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As one of the essential processes in the energy industry, acetylene hydrogenation reactions have been
studied extensively in both experiment and theory. However, the fundamentals of structure sensitivity of
acetylene hydrogenation over Pd catalysts are still debatable. Herein, a newly developed coverage-
dependent microkinetic modelling is utilized to investigate the structure sensitivity of Pd catalysts. The key
reaction kinetics are quantitatively examined; for example, a high ethylene activity of 3.92 s and a low
selectivity of 0.2 at 300 K are calculated. It is found that the Pd(211) surface is much more active than
Pd(111), but exhibits a poor selectivity toward ethylene in contrast to Pd(111) that is intrinsically selective
toward ethylene. The high activity of Pd(211) is primarily due to the decisive role of the coverage effect in

Received 14th April 2021, reducing the reaction barrier of the rate-determining step, while the poor selectivity is a consequence of

Accepted 7th June 2021 the inherently high chemisorption energy of ethylene. Furthermore, the ethylene selectivity is found to be
DOI: 10.1039/d1cy00665g more sensitive to the desorption barrier at low temperature. This work provides an atomic-scale
understanding of the intrinsic selectivity of the acetylene hydrogenation embodied in different Pd
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Introduction

Catalytic hydrogenation is one of the most common reactions
in chemical production. It is estimated that 25% of chemical
processes involve at least one step of hydrogenation reactions,
contributing about 8% of the world GDP, and making it one
of the most important areas of catalytic research."™ One of
the greatest challenges in hydrogenation reactions is the
product  selectivityy, and hence the wunderstanding,
development, and design of efficient and selective
hydrogenation catalysts are of paramount importance.*®
Ethylene, as a fundamental chemical for industrial usage, is
now commonly produced by acetylene selective
hydrogenation, which requires not only removing traces of
acetylene from ethylene but also avoiding over-hydrogenation
leading to the loss of ethylene.®® Generally speaking,
acetylene hydrogenation is a tandem reaction in which there
are two competing parallel reaction paths: sequential
hydrogenation of acetylene to produce ethylene and further
hydrogenation to ethane. Also, oligomerization could be a
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competitor with the Horiuti-Polanyi mechanism.’ An ideal
catalyst for acetylene hydrogenation should be able to avoid
the stepwise hydrogenation of acetylene to ethane.'®'
Although the emerging non-noble Ni-based'®** and Cu-
based'? catalysts are showing convincing potentials, Pd-based
catalysts are still the most commonly used -catalyst in
industries for acetylene hydrogenation and are extensively
studied from both experimental™” and theoretical
perspectives.'®>* Interestingly, the activity and selectivity
patterns of pure Pd catalysts vary significantly; in some cases,
Pd was reported to exhibit considerable selectivity towards
ethylene, while other studies showed that Pd primarily
promotes the production of ethane. A fundamental
understanding of achieving high selectivity is still very
limited. Currently, bimetallic systems such as Pd-Ag,>*** Pd-
Zn,*® and Pd-Au (ref. 27) have been synthesized and used to
improve the selectivity of acetylene hydrogenation. A recent
study showed that Pd nanoclusters confined within sodalite
(SOD) zeolite (Pd@SOD) exhibit an improved selectivity to
ethylene.”® This divergent performance of Pd-based catalysts
suggests that there is still significant room for improved
understanding of the fundamental factors that control the
activity and selectivity of acetylene hydrogenation.

In this work, we hypothesize that the activity and
selectivity of pure Pd catalysts are highly structure dependent.

This journal is © The Royal Society of Chemistry 2021
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The recently developed microkinetic modelling using
energies from density functional theory (DFT) calculations
has emerged as a powerful tool for understanding
heterogeneous catalysis.'”*7*> It provides the respective rates
of the different reaction pathways, thus allowing the
selectivity to the various products to be distinguished by
quantitative means.>® It now has the potential to interpret
the contradictions among a variety of studies in the literature
from a theoretical point of view and to verify the hypothesis
by calculations. In our previous work, we carried out a
detailed microkinetic analysis of selective acetylene
hydrogenation reaction on the flat Pd(111) surface. Taking
the coverage effect into account and using methods such as
ab initio molecular dynamics (AIMD) to obtain energetic
details that are not readily available in traditional
calculations bring new insights to the reaction kinetics.>***%’
This framework has included self and cross adsorbate-
adsorbate interactions, in order to provide a quantitative
description of differential chemisorption energies on
different structured The microkinetic model
achieves agreement with experimental results on Pd(111) and
lays the foundation for our study of structural sensitivity.
The structure sensitivity of Pd catalysts has been suggested
previously,”*® but it has not been described quantitatively.
Furthermore, the activity and selectivity were found to
change during reaction with the particle size.” The smaller
the sizes of particles are, the more defects it is expected for
them to have on the surfaces.®® In an effort to provide a
solid theoretical understanding of the structure effect on
selectivity and activity, a detailed study of selective acetylene
hydrogenation on a Pd surface with defects is highly
desirable. In this work, we aim to answer the following
questions. (i) How different is the activity and selectivity on
the Pd(211) surface compared to Pd(111)? (ii) How are the
activity and selectivity on the stepped Pd(211) surface
affected by the coverage effects? (iii) What kind of
quantitative understanding can we obtain by means of
kinetic analysis?

