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ABSTRACT: Catalytic dehydrogenation of light alkanes over Pt catalysts is generally accepted to follow a reverse
Horiuti-Polanyi mechanism. By using microkinetic analysis in combination with results from density functional theory
calculations, we show that, although propane dehydrogenation (PDH) occurs by two successive dehydrogenation steps
on terraces, an unexpected non-reverse Horiuti-Polanyi mechanism accounts for more than half the propylene
production at the under-coordinated active sites that dominate the kinetics of PDH. The main reaction is composed of
three dehydrogenation steps that have two S-H and one a-H atoms removed from propane, followed by the
hydrogenation of CH3;CCH,, and, starting from this species, the formation of propylene and by-products proceeds by
way of two parallel competing reactions. The proposed mechanism has been verified by exploring several key and
general aspects of the kinetic behavior observed in the dehydrogenation of light alkanes, and it is found that, only when
adsorbate-adsorbate interactions are taken into consideration can the experimentally determined kinetics be properly
reproduced. Increasing the H, partial pressure from low values favors an increase in the coverage of free sites due to
gasification of adsorbed coke precursors, which in turn gives rise to lowered energy barriers for C-H bond breaking,
thereby achieving an increased propane consumption rate. As the H,/CsHg ratio rises, the rate for propylene production
first goes up and then declines and a maximum is observed at a H./CsHs ratio of 1.33, which occurs when the negative
effect of the increased free fourfold hollow sites bringing about deep dehydrogenation begins to dominate the positive
effect of the increased free step sites that are responsible for activating propane. The mechanism formulated here
proves to be valid even if temperature, pressure, or the H,/CsHg ratio is varied, and hence provides a foundation for
rational design of metal and alloy catalysts for light alkane dehydrogenation.

1. INTRODUCTION reason, the propylene supply chain has been moving

Propylene, which is an important chemical intermediate
in the petrochemical industry, has conventionally been
produced either as a co-product to ethylene in steam
crackers or as a byproduct in refineries. Since the start
of this century, the shale gas revolution in North America
has made a significant impact on the global energy
market. In addition to methane, shale gas deposits
contain a considerable amount of ethane and propane.3*
As a consequence, new steam cracker projects are based
primarily on ethane as feedstock and can only produce a
negligible amount of propylene, which gives rise to an
increased propylene supply-demand gap. On the other
hand, the shale-based propane is relatively cheap,
making the current market conditions very favorable for
propylene production via dehydrogenation.® For this

away from co-production and towards on-purpose
production.

The catalytic dehydrogenation of propane is a
reversible reaction where the equilibrium position lies
too far to the reactant side and the propylene yield is
severely limited by thermodynamics. Because of its
highly endothermic character under standard conditions
at 298 K (A,Hg° = 1238 kl/mol), the operating

temperature of the existing commercial processes is
typically kept as high as 800 ~ 980 K to achieve a
reasonable propane conversion.® The increase in
temperature, however, has a negative effect on the
catalyst selectivity because side reactions, such as
cracking, hydrogenolysis, deep dehydrogenation,
oligomerization, cyclization, and coke formation, are



promoted even more dramatically at high
temperatures.”® As a result, despite the simplicity in
appearance of the main reaction, the undesirable side
reactions constitute a huge reaction network and yield a
wide variety of C1 to C3 intermediates adsorbed on the
catalyst surface, making the reaction mechanism
enormously complex.®-1°

The first step in the kinetic analysis of reactions is to
establish the stoichiometry and network of the reaction.
Inclusion of all possible elementary steps is essential to
an accurate description of the kinetics. In most of
previous theoretical and experimental studies, propane
dehydrogenation (PDH) is thought of as occurring by the
reverse Horiuti-Polanyi mechanism,” "-'® involving only
two successive dehydrogenation steps in the propane
molecule, followed by desorption of propylene and H.
from the catalyst surface. In this way, the reaction
pathway is actually a priori specified and, more
importantly, without allowing the formation of undesired
products such as methane and ethylene, one cannot
determine the selectivity toward propylene by means of
calculation and simulation. In PDH, whether propylene
would be released from the catalyst surface or undergo
deep dehydrogenation is of central importance because
it not only determines the yield of propylene but is
intimately related to the amount of coke deposited, and
hence to the catalyst stability. Although we have pointed
out in an early study that the activation energy
difference between propylene dehydrogenation and
desorption provides a measure of the catalyst
selectivity’, which has now been widely used as a
descriptor to screen promising candidates as the catalyst
for PDH'3 1819 the application of such a simple
energetic quantity is apparently inadequate for more
quantitative discussions.

Theoretically, the only two kinetic studies that take the
side reactions into consideration so far are concerned
with the mechanism of PDH over the flat Pt(111)
surface,??" which is based on the idea that the under-
coordinated sites would be preferentially blocked due to
coke formation.'> 2225 On the other hand, it remains an
open question whether the unsaturated Pt sites are
deactivated permanently and completely throughout the
dehydrogenation reaction. First, it was suggested by in-
situ and ex-situ HRTEM and TAP that coke formed on the
active metal surface can be moved to the catalyst
support?* % and the ability of the support to
accommodate coke often determines the catalyst
stability. Second, the kinetics of the dehydrogenation
reaction was found to be strongly size-dependent.’> %’
Even after the reaction has reached a steady-state, small
Pt clusters can still give a much higher turnover
frequency (TOF) than large ones, which means that the
under-coordinated sites that dominate the surface of
small clusters must play a role in catalyzing the reaction.
Third, the recently discovered single-atom catalysts and

pseudo-single-atom catalysts exhibit superior catalytic
performance in a wide variety of chemical reactions, both
of which have a high density of under-coordinated metal
atoms and are believed to be highly active for PDH.28-30
Hence, the complex reaction mechanism, even on the
most widely studied Pt catalyst, has not yet been fully
elucidated and a full picture of how the reaction
proceeds can only be achieved through an
understanding of the way in which various active sites
behave and contribute to the overall kinetics.

In addition, much of our present understanding of the
kinetics of heterogeneous reactions is based on the
Langmuir isotherm, which assumes the independence
and equivalence of adsorption sites. Deviation from the
isotherm can be traced to the failure of these
assumptions. For example, the enthalpy of adsorption
depends on the extent of surface coverage, mainly
because the adsorbed species interact. If the species
repel each other (as in most cases) the adsorption
becomes less exothermic (the enthalpy of adsorption
becomes less negative) as coverage increases.®!®
Because the interactions between adsorbates may affect
the energetics of elementary steps in different ways and
to different extents, the reaction mechanism could be
markedly different with and without considering this
effect.

