyfencr,cnbx (24)

If one assumes the following adsorption reactions to be in

equilibrium

CH,CH,CH;,(g) + 1* = CH,CH,CHj (25)

H,(g) + 2% = 2H* (26)

then the surface coverage of the adsorbed species is found as

QCHSCHZCH3 = Kags cnyen ek CH3CH2CH39>1< (27)

O = /Ko 1, P, Os (28)

Inserting the above equation into the previous equation, it is
found that

— 2
h= kZKads, CH3CH2CH3P CH3CH2CH36* (29)

If the majority of Pt sites are either free or covered by
hydrogen, which is the case for Pt(211) sites and for Pt(111)
sites under low-temperature conditions, then the free site
coverage can be written as

1

Oy =——
1+ Ko Py,

and we obtain the following equation for the observed reaction
rate

(30)

kyKags, cnyen,cnfem,cn,cn,

2
(1 + A\ I<ads,HzPHz) (31)

which can explain both the low-temperature reaction orders
found by Biloen” with a propane and hydrogen order of 1 and
—1, respectively, and to some degree, the higher-temperature
orders of 1 and —0.5 for propane and H,, respectively, reported
by Zhu et al.* that this model is found at a somewhat covered
surface.

Comparing FFM and BMwE Models. In this study, three
surfaces were modeled using two different methods of
generating uncertainty, the BEEF—vdW with ensembles
model (BMwEs) and the FFM. We note that there are
differences in the covariance matrix and Gibbs free energies
between these models. Comparing these uncertainty-generat-
ing computational models, in addition to the three surfaces,
will generate information about differences in the results from
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Figure 7. Degree of kinetic rate control (Dygpc) for PDH to propylene using the TOFs of propane (a,c) and propylene (b,d) using the BMwE
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2495

https://doi.org/10.1021/acscatal.1c04844
ACS Catal. 2022, 12, 2487—-2498


https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c04844/suppl_file/cs1c04844_si_003.pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c04844?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c04844?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c04844?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c04844?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c04844?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c04844?fig=fig7&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c04844?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

different uncertainty quantification methodologies and whether
the FFM or BMwE is more successful at modeling the data.
This can illuminate if the set of four functionals within the
FFM was a good choice for this system, and if BMwE, which is
much less computationally involved, is more supported. There
is strong evidence to support the BMwE models, as the FFM
models all failed the “goodness-of-fit” tests. One can notice the
differences in Figures S and 6 between the calibrated data sets
simulating the same conditions and further graphically in the
Supporting Information. The differences between the models
are due to the differences in the covariance matrixes from
BMwE models and the models using the FFM and more
positive Gibbs free energies of adsorption with the BMwE. The
differences for Pt(211) and Pt(111) in adsorption energies are
depicted in Figure S2 in Section II of the Supporting
Information. The BMwE 95% confidence intervals have a
similar uncertainty for some intermediates to the FFM models,
but for most intermediates, the BMwE confidence intervals are
much larger. Though different, one model having greater
uncertainty does not make the model better or worse than
another model. Similar confidence intervals for the transition
state energies are described in Figure S3. In this study, we find
that the BMWE can describe the catalysts’ surfaces better, given
the experimental data. Given that GGA functionals can
generally describe metal surfaces, we expect the BMwE
methodology for quantifying uncertainties to be appropriate
for most transition metal catalysis problems.

B CONCLUSIONS

To identify the active site for the PDH to propylene over Pt
catalysts, various elementary reactions for the PDH were
studied from first principles over three surfaces: Pt(111),
Pt(100), and Pt(211). To develop meaningful mean-field
microkinetic models based on transition state theory for these
individual surfaces, the lateral interactions between all surface
species and transition states were calculated with all high
surface coverage species. Given the uncertainties in the DFT
energies, we developed two different methodologies for
generating the correlation structure of the DFT functional
energy uncertainty for each surface model. Next, we performed
a Bayesian model selection to identify the most likely active
site for PDH over Pt catalysts given reported experimental
observables or quantities of interest such as TOF, apparent
activation barrier, reaction orders, and propylene selectivity in
three different papers.z_4 Here, we also studied whether using
different methods of uncertainty quantification leads to
different results, or if one methodology is more favored for
transition metal catalysis.

Using the FFM methodology for evaluating uncertainty,
Pt(100), Pt(111), and Pt(211) were found to have failed the
goodness-of-fit statistic as shown in the squared Mahalanobis
distances and as such were excluded from further data analysis.
Using the BMwE model, Pt(100) was found to have no
evidence due to its inability to fit the experimental data, and
the Bayes factor generated between evidence Pt(111) and
Pt(211) strongly supports, based on Jeffreys’ scale,” Pt(211)
as the active site under conditions D; and D,. Under
conditions D, and Dj, there is no model evidence supporting
one particular surface as the dominant active site.

There are noticeable differences between the BMwE and
FFM model results, and the BMwE is the more supported
model due to better fit for this specific system. Given that it is
currently believed that GGA functionals can generally describe

metal surfaces, we expect the BMwE methodology for
quantifying uncertainties to be appropriate for most transition
metal catalysis problems. Finally, the kinetically rate-control-
ling steps are some combination of the 1st dehydrogenation
steps of adsorbed propane to adsorbed C;H, intermediates.

Though this study focused on mainly quantifying and
propagating the functional uncertainties present in the data,
other uncertainties arise from different parts of these models.
These include uncertainties present in the lateral interaction
parameters, the site occupancies, and the entropy values for the
intermediates and transition states. We hypothesie that much
of the entropic uncertainty and that some of the uncertainty in
lateral interactions can be viewed as potentially overwhelmed
by the functional uncertainty, as the 95% confidence intervals
within functionals, as described by Figures S2 and S3 in the
Supporting Information, can span upward of 1 eV. Uncertainty
in the lateral interactions is, by necessity, not only a function of
the uncertainty within the lateral interaction parameters
themselves but also by the functionals as well, as the
thermodynamics and kinetics of the reaction can and do
change, as can be seen by the site coverages reported in Table
1. Uncertainty within the site occupancies can affect results for
the microkinetic models as well. Reported in Table S26 in the
Supporting Information, TOFs of propylene change by a factor
of 10, while there are small, but significant, differences in
selectivity and reaction orders. We theorize that the
uncertainties in the lateral interactions and site occupancies
become less relevant to general uncertainty quantification as
the percentage of free sites increases on a surface, as the errors
become less relevant to the general reaction mechanism, if the
initial adsorbates, desired products, and intermediates have
sites that can be well defined. Regardless, this is an important
topic that should be explored further in future studies.

Although this study was comprehensive in determining
whether one of the facets was the sole active site, this study did
not test if combinations of surface facets formed together the
active site that can describe the experimentally observed
behavior under the various experimental reaction conditions.
Almost all of the simulations yielded relatively high TOFs for
each surface, which may indicate that all are participating
significantly in the reactions present on a catalyst particle. We
plan on performing such a study in the future.
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