Herein, acetylene hydrogenation is studied on the Pd(211)
surface using DFT calculations and coverage-dependent
microkinetic simulations. Firstly, a coverage-independent
model, as a reference, was built to investigate the acetylene
hydrogenation reactions on the stepped Pd surface. The
reaction pathways were thoroughly mapped out and
compared with reaction pathways on Pd(111). Based on the
coverage-independent results, C,H, and H were chosen as
the environmental species to calculate the coverage-
dependent differential chemisorption energies. Both self and
cross  adsorbate-adsorbate  interactions  versus  the
environmental species thoroughly studied. The
transition state energies were corrected with the coverage
effect as well. To achieve more accurate kinetic results, the
ethylene desorption energy barrier was obtained using the
AIMD method based on the steady-state results obtained
from coverage-dependent calculations.?” Ethylene activity and
selectivity were explicitly investigated using microkinetic

surfaces.
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simulations on Pd(211). Our simulations find the Pd(211)
surface to be much more active than the Pd(111) surface,
while a strong differential chemisorption energy and lower
further hydrogenation barrier of ethylene limit the selectivity.
Our results indicate that close-packed surfaces are
responsible for the ethylene production over Pd catalysts,
while defect sites are significantly more active but selective
toward ethane. Furthermore, a sensitivity analysis was carried
out to quantitatively assess which physical quantity has a
larger influence on ethylene selectivity on Pd(211), thus
providing new insights into how surface defects impact on
the selectivity. Notably, the catalytic hydrogenation of
acetylene over Pd catalysts is highly intricate, and alterations
in the Pd metal structure such as hydride and carbide
formation can directly influence the reaction kinetics.'"*%*
In this work, we focus solely on the ideal Pd surfaces.

Computational method

Computational details

In this work, all the DFT energies were calculated using the
Vienna ab initio simulation package (VASP)*>*® under the
framework of the generalized gradient approximation (GGA)
with the Perdew-Burke-Ernzerhof (PBE) functional.** The
projector-augmented-wave (PAW) pseudopotentials
used,”*® and the cutoff energy of plane-wave basis
expansion was set to 400 eV. All the gas-phase molecules,
including H,, C,H,, C,H,4, and C,Hg, were placed in a (10 x
10 x 10) A® cubic box to obtain the total energies. The
transition states (TS) were searched using the constrained
minimization technique and the quasi-Newton
algorithm.*®™*° The transition states were verified by two key
facts: (i) all forces on atoms have been optimized to be less
than 0.05 eV/A; (ii) the total energy is a maximum along the
reaction coordinate but a minimum with respect to all other
degrees of freedom.

Ab initio molecular dynamics was used to investigate the
desorption barrier of ethylene in this work using the VASP
code, including constrained MD and umbrella sampling.>%>!
The k-point 2 x 2 x 1 was used. The time step was 1.0 fs. The
Nosé-Hoover>®  thermostat used to control the
temperature, and the free energy is the Helmholtz free energy
corresponding to the NVT ensemble.>® All energies used in
this work were free energies. Vibrational frequency analyses
were used to correct free energy from the total energy among
transition states, and final states. The
thermodynamic corrections of the gaseous species were
calculated using Gaussian 03 with ideal gas approximation
(only the correction values were used).

were

was

initial states,

Microkinetic model with a coverage effect

A coverage-dependent microkinetic model was used to
thoroughly study the acetylene hydrogenation on the Pd(211)
surface. 7 elementary steps listed in Table 1 were considered
in this work.” r; is the rate of reaction for step 7, where i = 1,
---7. k; and k_; are the forward rate and reverse rate constants,
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Table 1 Elementary steps and the rate equations of acetylene
hydrogenation used in the microkinetic modelling (* represents one free
site on the surface, and all C;H, species are considered occupying 2 free
sites)

Surface reactions Rate equations

CyH,(g) 4 2% — C,Hj
H,(g) + 2% — 2H*

r1 = kiPc,u, 0% —k-16c,m,
Iy = kZPH2 03; *k,ZGZH
C,H% + H* — C,H% + *
C,Hf + H* — CHj + *
C,Hj — C,H(g) +2*

C,H} + H* — C,H% +*
C,HE + H* — C,Hg(g) + 3*

3= ks('}czHﬁH - k—3('}CZH_ﬂ*
sy = k40(}2H29H - k—40CZHﬂ*
rs = ksOc,u, —k-sPc,u, 0%

Te = keOc,n,0n — k-60c 11,0
r7 = k70c,u,0u _k—7PC2H563<

N Gk W N =

respectively. The transition state theory was used to calculate
the rate constants as

ki = kBTe—AGl?/kBT

where kg is the Boltzmann constant, 7 is the temperature, &

is Planck’s constant, and AG# is the change of standard free
energies between the transition state and the initial state for
step i from the DFT calculations.