In this work, we have performed a combined
experimental and theoretical study to formulate the
catalytic reaction mechanism for PDH over both the
close-packed Pt(111) and the stepped Pt(211) surfaces.
The kinetics of PDH, specifically the effect of the H,/C3Hs
ratio on the catalytic activity and propylene selectivity, is
first examined experimentally, and the central feature of
this kinetic analysis is considered to validate the
theoretically determined kinetics. Then, a detailed
density functional theory (DFT)-assisted microkinetic
model is built under the steady-state approximation and
with adsorbate-adsorbate interactions considered. Next,
the active site, the dominant reaction pathway, and the
key factors determining the catalyst activity and
propylene selectivity are revealed. Finally, we conclude
by discussing the implication of our results for
understanding ~ the  non-reverse Horiuti-Polanyi
mechanism for the dehydrogenation of light alkanes.

2. METHODS
2.1. DFT Calculation

DFT calculations were performed with the VASP3436
package using plane wave basis sets. A plane wave
energy cutoff of 400 eV was used in the calculations to
achieve a tight convergence. The interactions between
valence electrons and ion cores were represented by
Blochl's all-electron-like projector augmented wave
(PAW) method.?” Brillouin zone sampling was performed
by using a Monkhorst-Pack grid®® with respect to the
symmetry of the system. The electronic occupancies



were determined according to a Methfessel-Paxton
scheme® with an energy smearing of 0.2 eV. The
description of van der Waals forces is important for the
C2 and C3 species involved in PDH," 2 so the exchange
and correlation in the Kohn-Sham theory were treated
with the BEEF-vdW functional.®® In a previous study,
Gautier et al*' showed that, compared with other vdW
functionals, the BEEF-vdW functional makes reasonably
reliable predictions of the geometries and energetics of
the adsorption of covalently bound molecules such as
ethylidyne on Pt(111).

A five-layer slab with a p(3 x 3) supercell was used to
represent the Pt(111) surface. The neighboring slabs
were separated by a vacuum region as thick as 12 A to
eliminate the periodic interactions in the direction
perpendicular to the surface. The bottom two layers
were fixed to their crystal lattice positions, while all the
other atoms were allowed to fully relax. When studying
the reactions on Pt(211), a p(1 x 3) supercell with fifteen
layers was used, and the bottom six layers were fixed.
The Monkhorst-Pack grids of 5 x 5 x 1T and 5 x 3 x 1
were applied to sample the first Brillouin zone of the two
slabs. All the ground-state atomic geometries were
optimized by minimizing the Hellman-Feynman forces
with the conjugate-gradient algorithm* until the total
forces acting on each atom were converged better than
0.03 eV/A. Transition-state geometries were located by
using the minimum-mode following dimer method,*
and the transition states were verified by frequency
calculations in which only one imaginary frequency was
obtained for each transition state.

In this work, adsorption energies ( E,,. ) were calculated

ads
relative to the energies of C and H in gas-phase methane
and hydrogen, respectively, by using the formation

energy approach®4:
Eo = Eqpaass — Eurr — (aEC + BEy ) @)
where E_.. .. is the total energy of the surface with

adsorbate adsorbed, E, . is the total energy of the bare

surface, E. is calculated as E -2F . E,is

methane(g) hydrogen(g)

calculated as 0.5E

hydrogen(g)
numbers of carbon and hydrogen atoms in the adsorbed
species, respectively. It should be noted that, if all the
energies in a given microkinetic model are referenced to
the same set of reference energies, the variation in the
reference states does not change the values of the
reaction and activation energies, because the reference
energies may cancel out in any relative quantities. In
other words, the choice of the reference states is
arbitrary, provided that the atomic references are
associated with the same set of substances. This
approach has the advantage of not distinguishing
between adsorbate states and transition states, and
because it ensures thermodynamic consistency, the use

, and a and g represent the

of the derived energies as inputs to a microkinetic model
is preferred over other relative quantities.

2.2. Microkinetic Analysis

Microkinetic analysis in this work was carried out using
a modified CatMAP code.*® In general, the enthalpy (H°)
and entropy (S°) were estimated under the ideal gas*
(for gas-phase species) and harmonic (for reaction
intermediates and transition states) approximations, as
implemented in the ASE package.*® The rate constant (k)
of elementary steps was evaluated based on the
transition state theory:*

_ kBT -AG® [kyT

k_Te (2)
where % is Planck’'s constant, and AG°* is the Gibbs free
energy change from the initial state to the transition
state. In the modified code, the entropy and enthalpy of
the activated complex in molecular adsorption or
desorption were assumed to be equal to the entropy of
the adsorbed intermediate and the enthalpy of gas-
phase species, respectively, which has previously been
reported to be a reasonable approximation*. As a
consequence, the Gibbs free energy of the activated
complex for molecular adsorption and desorption can be
written as

C;TSOt = Hgas - T : S:ds (3)

where G

state, H®

gas

°* is the Gibbs free energy of the transition
is the enthalpy of gas-phase species, and

Se,. is the entropy of adsorbed species.

TOFs of elementary steps were determined by
invoking the steady-state approximation and by
numerically solving the coupled differential equations.
The selectivity toward a specific product is defined as the
rate of formation of the product in question divided by
the rate of consumption of propane and weighted for
the number of carbon atoms involved.

2.3. Experimental Methods

The alumina-supported monometallic Pt catalyst
(Pt/AlLO3) used in this work was the same batch as in our
previous study, which was prepared by the colloid
method. The details of how the catalyst is prepared can
be found in the literature.’® The PDH assessments were
performed in a uBenchCAT reactor (Altamira
Instruments, USA) equipped with a quartz reactor (6 mm
in diameter), and the products were analyzed online with
a 4-channel micro-GC (INFICON 3000, USA). Typically,
0.05 g of catalyst was loaded in the quartz reactor. The
experiments were conducted at WHSV, .. = 142 h’

and a H,/C3;Hg molar ratio of 0, 1.25, 2.40, 3.56, 4.76, and
6.00, balanced with argon to achieve a total flow of 200
ml/min. The experiments were carried out at 723.15 K
and atmospheric pressure with the same total flow and
catalyst loading as above. Under these conditions, the
influences of internal and external diffusion were safely



excluded. All the experiments were performed in a
kinetic regime and with relatively low propane
conversions (below 10.0%). The TOFs for propane
consumption and propylene production were calculated
by normalizing the mass activity to the number of
surface Pt atoms which was determined by the H,
chemisorption results. More details about the TOF
calculation can be found in Section S1 in the Supporting
Information. The selectivity toward gas-phase products
was calculated based on the carbon mass balance.

3. RESULTS AND DISCUSSION
3.1. Energetics of PDH

The reaction network involving both the main and the
side reactions of PDH is shown in Scheme 1, which is

established based on the available experimental and
theoretical findings.> 7:20-21:51-52 The 60 elementary steps

Scheme 1. Reaction Network for PDH?

CH3CH,CH,*
’ 1-propyl
CH3CH,CHj5 (9)

.
propane 39

ethy |+ methyl

CHyCHy* + GH* |12

-
7

&

CH3CHCH* Ly

1-propylidene

CH3CH,* + CH,* /8
40 ethyl + methylene
9

743
CHyCHCHy* 4

ethylidene + methylene\1

CH,CH,C*
propylidyne

A
&
o

P
CHCH,* + CH* {
ethyl + methylidyne
g
CH3CHCH*
1-propenyl

CH3CH* + CHy*

A

T46

15

-
ethylidene + methylidyne o

can be divided into four groups: adsorption and
desorption of gas-phase reactants and products,
cleavage of C-H bond to form dehydrogenated species,
deep dehydrogenation of adsorbed propylene or
subsequent reaction intermediates, and C-C bond
cracking of C3 and C2 species. The calculated Gibbs free
energy barrier for each elementary step is given in Figure
1 and Table S1 in the Supporting Information, and the
geometries of the transition states for propane (TS1 and
TS2), 1-propyl (TS3 and TS4), and 2-propyl (TS5 and TS6)
dehydrogenation are also shown in Figure 1. For the
other elementary steps, the detailed information about
the geometry of the transition state is presented in
Figures S1 and S2 in the Supporting Information.
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Figure 1. Gibbs free energy barriers (at 723.15 K) for dehydrogenation and cracking of C3 species in PDH
over Pt(111) and Pt(211) and optimized geometries of transition states for propane (TS1 and TS2), 1-propyl
(TS3 and TS4), and 2-propy! (TS5 and TS6) dehydrogenation. Elementary steps are defined in Scheme 1 and
Table S1. The Pt atoms located below the outermost layer are colored yellow.

From the TS1 and TS2 in Figure 1a, it can be seen that
on Pt(111) propane is dehydrogenated on top of a Pt
atom, and the H atom detached from the C3
intermediates is relaxed to the Atop or Bridge site. The
geometries of the transition states resemble the
adsorption configurations of 1- and 2-propyl which are
located at the most stable atop site (see Figure S3 in the
Supporting Information). The Gibbs free energy barrier
difference between the formation of 1-propyl via ri and
2-propyl via r; is only approximately 0.02 eV, indicating
that the dehydrogenation of propane to CH3;CH,CH,*
and CHs;CHCHs* is equally favorable. Similarly, the
transition states for the dehydrogenation of 1- and 2-
propyl (TS3-TS6 in Figure 1a) are quite final-state like,
and all the four reactions take place at the Bridge site.
Furthermore, both 1- and 2-propyl tend to be
dehydrogenated to propylene (via rs and rs) instead of to
1- and 2-propylidene via r; and re, respectively, because
the formation of propylene has lower forward Gibbs free
energy barriers. From the analysis above, one can
naturally conclude that the most kinetically preferred
routes for propylene formation on Pt(111) are r1 — rs and
r. — rs, which follows the generally accepted reverse

Horiuti-Polanyi mechanism. Moreover, the adsorbed
propyne is suggested to be the starting point for C-C
bond breaking on Pt(111), which is due to the fact that
CH3CCH?* is the sole C3 species that has a lower cracking
barrier than the dehydrogenation barrier (1.20 vs. 1.38
eV for rs9 and rqs, respectively, as shown in Figure 1a).
These results obtained on Pt(111) are consistent with the
previous theoretical studies using different DFT

functionals such as PBE, opt-PBE vdW-DF, BEEF-vdW,
etC.g’ 17, 20-21

On Pt(211) all the six geometries of the TS1-TS6
resemble those over Pt(111), as shown in Figure 1b.
However, the dehydrogenation reaction occurs by a
completely different mechanism. As can be seen in
Figure 1a-1b, the Gibbs free energy barriers for the
dehydrogenation steps on the stepped surface are quite
lower than those on the terrace surface, suggesting
higher catalytic activity. In addition, the great difference
between the Gibbs free energy barriers for propane
activation to CH3CH,CH,* via ry and to CH3CHCHs* via r»
implies that the removal of the B-H from propane is
kinetically preferred. Moreover, the high Gibbs free
energy barriers for CH3;CH,CH,* and CH;CHCH;*



dehydrogenation to propylene compared to those for
the formation of CH3CH,CH* and CH;CCHs* predict that
both CH3CH,CH,* and CH3CHCHs* are more likely to be
converted to the deeply dehydrogenated species than to
the target product propylene. To ensure that the use of
the newly developed BEEF-vdW functional does not
account for the observed deviation from the reverse
Horiuti-Polanyi mechanism, another five widely used
exchange-correlation functionals, including PBE, revPBE,
optPBE-vdW, optB86b-vdW, and HSE06, were applied to
verify the unexpected results. Since the relative
magnitudes of the activation energies for the four
aforementioned dehydrogenation steps play a key role
in determining the pathway for propylene production,
the dehydrogenation of CH3CHCH3* (15 and rs) was taken
as an example and the calculated energy barriers are
presented and compared in Figure 2a. From the figure,
one can see that the activation energy for f-H
abstraction from CH3;CHCHs* via rs is invariably lower
than that for a-H abstraction via rs, independent of the
functionals used, which confirms that only a small
amount of propane would be converted into propylene
via rs and rs on Pt(211). Thus, it appears that there is an
alternative to the commonly accepted mechanism for
PDH on the corrugated Pt surface, which makes it
difficult to identify the dominant reaction pathway from
purely energetic considerations.

In addition, the Gibbs free energy barrier for CH;CCH*
cracking is no longer lower than that for
dehydrogenation (1.37 eV and 0.74 eV for riy and rs
respectively), which is in contrast to our previous PBE
predictions.”” Closer examination of the results indicates
this difference arises from the different geometries of
the  transition  state located for  CH3;CCH*
dehydrogenation (rig). As shown in Figure 2b, the
activated complex may be found either at the fourfold
hollow site of the step or at the step edge. The former
structure resembles the adsorption configuration of
CH3CC* (see Figure S4) and the latter is similar to that
reported using the PBE functional®. The present work
shows that both the BEEF-vdW and the PBE functionals
give rise to virtually the same geometries of the two
transition states and, regardless of the functional used,
the dehydrogenation of CH3CCH* is likely to take place
at the fourfold hollow site of the step rather than
occurring at the step edge, because the transition-state
energy for the latter process is 0.90 and 0.79 eV less
negative for the BEEF-vdW and PBE functional,
respectively. Given the fact that the dehydrogenation
reaction is kinetically more favorable than the cracking
reaction for all the C3 species except CH3CC* (see Figure
1b), CH3CC* is predicted to be the starting point for C-C
bond breaking on Pt(211).
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Figure 2. (a) Activation energies (£