The differential chemisorption free energy of all species
under different coverage conditions is defined as

Ggilfsf(i](eN) = Gads,N - Genv,N—l - Ggas

where Gaqs v and Geny,n-1 are the free energy after adsorption
N adsorbates and the N - 1 environment species, respectively,
and Gg,, is the free energy of the adsorbate in the gas phase.

We introduced a two-line model to quantify how the
coverage effect prevails in the chemisorption energies and
reaction barriers.*>*® The two-line model illustrates how the
differential chemisorption energy changes at both low and
high coverages. The two-line model describes the linear
nature of the differential chemisorption free energy’*>’-
coverage relation. The influence of adsorbate-adsorbate
interactions at different coverages with multiple species on
differential chemisorption free energy can be written as:

0
> (i < 6;) + Z(bi/j x gj) 6 <6

Gty (0) = 7 ’

H.
> (ai; < 6)) +Z( z’/jxgj) 0> 0
7

J

where 6, 0;, i and j represent the total coverage, the coverage

of species j, the target adsorbate, and the environmental
species, respectively. a and b are the slope and intercept of
the two-line model; a and b are used to define the linear
relationship in the low coverage region, while a’ and b' are
for the high coverage region. a;; is a measure of degree to
which the coverage of environmental species j affects the
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differential chemisorption energy of target adsorbate 7 if the
coverage of j is increased. 6. is the critical point separating
the low coverage from the high coverage.

The turnover frequency (TOF) was calculated using a self-
consistent microkinetic model shown in Fig. S10.f**°® The
microkinetic modelling and analysis were performed using
CATKINAS.””™® The converged TOF and coverages for
different species at the steady state were achieved when the
convergence of coverages reaches the level that is smaller
enough.

Results and discussion
Coverage-independent model on Pd(211)

The acetylene hydrogenation reactions on Pd(211) was first
studied using a traditional coverage-independent model in
order to take a glimpse of the reaction kinetics and to
provide clues for the selection of major adsorbates, referred
to as environmental species (env) in the following sections of
coverage-dependent studies. Prior to investigating each
elementary step of acetylene hydrogenation, it is necessary
first to understand the adsorption of relevant species on
Pd(211). Table 2 lists the adsorption energies at 300 K for
C,H, and C,H,; on Pd(211) compared to those on Pd(111),
while Fig. 1 illustrates the preferred adsorption geometries
for all C,H, on Pd(211).

The favorable adsorption geometry of C,H, is on the B5
site under the step edge, and C,H, is found to adsorb on the
step edge with a di-c configuration, which is consistent with
previously reported results.>®® For C,H,, the adsorption
energy of -2.33 eV on Pd(211) suggests a strong
chemisorption, and the binding energy is slightly larger than
that on Pd(111), which has an adsorption energy of —2.01 eV.
However, the free adsorption energies of C,H, on both
Pd(211) and Pd(111) become relatively close with a small
difference of 0.13 eV at 300 K. For C,H,, the adsorption
energy of —-1.21 eV on Pd(211) is larger than that on Pd(111)
(-0.87 eV). In contrast to C,H,, when the temperature is
considered, there is still a significant gap of 0.52 eV between
the free adsorption energies of C,H, on Pd(111) and Pd(211).
The energy difference suggests that C,H, binds much
stronger onto Pd(211) than Pd(111). To further study the
acetylene hydrogenation on the stepped Pd surface, the
reaction energies and reaction barriers for all elementary
steps were calculated. The results and transition state
geometries are shown in Fig. 2.

Table 2 Adsorption energies (E,qs/€V) and free adsorption energies
(Gags/eV) of CoH5 and CyH,4 on Pd(211) and Pd(111). The results on Pd(111)
were taken from our previous work®’

Pd(211) Pd(111)

Eaas Gads Eaas Gads
C,H, -2.33 -1.65 -2.01 -1.49
C,H, -1.21 —-0.81 —-0.87 -0.34

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cy00665g

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 07 June 2021. Downloaded on 11/3/2025 6:28:32 AM.

(cc)

Catalysis Science & Technology

C.H, C.H; C,H,

Fig. 1 Top (T) and side (S) views of C,H,, C,Hs, CyH4 and CyHs
adsorption geometries on Pd(211).

The reaction barriers for hydrogenation reactions of C,H,,
C,H3, C,H,, and C,Hs on Pd(211) were calculated to be 0.75
eV, 0.38 eV, 0.63 eV and 0.53 eV, respectively. The following
observations are worth noting. (i) For the first and last
hydrogenation steps, the barriers obtained on Pd(111) and
Pd(211) are almost identical. However, the hydrogenation
barriers of C,H; and C,H, are significantly reduced on
Pd(211). (ii) The rate-determining step is found to be the first
hydrogenation step, without considering the coverage effect,
as in the reaction on Pd(111).

Recalling our previous coverage-dependent study on
Pd(111),%” the reason for choosing both C,H, and C,H; as
environmental species was that the C,H; hydrogenation is
kinetically hindered and the barrier is as high as that of the
first hydrogenation step, which is the rate-limiting step on
Pd(111). With the C,H; hydrogenation barrier dropped
significantly on Pd(211), the conversion rate of C,H; become
much faster than that that on Pd(111), resulting in far less
C,H; on the Pd(211) surface. Therefore, only C,H, and H are

TS1 = Pd(111)
= Pd(211)

CoH*+H* CaHlyte*

. Ts2

CoHg*+H*
CoH *4*

TS3

Energy (eV)

CoHg*+*
CoH *+H*

1 Ts4

CoHg*+H*
05 CoHeg+*

Fig. 2 (a) Comparison of energy profiles of the hydrogenation of
C,H,, CyH3z, CyH4 and CyHs on Pd(211) and Pd(111). * indicates the
adsorption states. TS1, TS2, TS3, and TS4 are the transition states of
the hydrogenation steps. (b) Top and side views of transition state
geometries on Pd(211).
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selected as the environmental species for the coverage-
dependent study. The lowered barriers should potentially
impact the selectivity and activity of acetylene hydrogenation
on Pd(211). We will discuss reaction kinetics in later sections.

Coverage-dependent model on Pd(211)

With insights from the coverage-independent model, two
major adsorbates, H atom and C,H, molecule, were selected
as the environmental species, which pre-occupied the
surface, to conduct the coverage-dependent Kkinetic
modelling. The concept of differential chemisorption energy
from the method section was applied to investigate both self
and cross-interactions between different adsorbates versus
the environmental species. The transition state energies were
also rigorously calculated to add more details to the
coverage-dependent microkinetic model. In general, for each
coverage, all of the possible configurations are calculated,
and the structure with the lowest energy is selected to obtain
the differential chemisorption energy.

The coverage effect caused by C,H, as the environmental
species was firstly determined, taking into account both self
and cross interactions. In pursuit of higher accuracy, how to
determine the accurate coverage of the surface adsorbates
needs to be carefully studied; different adsorption structures
on the Pd(211) surface can lead to variations in the number
of sites occupied by adsorbates. For C,H,, if it adsorbs on the
B5 and hcp sites, then it occupies 2 sites in the calculation of
the differential chemisorption energy. The differential
chemisorption energies with the adsorbate-adsorbate
interactions were obtained using six different coverages to
establish the two-line model. Taking the self-interaction of
C,H, as an example, the optimized structures of C,H,
adsorbed on the Pd(211) surface are illustrated in Fig. 3.

2 CoHy(eny) + C2H,

4 CyHj(eny) * C2H, 5 CoHa(eny) * C2H; 6 CyHj(eny) + C2H;

Fig. 3 Most stable structures of CoH3/CyHpeny) ON the stepped Pd(211)
surface. The white, grey, and dark blue atoms represent H, C, and Pd,
respectively. After determining the adsorption sites for each C;H,, the
corresponding coverages were determined to be 0.250 ML, 0.417 ML,
0.500 ML, 0.583 ML, 0.667 ML, and 0.833 ML, respectively.
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The differential chemisorption energies of all C,H, species
on the C,H, pre-occupied surface were then calculated, and
results are shown in Fig. 4. Fig. 4(a) shows the self-
interaction of C,H3/C,Hy(eny); When increasing the number of
existing surface adsorbates, the differential chemisorption
energy of the incoming molecule is weakened. This result
can be simply explained by the Pauli repulsion effect and the
bonding competition.®’”®* When one adsorbate binds to a
surface, the surface becomes inert and hinders further
binding to a second adsorbate, resulting in a decrease of
chemisorption energy. Therefore, the more existing
adsorbates the surface possesses, the weaker the
chemisorption energy becomes.

Likewise, the coverage effect caused by hydrogen atoms
was rigorously studied on the Pd(211) surface (Fig. 5).
Interestingly, the affected differential chemisorption energy
displaces an almost uniform increasing trend, which differs
from the results obtained on the Pd(111) surface, and does
not show a particularly clear coverage to be distinguished
between high and low coverages. This may be due to two
reasons. (i) In a previous study we found that the distinction
between high and low coverage is due to the sudden change
in the degree to which differential chemisorption energy is
affected by coverage which can also be seen from the change
in the slope in the two-line model. The slopes in the low
coverage region are mainly determined by the adsorbate or
the transition state structure, while in the high coverage
region the bonding competition with neighboring species
becomes the dominant factor. However, on Pd(211), most of
the adsorbates are adsorbed on the edge, and it is difficult for
the environmental hydrogen atoms that adsorbed on the step
side to be truly “neighboring”. This results in rather uniform
changes in the coverage effect generated by H atoms. (ii) H
atom is comparatively smaller, and the resulting repulsive
force is more moderate. Therefore, the coverage effect caused

6 6
s CoHa*/ CoHaeny) 5 CzH3*/ CoHaem)
4 4
s s
2 s 2 s
s s
i:i 2 — 1:3 2
' R?=0.96 , R?=0.96
R?=0.99 R?=0.99
[} 0
0 02 04 06 08 1 0 02 04 06 08 1
(© Coverage (ML) @ Coverage (ML)
6 6
5 | CHe CaHaen 5 | CaHs* CHaem)
4 a
s s
3 . / \GL N
s s
HQ;S 2 — ‘u’a 2 —
1 R?=0.94 1 R?=0.97
R?=0.99 R2=0.95
0 0
0 02 04 06 08 1 0 02 04 06 08 1
Coverage (ML) Coverage (ML)