) for 2-propyl
dehydrogenation to propylene via rs and to 2-
propylidene via re over Pt(211) as calculated by
using different exchange-correlation functionals;
(b) two different transition states for CH3CCH*
dehydrogenation (TS18) over Pt(211) as obtained

by both the BEEF-vdW and the PBE functionals.
3.2. Experimentally Determined Kinetics of PDH

Because PDH has a very complex mechanism, the
analysis of energetics alone cannot give much physical
insight and a comprehensive microkinetic analysis is
highly desired. To gain confidence in the results of the
microkinetic analysis, at least several key aspects of the
theoretical predictions need to be validated and
confirmed by experimental data. In this work, the
experimentally determined PDH kinetics was obtained
on Pt nanoparticles of around 5.0 nm in size, and the
details of catalyst characterization can be found in our
previous work®® and in Figure S5 in the Supporting
Information.
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Figure 3. Plots of TOFs for propane consumption and propylene production and of propylene selectivities
over 5 nm Pt nanoparticles obtained (a) in experiment and from microkinetic analysis (b) without and (c)
with adsorbate-adsorbate interactions as a function of the H>/CsHs ratio at 723.15 K and 0.03 bar of

propane.

The H/alkane ratio is generally used to investigate the
effect of H, co-feeding with alkane on the catalytic
activity and alkene selectivity, where the H, and inert
flow rates are varied while the alkane and total inlet flow
rates are held constant.?" >3>> The experimental results in
Figure 3a indicate the TOF for propane consumption
(TOF, ..) is increased by 10 times when hydrogen is

propane
introduced into the inlet stream with the H,/CsHs ratio of
1.25 and continues to increase with increasing the ratio.
The positive effect of co-feeding of hydrogen with
propane on the activity of PDH has previously been
reported in the literature,®® > which suggested that the
co-feeding can suppress coke formation through the
hydrogenation of coke precursor species and therefore
maintain the catalytic activity over Pt catalyst.

As for the production of propylene, the dependence of
the TOF (TOF, ) on the H,/CsHg ratio exhibits a

distinctly different pattern, where the rate first shows
positive hydrogen pressure dependence and then the
rate law has a negative reaction order in hydrogen when
more hydrogen continues to be added into the inlet
stream. It is important to note that we have ensured the
amount of propylene in the gas mixture is much less
than its equilibrium concentration throughout the
reaction (see Figure S6 in the Supporting Information)
and the experiments have been carried out in the kinetic
regime. The observation that the curve goes through an
inflection point at the H,/CsHg ratio of around 1.30 has

ropylene

previously been reported,?" > not only in PDH but also in
the dehydrogenation of ethane and butane on various
Pt-based catalysts;**>® that is, it is a characteristic feature
of the kinetics of the dehydrogenation of light alkanes
over Pt.

Furthermore, it is found that the co-feeding of
hydrogen has a negative effect on the selectivity towards

propylene (S, ... )- Specifically, as the Hp/C3Hs ratio
increases from 0 to 6 the S .. decreases
monotonically from 84.8% to 26.8%, implying an

increase in the selectivity towards C2 and C1 species (see
Figure S7 in the Supporting Information). The
explanation is probably that the hydrogenolysis reaction
has a more positive reaction order in hydrogen than the
dehydrogenation reaction, and the increase in the
hydrogen content would promote the side reaction more
dramatically. Through microkinetic analysis, however,
Saerens et al.?' predicted that the propylene selectivity
on the Pt(111) surface should not be much influenced by
the increased H,/CsHs inlet ratio, and Lian et al.?° claimed
by carrying out kinetic Monte Carlo simulations that the
selectivity toward propylene can even be increased with
the introduction of H, over Pt(111). Therefore, the
computational work so far seems to have difficulty in
properly reproducing the experimentally determined
kinetics of PDH.



3.3. Microkinetic Analysis without Adsorbate-

Adsorbate Interactions
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Figure 4. Schematic representations of active sites
on (a) Pt(111) and (b) Pt(211). On Pt(111),
adsorbates occupying the sites labeled with “t”
refer to adsorption at the terrace sites. On Pt(211),
adsorbates occupying the sites labeled with “s” and
“f" refer to adsorption at the step and fourfold
hollow sites, respectively.

Based on Scheme 1, a microkinetic model is
constructed and solved by invoking the steady-state
approximation (see Section S5 in the Supporting
Information for details). In the kinetic model, Pt(111) is
viewed as composed of terrace (labelled with “t”) sites
and Pt(211) is thought of as comprising two types of
active sites, namely, fourfold hollow (labelled with “f")
and step (labelled with “s") sites, as shown in Figure 4.
The reasoning behind the site definition is that, in more
detailed DFT calculations, CH3sCC*, CHC*, and CC* are
found to prefer the fourfold hollow site of the step while
the other species are bound more strongly at the step
edge (see Figure S4 in the Supporting Information). In
addition, a hydrogen reservoir site is considered on both
Pt(111) (labeled with “"ht") and Pt(211) (labelled with "hs"),
which is based on the assumption that atomic hydrogen
is so small that its adsorption is independent of the
adsorption of other species (that is, the interactions
between hydrogen and other species are negligibly small,
giving rise to non-competitive adsorption).>’-%8

In this work, the catalytic behavior of supported Pt
catalysts was interpreted in terms of a multi-faceted
kinetic model, where the coordinatively saturated
(terraces) and unsaturated (steps/edges) active sites are
represented by the close-packed (111) and stepped (211)
surfaces, respectively. For simplicity, a “no diffusion”
model*® was used, in which the reaction is considered to
take place independently on Pt(111) and Pt(211). Thus,
the calculated TOFs on Pt nanoparticles can be obtained
by using a linear combination of the TOF on each
surface. Because nanoparticles of different sizes and
shapes have different relative occurrence of active sites
of various types, the TOFs were evaluated on the
assumption that the 5.0 nm Pt nanoparticles have an

icosahedral shape (see Figure S8 in the Supporting
Information).8>®" It is worth noting that no effort has
been devoted to fitting the simulation data to the
experiments.

Here we first conducted microkinetic analysis without
adsorbate-adsorbate interactions to reveal the kinetics of
PDH over Pt, and the results are presented in Figure 3b.
It is found that the inflection point of the plot of
TOF., occurs at a Hy/CsHsg ratio of 0.67, which is

propylene
much lower than that found in experiment. More
importantly, there is an unexpected increase in the
TOF. and S at high H,/CsHg ratios, which is

propylene propylene
absent in the experimental results. As mentioned in the
Introduction, the neglect of lateral adsorbate-adsorbate
interactions is the most likely reason for the
discrepancies between the simulated and experimental
kinetics. As illustrated in Figure 5a, the active sites are
considerably blocked by the abundant reaction
intermediates, such as CH_t and C_t at the “t" site, CH_s
and C_s at the “s” site, and CHC_f at the “f" site (the
values of the coverages determined from the
microkinetic model  without adsorbate-adsorbate
interactions are included in Section S7 in the Supporting
Information), indicating that there must exist strong
adsorbate-adsorbate interactions. These interactions
have great influences on the surface coverages and
chemisorption strengths of reaction intermediates and
are the major factors affecting the accuracy of the
predicted kinetics.
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Figure 5. Surface coverages of species at the “t”,
“s", and "“f" sites obtained from the microkinetic
model (a) without and (b) with adsorbate-
adsorbate interactions at 723.15 K, 0.03 bar of

propane, and Hz/CsHs = 0.03.