Fig. 4 Relationships between differential chemisorption energies and
coverages of cross-interactions. (a) CoH3/CoHoeny), (b) CoH3/CoHoeny).
(c) CoH%/CaHzeny), and (d) CoHE/CoHpeny). The free energies were
calculated at a temperature of 300 K. The black line represents the
trend under the low coverage range, and the red line represents the
trend under the high coverage range.
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Fig. 5 Relationships between differential chemisorption energies and
coverages of cross-interactions. (a) CoH3/Hny), (b) CoH3/Heny, (€
CoH%/Heny). and (d) CoHE/H eny)- The free energies were calculated at a
temperature of 300 K.

by H atoms is described using a simplified one-line model.
The self-interaction of the H atom on the stepped Pd(211)
surface is found to be similar to that on Pd(111), which makes
it negligible unless a very high coverage is achieved.?”

In this work, a total of 8 possible cross-interactions are
listed in Table 3. The three trends worth mentioning here are
as follows. (i) Among all the adsorbate-adsorbate
interactions, the differential chemisorption energy of C,H,
was most affected by the self-interaction of C,H, with a slope
of 2.47 in the low coverage region and 6.502 in the high
coverage region. Such a high influence is mainly due to the
adsorption geometry, as shown in Fig. 1. C,H, adsorbs on
the B5 site under the step edge; the stepped surface makes it
closer to the pre-occupied molecules on the stepped surface,
causing an increase of the intermolecular repulsion. In
contrast, all other species adsorb on the edge of the stepped
Pd(211) surface, making them relatively far away from the
environmental molecules, resulting in less intermolecular
repulsion. The geometry of adsorption is also responsible for
the fact that C,H, is exposed to the coverage effect of H
atoms more than other C,H, species. (ii) The differential
chemisorption energy of the H atom was mostly affected by
the coverage of C,H, with a slope of 1.121. (iii) In contrast to
the previous work, the overall coverage effect on the stepped

Table 3 List of all self- and cross-interactions in the adsorption states
for acetylene hydrogenation on Pd(211) with C,;H, (two-line model) and
H (one-line model) as the environment species individually in each case.
The slopes of the interaction curves are also listed

Slope
C,H, (env) Low coverage High coverage H (env) Slope
C,Hj} 2.47 6.502 C,H} 1.121
C,H3 1.587 2.450 C,Hj 0.953
C,H} 1.273 2.382 CyH} 0.976
C,HE 1.344 3.283 C,HE 0.917
H* 0.369 1.335 H* 0.057

This journal is © The Royal Society of Chemistry 2021
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surface may not be as dominant as on the flat surface due to
the presence of edge sites.’”

As previously studied in our group, the coverage effects would
also significantly affect the reaction barriers.*>***” Transition
state energies, as another critical factor, were also explicitly
calculated with coverage effects. The structures of the TS-
adsorbate interactions are reported in the Fig. S4-S7.} After a
thorough study of the transition states at different coverages by
the same method previously used for differential chemisorption
energy calculations, the energies of the transition states
corrected for the coverage effect are found to have a similar
trend to that of the differential chemisorption energy: as the
total coverage increases, the energies of the transition states
become weaker. All the slopes of the interaction between the
transition state and environmental species are listed in Table 4.

As seen in Table 4, the energy of the first transition state is
mostly affected by the coverage effect caused by C,H, with a
slope of 6.640 in the high coverage region and a slope of 2.876
in the low coverage region. This can be rationalized by the
adsorption structure of C,H,-H*, where it adsorbs on the B5
site at the step edge as shown in Fig. 3, leading to a strong
repulsion caused by the other C,H, molecules adsorbed on the
step side of the Pd(211) surface. Other transition states primely
adsorb on the edge, which makes them less vulnerable to the
coverage effect. The reaction barrier of C,Hf + H* — C,H# + *
is least affected by the coverage effect caused by C,H, with a
slope of 1.891 in the high coverage region and a slope of 1.284
in the low coverage region. The transition state geometry of
C,H,-H* is nearly perpendicular to the bridge site of the
Pd(211) edge, as can be seen in Fig. 3, which isolates it from
other adsorbates. Comparing the coverage effects caused by
C,H, and H, it is clear that the contribution of C,H, is more
significant than that of H, which can be reasonably explained
by the stronger differential chemisorption energy of C,H, than
that of H and also the greater number of atoms in C,H,. It is
obvious when comparing the results with those on the Pd(111)
surface, except for C,H,-H*, that the coverage effect on all
other transition states is much smaller on Pd(211) than that on
pd(111).*”

AIMD determination of the desorption barrier of ethylene on
pd(211)

The key to resolve the underlying question of ethylene
selectivity can be summarized as a contrast between the

Table 4 List of all cross-interactions between the transition states and
adsorbates for acetylene hydrogenation. C,H,-H* represents the
transition state of C,H, hydrogenation on the surface. The slopes of
interaction curves are also listed

Slope

C,H, (env)  Low coverage  High coverage  H (env) Slope
C,H,-H* 2.876 6.640 C,H,-H*  1.837
C,H;-H* 3.344 2.613 C,H;-H* 1.604
C,H,-H* 1.284 1.891 C,H,-H*  1.232
C,H,-H* 1.304 2.948 C,H,-H*  1.327
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reaction barriers of the desorption process and the
hydrogenation reaction of ethylene.'®” The coverage-

dependent model resolves how pre-occupied molecules
influence the transition state energies and can be used to
obtain  the coverage-dependent Dbarrier of C,H,
hydrogenation. The desorption free energy barrier of C,H,
was then calculated using the AIMD.*“® According to our
previous work,”” we can first set the desorption barrier of
ethylene using the traditional method, and then apply the
self-consistent calculation mentioned in the method section
to obtain the surface coverage for the AIMD simulation. The
self-consistent reaction kinetics were calculated using the
coverage-effect corrected differential chemisorption energies
and reaction barriers discussed in the previous sections. The
surface coverages were found to be 0.84 ML at a temperature
of 300 K and 0.54 ML at a temperature of 500 K.

Ethylene desorption was calculated using the coordinate of
the distance between one of the C atoms and the adsorbed site
on the Pd surface from 2.0 A to 3.5 A, and a series of biased
MD simulations were performed with a distance increment of
0.1 A. An umbrella sampling with the weighted histogram
analysis method (WHAM) was conducted for the ethylene
desorption process on Pd(211). The 2d-WHAM code of
Grossfield®® was used with the VASP code, and the Gaussian
peak model was chosen for constraints.®” In Fig. 6, the lowest
points of the two curves represent the most stable adsorbed
states of C,H, on the pre-occupied stepped Pd(211) surface at
300 and 500 K, respectively, and the peaks of the curves
indicate the transition states in the process. The umbrella
sampling method gives an ethylene desorption barrier of 0.57
eV at 300 K (Fig. 6a) and 0.43 eV at 500 K (Fig. 6b). Notably, as
the desorption barrier is the key energy affecting the selectivity
of this reaction system, our AIMD was stopped after the
transition states were achieved to save simulation time.

Comparison of the reaction kinetics between the coverage-
dependent and coverage-independent methods at 300 K

The coverage-dependent reaction kinetics of acetylene
hydrogenation on the Pd(211) surface was investigated using

(@) ——E{,,at 300K (b) 4 E, at 500K
0.60-| s N 2500

0.45-| 2000
0.30-] 1500

0.15-] 1000

Number of Samples

0.00-| 500

Relative Free Energy (eV)

20 25 30 35 20 25 30 s

Reaction Coordinate R;.»;(A)

Fig. 6 Free energy analysis of ethylene desorption from Pd(211) along
Rc.pg by umbrella sampling under the following conditions: (a) a
surface coverage of 0.84 ML and a temperature of 300 K and (b) a
surface coverage of 0.54 ML and a temperature of 500 K. The stacked
colour bars are an indication of a complete sampling process, with
each bar representing the number of samples collected at that
reaction coordinate during the AIMD.
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the microkinetic method based on the energies obtained
from  coverage-dependent =~ DFT  calculations, and
thermodynamic corrections were applied to obtain the free
energy changes. The ethylene desorption barrier achieved
using AIMD was added to the coverage-dependent model in
order to make the kinetic calculations more exhaustive. The
coverage-independent model was obtained using coverage-
independent energies. Both models were conducted under
the experimental conditions of 300 K temperature and 100
Torr pressure for both C,H, and H,. Fig. 7 shows the free
energy profiles, the surface distribution obtained from both
the coverage-dependent and coverage-independent models
and the calculated TOFs.

Several interesting findings emerged when comparing the
results from the coverage-dependent and coverage-
independent methods (Fig. 7a). (i) Under high coverage
conditions, the reaction barriers are reduced and become
more processable due to the coverage effect affecting the
transition state energies. This finding is consistent with
previous studies.’”®® (i) After considering the coverage effect,
the rate-determining step remains to be the C,H,
hydrogenation, unlike the case on Pd(111) in which the
coverage effect does decisively change the reaction rate-
determining step.’” The surface coverage distribution was
calculated using the self-consistent microkinetic method
from the coverage-dependent model after adding the AIMD
results. In the coverage-independent model (Fig. 7b), the
surface was almost covered completely, being dominantly
covered by C,H, due to its more potent differential

1
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Fig. 7 (a) Comparison of the free energy profiles of coverage-
dependent and coverage-independent acetylene hydrogenation on
Pd(211) at 300 K; the red line shows coverage-dependent kinetic
results, and the black line shows the coverage-independent kinetic
results. The orange line shows the ethylene desorption pathway
obtained using AIMD. (b) Surface coverage distribution results obtained
using the coverage-dependent and coverage-independent methods.
(c) TOF values of ethylene formation based on the coverage-
independent model (black) and coverage-dependent model (red).
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chemisorption energy. By factoring in the coverage effect, the
differential chemisorption energy of C,H, was drastically
reduced, and the surface coverage calculated at the steady-
state is 0.84 ML containing 0.56 ML of C,H, and 0.28 ML of
H, which is a much reasonable result. The over-estimated
differential chemisorption energy of C,H, results in a
calculated ethylene TOF of 6.32 x 10™"* s™' (In(TOF) = -11.07)
(Fig. 7c). After obtaining the self and cross adsorbate-
adsorbate interactions of each main species and the
relationship between adsorbate and transition state, the TOF
for the coverage-dependent model was calculated to be 3.9
s (In(TOF) = 1.37), which is closer to the experimental
result.™