3.4. Microkinetic Analysis Including Adsorbate-
Adsorbate Interactions

In light of this fact, adsorbate-adsorbate interactions
were then included in our microkinetic model. Previously,
Saerens et al?' constructed a coverage-dependent
simulation by co-adsorbing hydrogen with other species
to study the effect of the hydrogen coverage on the
catalyst performance in PDH. They found that the
reaction activity is about 3 times lower than in the model
without hydrogen co-adsorption, and the H,/CsHg feed
ratio at which the highest rate for the propylene
production is attained changes from 3.0 to 1.5. Lian et
al.?® also evaluated the lateral interactions between
adsorbates by cluster expansion Hamiltonians, and the
lateral interactions of up to 0.4 eV were observed
between C1 intermediates. In our model, the self-
interactions of 11 reaction intermediates including C_t,

1/9 ML 2/9 ML 3/9 ML 4/9 ML

CHC_f

29&29&&& mmm

2/3 ML

1/3 ML 2/3 ML 1ML 1/3 ML

Self-interaction

5/9 ML

CH_t, and CHsC_t on Pt(111) and C_s, CH_s, CHCH_s,
CH,C_s, CH3C_s, CC_f, CHC_f, and CH;CC_f on Pt(211) are
considered, for their coverages are predicted to be
greater than 0.01 ML at the H,/CsHg ratio of 0.03 by
microkinetic  analysis  without adsorbate-adsorbate
interactions. In addition, the cross-interactions between
CHC_f and 29 species are also included, consisting of (i)
the abundant reaction intermediates including C_s, CH_s,
CH>C_s, CHsC_s, CC_f, and CHsCC_f, (ii) the transition
states for the dehydrogenation of C3 species, the
cracking of CH;CCH_s and CHs;CC_f, and (iii) the
adsorbed CH3CHCH, s, CHs:CCH_s, CH.CH, s, and
CHCH_s. Other interactions between the species involved
are negligibly small and neglected, which is a commonly
used strategy for describing the kinetics of complex
reactions involving a large number of elementary steps
and reaction intermediates.5%%3
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Figure 6. (a) Adsorption configurations of CH_t, CH_s, and CHC_f at different coverages and the
corresponding coverage-dependent differential adsorption energies. The points represent the energies
computed using DFT and the solid lines represent the energies obtained from the second-order adsorbate-
adsorbate interaction model; (b) adsorption configurations of CH_s at the CHC_f coverages of 0, 0.33, and

0.67 ML.



The lateral adsorbate-adsorbate interactions were
modeled-using a second-order expansion of the integral
adsorption energy in terms of the coverage:

1
Eint = z Egiff,iei + Ez z f;i z Z 5;‘/91'9,/
i s q

ies jeq

4)

where E, is the integral adsorption energy on a surface,

which is a function of the coverages of all the reaction
intermediates, E° _ is the differential adsorption energy

diff,i

of species i in the low-coverage limit, s is a

piecewise-linear function for the energy as a function of
the coverages at the adsorption sites s and ¢, and ¢, is

a matrix of parameters for the interaction between
species i and j, which was determined by fitting the

interaction model to the DFT-calculated data (see below).

The differential adsorption energy can be obtained by
differentiating Eq. 4 with respect to surface coverage:

OE.
Ediff‘k (ek) = aém
(3

= Era+ 2 22600+ 20 Fy foy, 20 26,89,

ies s ies jeqy

where E,., is the differential adsorption energy of
species k, j;'q is the derivative of Lo with respect to the
total coverage at sites s and ¢, and 4, denotes the site

q with species k adsorbed.
The value of ¢, was obtained by minimizing the error

function using the downhill simplex algorithm:

i(|EEnFT - Eim
f‘ — =l

+ |E,EfFfT - Ediff|)[. (6)

N
where N is the number of DFT data used to fit each

interaction parameter, E)" and Ep;

4w are the integral

and differential adsorption energies estimated by DFT
calculations, respectively:

EL;:i):fT(g):Eads(e)_Eads(e_Ae) (7)
Epy " (0)=Epy (0)-AO+E T (0-A6) (8)

where A@ is the change in surface coverage after

introducing an adsorbate. When 0=A0
Egy (AO)=E, (A0) and E"(A0)=Ey' (A6)-AO

Substitution of ¢; into Eq. 5 yields the differential

adsorption energy of each intermediate as a function of
the surface coverage, which is then used as an input to
the microkinetic model. More technical details of the
interaction model are included in Section S8 in the
Supporting Information and the literature.®*

Several representative adsorption and co-adsorption
configurations as a function of the site coverage are
shown in Figure 6a and 6b, respectively. As indicated in
Figure 6a, the interaction model predicts with reasonable
accuracy the DFT-calculated coverage-dependent
differential adsorption energy. Comparison between
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Figure 5a and 5b reveals that, with the consideration of
the repulsive adsorbate-adsorbate interactions, the
coverages of the abundant reaction intermediates are
substantially decreased and many active sites originally
blocked are now ready for adsorption (the values of the
coverages determined from the microkinetic model with
adsorbate-adsorbate interactions are included in Section
S9 in the Supporting Information). Importantly, the
experimentally determined kinetics of PDH over 5 nm Pt
nanoparticles can be well reproduced by the microkinetic
analysis with adsorbate-adsorbate interactions, as can be
seen in Figure 3c. In particular, the inflection point of the
plot of TOF, is predicted to be at the H,/CsHgratio

propylene
of 1.33, which is very close to the experimental
observation. Furthermore, although the predicted TOFs
are higher than the experimental values, the
dependences of the catalytic activity and catalyst
selectivity on the H»/CsHg ratio (especially at the high
values) apparently follow the same trend as that
exhibited in experiment. The overestimated TOFs have
also been reported by Saerens et al.?! and Lian et al.?°
One of the possible reasons can be traced to the
overestimation of the rate constants by the transition
state theory, which is associated with the “recrossings”
that cross back into the reactant region on the potential
energy surface and are miscounted as reactive events.®®
Another reason is that the simulations are conducted on
clean Pt surfaces, while in reality the strongly adsorbed
species could partially occupy the active sites, thus
impairing the catalytic activity.