Kinetic analysis of activity and selectivity to ethylene on
Pd(211)

The coverage-dependent microkinetic model was then used
to further investigate C,H, activity and selectivity on the
stepped Pd(211) surface by taking the desorption barrier of
ethylene into account. The kinetic simulations performed
using the coverage-dependent microkinetic model were set in
an acetylene-hydrogen mixture at temperatures of 300 K and
500 K and pressures of 100 Torr each. The resulting TOFs
and selectivity were compared (Fig. 8) with the previously
calculated results on Pd(111) and the experimental data
collected by Molero et al.'*?” The selectivity used in this work
is defined as:

o
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Fig. 8 Comparison between the calculated TOF and selectivity results
from the coverage-dependent microkinetic model and the
experimental data from Molero et al.'* of ethylene production from
acetylene hydrogenation over Pd(111) and Pd(211) at (a) 300 K and (b)
500 K. The high activity on the Pd(211) surface is primarily due to the
decisive role of the coverage effect in reducing the reaction barrier of
the rate-determining step, while the poor selectivity is a consequence
of the inherently high chemisorption energy of ethylene on the
stepped surface. The experimental value lies just in the middle of the
two which may indicate that there might be two types of surface sites
co-existing on the experimental catalysts. The results on Pd(111) were
taken from our previous work.*’

This journal is © The Royal Society of Chemistry 2021
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TOFethylene

Selectivity =
v (TOFethylene + TOFethane)

The activity trends of ethylene on Pd(211) and Pd(111) are

similar, with a rapid increase in the TOF with increasing
temperature. However, the TOFs (Fig. 8) for the stepped
Pd(211) surface are much higher than both the experimental
data and calculated results on Pd(111) at the investigated
temperatures. The TOF of ethylene is as high as 8.74 x 10°
s~' (In(TOF) = 11.3) on Pd(211), while the TOF on Pd(111) is
1.48 x 10" s™* (In(TOF) = 7.3). The two reasons that might
contribute to the larger TOF of Pd(211) than that of Pd(111)
are as follows. (i) From the reaction barrier comparison in
Fig. 2, in the coverage-independent case the reaction barriers
on Pd(211) are already lower than the corresponding barriers
on Pd(111). (ii) The coverage effect heavily influences the
transition state energies. The slope derived from the two-line
model is an indicator of the extent to which the coverage
effect affects these energies. As seen in Table 2, the transition
state of the rate-determining step is more sharply influenced
by the coverage effect on Pd(211) with a slope of 6.604 than
that on Pd(111) (slope of 6.085, averaged from the two
dominant environmental species: C,H, and C2H3).37 The
higher slope leads to the barrier of the rate determining step
on Pd(211), which is inherently lower than the barrier on
Pd(111), being more affected by the coverage -effect.
Numerically, the difference between the two barriers is
merely about 0.04 eV in the coverage-independent case, but
after considering the coverage effect, the barrier of Pd(211) at
the steady state is 0.12 eV lower than that of Pd(111) with a
similar surface coverage. This gap directly demonstrates that
the primary contributor to the high activity on Pd(211) is the
dominating influence of the coverage effect on the barrier of
the rate-determining step.

The situation is reversed regarding ethylene selectivity.
The ethylene selectivity is around 0.2 at 300 K and 0.62 at
500 K on Pd(211), while the selectivity is always above 0.8 on
Pd(111). The experimental values from the work of Molero
et al. are 0.35 at 300 K and 0.87 at 500 K on Pd(111)."* The
agreement between our calculation results and experimental
values can be rationalized by the desorption barrier
decreasing faster than the hydrogenation barrier of ethylene
with increasing temperature. The high selectivity on Pd(111)
is reasonable, given that the coverage-dependent microkinetic
modelling shows that the free energy barrier for
hydrogenating C,H, is higher than the desorption barrier,
which favors the desorption process. Since the selectivity is
the primary focus of acetylene hydrogenation reactions, it is
worthwhile to systematically investigate the reasons for such
a low selectivity on Pd(211). The chemisorption energy and
reaction barriers of C,H, are chosen as the key aspects to
analyze this problem.

Adsorption of C,H,. From Table 2, we can see that the
adsorption energy of C,H, on Pd(211) is larger than that on
Pd(111), indicating robust binding strength. Unlike the case
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of C,H,, where the coverage effect on the adsorption is
significant to obliterate or even reverse the difference in its
chemisorption energy under high coverage conditions, the
coverage effect on C,H, is far less impactful to make a
difference on Pd(211). The slope of the coverage effect of
C,H, adsorption on Pd(211) is 2.382, which is much smaller
than that of C,H, adsorption on Pd(111), which has a slope
of 5.1 (averaged from both two dominant environmental
species: C,H, and C2H3).37 The noticeable decrease in the
coverage effect is most likely due to the adsorption sites.
C,H, adsorbs on the edge site, and by the nature of the
stepped Pd(211) surface and its convex shape, the adsorbates
on the edge site are relatively isolated from the
environmental species adsorbed on other sites, resulting in
less repulsion and a steric hindrance between molecules.
This implies that C,H, on Pd(211) maintains strong binding
strength even at very high coverages, making the desorption
process difficult.