The detailed results from the microkinetic analysis over
Pt(111) and Pt(211) are shown in Figure 7a. It is found
that the activity of Pt(211) is orders of magnitude greater
than that of Pt(111), which can be explained by the lower
apparent activation energy on Pt(211). From Figure 7b,
one can see that the calculated apparent activation
energy on Pt(211) is 0.20 eV at a Hy/C3Hs ratio of 1.00,
which is 049 eV lower than that on Pt(111). These
findings are in accord with the experimental
observations by Zhu et al,' who proposed that the
activation energy for PDH increases with increasing Pt
cluster size and therefore with increasing the fraction of
terrace sites. As a result, the catalytic behavior of the 5
nm sized Pt catalyst is suggested to be dominated by
Pt(211), although Pt(111) has a much higher mole
fraction on the catalyst surface (approximately 74.0 %,
see Section S6 in the Supporting Information).
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Figure 7. (a) Plots of TOFs for propane consumption and propylene production and of propylene
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activation (r1 and r2) and CH3CC_f formation and cracking (r17, rs, and rso) reactions on Pt(211) obtained from
microkinetic analysis without (dashed line) and with (solid line) adsorbate-adsorbate interactions.

In addition, the rate for propane consumption
increases as the H,/CsHg ratio goes up on both the
Pt(111) and the Pt(211) surfaces (see Figure 7a). It is
found that the increase in the TOF does not bear

propane
any direct relation to the \wvariation in the
dehydrogenation barrier caused by the interaction
between H and other adsorbed species or activated

complexes, because the coverage of hydrogen is
invariably low wunder all the reaction conditions
concerned (see Figure S10 in the Supporting

Information). Rather, at low inlet H>/C3Hsg ratios, it is
closely related to the increased coverage of free sites
(see Figure 7c-7e) and to the lowered coverage-
dependent energy barriers for propane activation (see
Figure 7f). Without H, co-feeding, high coverages of the
deeply dehydrogenated coke precursors, particularly
CH_t and C_t on Pt(111) and CH_s, C_s, and CHC_f on
Pt(211), and high Gibbs free energy barriers for propane
dehydrogenation (r1 and r,) are observed, which give rise
to the low activity. As the partial pressure of H; rises, the
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abundant reaction intermediates would be readily
removed as by-products through hydrogenation, making
more active sites ready to activate C-H bonds. As can be
seen in Figure S11 in the Supporting Information, the
increased H,/C3Hs ratio has a positive effect on the rates
for CH and C hydrogenation to CH; and CH and on the
rate for CHC_f cracking to CH_s and C_s, thus promoting
the formation of methane. More importantly, the
increase in the coverage of free sites in turn leads to the
lowered Gibbs free energy barriers for C-H bond
breaking. For instance, when the H,/CsHs ratio increases
from 0.03 to 0.67, the Gibbs free energy barriers for ry
and r, decrease from 1.66 and 1.58 eV to 1.55 and 1.47
eV on Pt(211), respectively. Thus, in principle, the
essential role of the increased H,/CsHs ratio at low values
is to give rise to more active sites by gasifying adsorbed
C1 and C2 species, lower the dehydrogenation barriers,
and hence achieve a long-term stability of the catalyst. It
should be noted that, when the H,/CsHg ratio continues
to increase, the coverage of free sites may exceed the



threshold values at which adsorbate-adsorbate
interactions can be neglected, and for then the Gibbs
free energy barriers begin to remain constant and the
increased TOF, with increasing the H,/CsHg ratio is

propane

attributed solely to the increased coverages of free sites.

On the other hand, the effect of the H,/CsHg ratio on
the rate for propylene production differs greatly on
Pt(111) and Pt(211), as can be seen in Figure 7a. On
Pt(111) the TOF continues to increase with

propylene
increasing the Hy/C3Hsg ratio and the S is found to

propylene
be insensitive to the change in the partial pressure of H..
By comparison, the TOF, on Pt(211) first increases

ropylene

to a maximum at the H,/CsHg ratio of 1.33 and then

declines, in remarkably good agreement with experiment.

Meanwhile, the propylene selectivity decreases steadily
with the H,/CsHs ratio, bearing close resemblance to the
experimentally determined kinetics. These important
differences and similarities, together with the fact that
Pt(211) shows a much stronger activity, suggest that
under-coordinated Pt atoms cannot be completely
deactivated under realistic reaction conditions and
would even play a dominant role in catalyzing PDH.

It should be noted that the characteristic feature of the
PDH kinetics on Pt can only be properly reproduced by
the microkinetic analysis with the inclusion of the lateral

adsorbate-adsorbate interactions on the stepped surface.

The improvement in the reproduction of the
experimentally determined kinetics (particularly the

inflection point of the TOF,, ... curve) benefits from the

more accurately predicted surface coverages and
energetics. In the microkinetic model without adsorbate-
adsorbate interactions, the Gibbs free energy barriers do
not change with the surface coverages of the adsorbates.
As the H,/C3Hs ratio rises, the increase in the coverage of
*_s would speed up the consumption of propane (r1 and
r2), while the growth in the coverage of *_f accelerates
the rate of the deep dehydrogenation and cracking
reactions (e.g., CH3;CC_f formation via ri7 and rig). The
inflection point of the plot of TOF occurs at the

propylene
H2/CsHg ratio of 0.67 (see Figure S12 in the Supporting
Information) where the negative effect of the increased
* f coverage begins to dominate the positive effect of
the increased *_s coverage.

When the repulsive interactions are included in the
kinetic model, the Gibbs free energy of activation, and
hence the rate constant, becomes coverage-dependent
(see Figure 7f). In particular, when the surface coverages
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of the "s” and “f" sites exceed the threshold values of
0.50 and 0.33 ML, respectively, the Gibbs free energy
barriers for bond-breaking reactions are raised as a
result of the weakened bonding of the adsorbates to the
surface. Thus, the variation in the kinetics depends upon
the changes both in the surface coverages and in the
rate constants. As can be seen in Figure 7d-7e, the
coverage of adsorbates is lowered due to the repulsive
lateral interactions between them, but the increased
Gibbs free energy barriers (see Figure 7f) almost
counteract the effect of the increased coverage of *_s on
the rate of the main reaction of PDH, as shown in Figure
7g. For the side reaction, however, the rate at a given
H,/C3Hg ratio is generally lower than that without
including adsorbate-adsorbate interactions (see Figure
79) because the effect of the decreased rate constant
dominates the effect of the increased coverage of *_f.
Interestingly, the difference in the side reaction rate
becomes greater as the H,/C3Hs ratio increases to 2 and
then goes down. Given the fact that the main reaction
rate does not change very much, the inhibition of the
side reaction by the presence of adsorbate-adsorbate
interactions, especially at low H,/C3Hs ratios, leads to the
optimum H,/Cs;Hg ratio shifting to a higher value (1.33),
causing it to be much closer to the experimental
observation.

Furthermore, the unexpected increase in the
TOF, at very high H,/Cs;Hg ratios (> 4.67, see Figure

propylene
S12) on Pt(211) can be eliminated by including the
interactions between the species adsorbed at the "f” site.
It is found that the reduction in the coverage of CHC_f
plays a dominant role in lowering the Gibbs free energy
barriers for the side reactions (eg., ri7, ris, and rso) with
increasing the H,/C3Hs ratio. At the high ratios, the
coverage of *_s is above 0.50 ML and the adsorbate-
adsorbate interactions have no effect on the main
reaction; meanwhile, the side reaction rate increases
faster than that in the absence of the lateral interactions,
mainly because the weakening of the interaction of
CHC_f with other species becomes more pronounced
when there are more free “f" sites available for bonding,
and hence the Gibbs free energy barriers are less
increased. For this reason, only when the adsorbate-
adsorbate interactions are taken into consideration can
we predict with reasonable accuracy the dependence of
the production rate of propylene on the H, partial
pressure.
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Figure 8. Flux analysis of PDH under experimental reactor inlet conditions (723.15 K, 0.03 bar of propane,
and 0.04 bar of hydrogen) over (a) Pt(111) and (b) Pt(211) with adsorbate-adsorbate interactions considered.
The arrows which are labelled with the percentage of the total reaction flux indicate the direction in which
the reversible elementary steps actually proceed. The percentage of the reaction flux is calculated as the
absolute value of the net rate for that elementary step divided by the rate for propane consumption.

3.5. Reaction Mechanism
3.5.1. Flux Analysis

Having obtained a reasonably reliable description of
the PDH kinetics, we are now in a position to formulate
the reaction mechanism. The flux analysis of the reaction
has been performed at 723.15 K and the optimum
H,/CsHg ratio of 1.33 over both Pt(111) and Pt(211), as
illustrated in Figure 8. On Pt(111) the dominant pathways
for propylene production (see the red arrows in Figure
8a) are found to be along ri — rs and along r» = rs
which agrees completely with our energetic analysis in
Section 3.1 and further demonstrates that the

production of propylene on Pt(111) follows the well-
known reverse Horiuti-Polanyi mechanism. In addition,
the flux analysis confirms that the formation of by-
products arises primarily from the cracking of CH3CCH_t
via rs, as indicated by the blue arrows in Figure 8a.
Moreover, it is found that CH3CCH_t comes mainly from
the deep dehydrogenation of CH3;CH,CH,_t and
CH3CHCHs_t via r3 and rs, respectively, rather than from
the dehydrogenation of propylene via ro and ri.
Therefore, the formation of propylene and by-products
proceeds essentially by way of two parallel reactions
starting from CH3;CHCHs_t. In light of this fact, the
reaction network on Pt(111) is simplified in Scheme 2.
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Scheme 2. Simplified Reaction Network for PDH over Pt(111) and Pt(211)
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On Pt(211), it is interesting to find that, in addition to
the two pathways mentioned above, a third route that
proceeds by a non-reverse Horiuti-Polanyi mechanism
(see the red arrows in Figure 8b) contributes to the PDH
kinetics as well, which is composed of three
dehydrogenation steps followed by one hydrogenation
step (r. = rs — ri2 = r11). More importantly, this pathway
accounts for more than half (51.70%) the propylene
production and therefore plays a dominant role on
Pt(211). Detailed analysis indicates that the initial
dehydrogenation of propane via r, is preferred over ry
and 77.62% of propane is dehydrogenated to
CH3CHCHs_s. However, only 10.76% of the CH3CHCHs_s
species are converted into propylene via rs and most of
them are dehydrogenated to CH3CCHs_s and then
further to CH3CCH,_s. Finally, 29.13% of CH3CCH,_s are
hydrogenated to form 51.07% propylene via r. It is
important to note that this plausible reaction mechanism
persists and dominates even at higher temperatures and
pressures (see Figure S13 in the Supporting Information).
On this stepped surface, the cleavage of C-C bonds is
more likely to occur in CH3;CC_f via rs (see the blue
arrows in Figure 8b) than in CH3CCH_s, in accord with the
predictions from energetic analysis. At the H,/C3Hs ratio
of 1.33, although the Gibbs free energy barrier for
CH3CCH_s dehydrogenation is raised by 0.25 eV by the
presence of the adsorbate-adsorbate interactions, its
value remains lower than the almost unchanged cracking
barrier of CH3CCH_s, which is in contrast to the results on
Pt(111) where the C-C bond breaking in CH3;CCH_t is
kinetically preferred. In much the same way, the reaction
network for PDH over Pt(211) is also simplified in
Scheme 2. It can be seen that the side reaction competes
with the main reaction at CH3CCH, rather than at
CH3CHCHs.

To see if the reaction mechanism would change
significantly as the H,/CsHg ratio is varied, the flux
analysis has been carried out under different reaction
conditions. On Pt(111), increasing the H,/CsHg ratio
would promote the forward reaction of rs and rs, thus
producing adsorbed propylene more rapidly, as can be
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seen in Figure 9a. Meanwhile, the reverse reaction of rug
is inhibited more dramatically than the forward reaction,
leading to an increased CH3CCH_t cracking rate and,
consequently, to an increase in the by-product formation.
As a result, the percentages of the reaction flux for both
propylene production and C3 cracking do not change
very much (see Figure 9a); that is, the dominant
propylene production pathways observed at the H,/C3Hs
ratio of 1.33 invariably make major contributions to the
production of propylene even if the H; partial pressure is
changed.

On Pt(211), however, the situation becomes slightly
different. As the H,/CsHg ratio rises, the forward reaction
rate of rq is initially promoted more dramatically than the
reverse reaction rate (see Figure 9b) and, consequently,
less propane is converted to the adsorbed propylene via
ro. When the H,/C3Hs ratio is higher than 2, the forward
reaction becomes dominant, meaning that propylene is
consumed rather than being produced and becomes a
primary product that reacts further to form by-products.
In addition, the increase in the H,/C3Hsg ratio has a more
pronounced effect on the acceleration of the forward
reaction of rso than on that of the reverse, giving rise to
an increased contribution from CH3;CCH_f to the cracking
reaction. Interestingly, at low H,/CsHs ratios less than
1.33, the cracking of the C3 species tends to start from
CH3CCH_s via r4q, which arises from the large increase in
the Gibbs free energy barrier for the dehydrogenation of
CH3;CCH_s due to the presence of the adsorbate-
adsorbate interactions. Finally, although the mechanism
for the side reaction may change slightly with the
H,/CsHg ratio, the dominant reaction pathway for
propylene production over Pt(211) still follows the non-
reverse Horiuti-Polanyi mechanism, as reflected in the
large value of the percentage of the reaction flux for rys.
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Figure 9. Forward and reverse reaction rates of elementary steps obtained from microkinetic model with
adsorbate-adsorbate interactions at 723.15 K, 0.03 bar of propane, and Hz/C3Hs ratios of 0.03, 1.33, and 6.00,
and percentage of the reaction flux for elementary steps as a function of the Hz/C3Hs ratio over (a) Pt(111)

and (b) Pt(211).
3.5.2. Sensitivity Analysis
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Figure 10. Plots of (a) degree of rate control (DRC)
for propane consumption and (b) degree of
selectivity control (DSC) for propylene production
obtained from microkinetic analysis with adsorbate-
adsorbate interactions over Pt(211) as a function of the
H,/CsHg ratio at 723.15 K and 0.03 bar of propane.

To examine more closely the key factors that influence
the catalytic activity and selectivity of the more active
Pt(211) surface, it is advantageous to conduct sensitivity
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analysis by calculating the degree of rate control (DRC)
for propane consumption and the degree of selectivity
control (DSC) for propylene production. These two
quantities have been widely used in the investigation of
complex reactions taking place by mechanisms that
involve several elementary steps.® 63 66

In this work, the DRC that is originally proposed by
Stegelmann et al.*”%8 is calculated as the relative change
of the propane consumption rate in response to the
variation of the Gibbs free energy of reaction
intermediate (or transition state) i while keeping the
Gibbs free energies of all other intermediates and
transition states fixed:

propane

1
TOF, .. Lr(—G,. /T |,
) 9)

DRC(i) dTOF, }

~ d(lnTOF

propane

d(=G,/kT)

which provide a measure of the degree to which the
TOF, would depend upon the Gibbs free energy of

propane
that species. In much the same way, the DSC for the

catalyst selectivity ( S,,.. ) toward propylene

production can be written as
ds

1 |: propylene j|
Spropylene d(_Gi / kBT ) G,
d(nS

propylene )

d(~G,/ k,T),

DSC(i)=

#i

(10)

Under these definitions, the larger the magnitude of DRC
(or DSC), the more greatly would the energy level of that



species influence the TOF, (or S

sropylene )- MOTEOVET, @

ropane
positive DRC (or DSC) indicates that decreasing the
Gibbs free energy of that species may increase the

TOF, pune (OF S, 00 ) While @ negative value implies the

opposite.

It can be seen from Figure 10a that, under the reaction
conditions of interest, the Gibbs free energy of the
transition state for the dehydrogenation of propane to
2-propyl (CH3CH-HCHs_s) have the largest absolute
value of DRC, suggesting that the rate of propane
consumption is most sensitive to the Gibbs free energy
of CH;CH-HCHs_s. The finding that the first
dehydrogenation step is the rate-limiting step for the
overall reaction is in remarkably good agreement with
experimental observations.” The positive value of DRC
for CH3CH-HCHs_s indicates that the TOF would

propane
decrease if the Gibbs free energy of CH3CH-HCHs_s
become more negative. Nevertheless, some other
species would also play a role in controlling the overall
rate, especially at low H,/C3Hs ratios. For instance, the
DRCs for CH3CH-HCHs_s, CH_s, and C_s are calculated to
be 0525 -0.202, and -0.319, respectively, taking
comparable values at the H,/CsHg ratio of 0.33. Thus, the
catalytic activity also depends upon the stability of CH_s
and C_s, and the negative DRC values signify that the
propane consumption rate may rise if CH_s and C_s
could be destabilized. This relationship makes sense
because CH s and C_s are the abundant reaction
intermediates on Pt(211) and tend to block free sites that
are required for propane activation.

Figure 10b depicts the calculated DSCs as a function of
the H,/C3Hs ratio. From the figure, one can see that the
S over Pt(211) is most affected by the Gibbs free

propylene
energies of the transition state for the activation of C-H
bonds in propane (CHsCH-HCHs_s) and methane (CHs-
H_s). The DSCs for CH3CH-HCHs_s and CHsz-H_s have
opposite signs, indicating that the lowering of the
activation energies for PDH and methane formation has
a positive and negative effect on the catalyst selectivity,
respectively. Although the activation of propane would
also give rise to side products in addition to propylene,
the acceleration of this step apparently plays a beneficial
role in the production of propylene. In addition, it is

interesting to find that the S, ... can be increased if

CHC_f is bound more tightly to the surface. The
reasoning behind this remark is that CHC_f is the most
abundant reaction intermediate at the “f" site and the
decreased coverage of free “f* sites has a positive effect
on the catalyst selectivity, which is consistent with the
finding in Section 3.4 that the growth in the coverage of
*_f accelerates the rate of the deep dehydrogenation and
cracking reactions.
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4. CONCLUSION

In this contribution, a detailed DFT-assisted microkinetic
analysis that includes adsorbate-adsorbate interactions
has been carried out to interpret the kinetics of PDH
over Pt catalysts. The experimental results show that the
rate for propane consumption increases as the H,/CsHsg
ratio goes up, but the rate of production of propylene
first increases and then goes down. These characteristic
features are then used to validate and confirm the
theoretically determined kinetics. It is found that the
patterns of the dependence of the TOF and

propane
TOF,,, ... €@n be well reproduced and the optimum

H,/CsHg ratio of around 1.30 can be predicted with
reasonable accuracy after the lateral interactions are
considered in the microkinetic model.

The activity of Pt(211) is orders of magnitude greater
than that of Pt(111), and its selectivity toward propylene
decreases steadily with the H,/CsHg ratio, bearing close
resemblance to the experiment. Thus, the under-
coordinated Pt atoms cannot be completely deactivated
under realistic reaction conditions and are expected to
dominate the catalytic behavior of the prepared catalyst,
even although terraces have a much higher mole fraction
on the catalyst surface. Through the flux analysis, we find
that the conversion from propane to propylene on
Pt(111) occurs by the generally accepted reverse Horiuti-
Polanyi mechanism, and the formation of propylene and
by-products proceeds essentially by way of two parallel
reactions starting from CH3;CHCH;. On Pt(211), however,
an unexpected reaction pathway is proposed to
dominate the kinetics, which consists of three
dehydrogenation steps that have two 5-H and one a-H
atoms removed from propane, followed by the
hydrogenation of CH3CCH,, and at this species the deep
dehydrogenation reaction competes with the production
of propylene. The subsequent sensitivity analysis shows
that the first dehydrogenation step in propane controls
the rate of the overall reaction and the selectivity toward
propylene is determined largely by the competition
between propane activation and methane formation.

The formulation of the non-reverse Horiuti-Polanyi
mechanism here is expected to be of great and general
importance for a molecular-level view of the pathway
from alkane to alkene, which would in turn boost the
computational design of metal and alloy catalysts for the
light alkane dehydrogenation reactions.
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