Hydrogenation and desorption barriers of C,H,. The
geometric effect of the Pd(211) surface on the differential
chemisorption energy of C,H, can also be found on the
transition state energy of C,H,-H*. The transition state of
C,H,~H* is on the edge site, shrinking the impact of the
coverage effect with a slope of only 2.382 compared to a slope
of 5.951 on Pd(111).>” As previously discussed, the
competition between the desorption and hydrogenation
barriers is the key to ethylene formation.'®?” A relatively
small slope value of 1.891 compared to the drastic change
(7.829) on Pd(111) means that the energy barrier of this
reaction step tends to decrease more moderately when the
coverage rises, which in a way facilitates the desorption of
ethylene. The AIMD simulations show that the barrier of
C,H, desorption on Pd(211) is relatively high at 0.57 eV at
300 K, even with a high coverage, and larger than the barrier
obtained on Pd(111) with less coverage. The high desorption
barrier becomes a major obstacle preventing ethylene
desorption. Even at the coverage as high as 0.85, the
desorption barrier is higher than the hydrogenation barrier
of C,H, on Pd(211) (Fig. 2), resulting in the hydrogenation
reaction being favored over desorption.

With these analyses, it is clear that the issue of the
selectivity is different from the activity. Due to the
geometrical effect of the Pd(211) surface, which leads to the
coverage effect becoming less influential, the poor selectivity
on the Pd(211) surface is mainly caused by the inherent and
excessive differential chemisorption energy of ethylene. By
revealing how geometric effects can influence the role of
surface coverage, we have thus demonstrated that different
structures of the same catalyst can lead to vastly different
activity and selectivity results.

It is worth further identifying which physical quantity has
the most significant effect on ethylene selectivity among
surface defects. A sensitivity analysis was then performed to
test which had a greater effect on selectivity, the desorption
barrier of ethylene or the hydrogenation barrier of C,Hj. The
sensitivity analysis was carried out based on the steady-state
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Fig. 9 Sensitivity analysis of ethylene selectivity by nudging the kinetic
parameters at (a) 300 K and (b) 500 K. The red curve shows the
change of ethylene selectivity as the ethylene desorption barrier is
decreased, while the black curve shows the effect of increasing the
hydrogenation barrier of C,H% on the selectivity.

results obtained using the coverage-dependent microkinetic
model at 300 and 500 K.*” The selected parameters are
allowed to vary within a narrow range of 0.1 eV, while other
factors remain constant during the test. Fig. 9 shows the
resulting trends; the black curve shows the change of
ethylene selectivity as the hydrogenation barrier of C;Hf is
increased, while the red curve shows the effect of decreasing
the ethylene desorption barrier on the selectivity. The
selectivity to ethylene increases when the desorption barrier
drops or the hydrogenation barrier increases. Under low
temperature conditions, as shown in Fig. 9a, we find that
lowering the desorption barrier is significantly more effective
in enhancing ethylene selectivity than increasing the
hydrogenation barrier. The ethylene selectivity increases from
0.2 to 0.43 as the desorption barrier of ethylene is decreased
by 0.05 eV; with the hydrogenation barrier being increased by
0.05 eV, the selectivity increases only by 10%. When the
swing range exceeds 0.1 eV under high temperature
conditions as shown in Fig. 9b, a change of either barrier will
result in a selectivity higher than 99%. With the above
trends, the design of Pd catalysts with reduced ethylene
desorption energy barriers can help to significantly improve
the selectivity to ethylene on catalysts with possible surface
defects.

Conclusions

This work was motivated by two reasons. The first one was to
confirm a speculation in our previous work that the
difference in ethylene selectivity between the calculated
results and the experiment data on Pd(111) was due to the
surface defects. The second one, perhaps the more important
one, is to truly understand the structural effects on the
activity/selectivity of acetylene hydrogenation. Thus, an
attempt to quantitatively determine ethylene activity as well
as the selectivity of acetylene hydrogenation on the stepped
Pd(211) surface using detailed microkinetic simulations that
take the coverage effect into account is presented in order to
answer how surface defects can influence reaction kinetics.
Both pathways to C,H, and C,Hs were calculated at relevant
surface coverages thus explicitly accounting for all the major
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adsorbate-adsorbate interactions. With the thorough
comparison between results obtained from Pd(111) and
Pd(211), it was found that the selectivity towards C,H, is
highly structure-dependent. As a result, through rigorous
calculation and kinetic analysis, an in-depth understanding
of the reaction kinetics on the stepped surface was
developed, and the following conclusions are reached.

A coverage-independent model was first established to
map out the reaction landscape of acetylene hydrogenation
on the stepped Pd(211) surface. From this model, the
hydrogenation barriers of C,H; and C,H, on Pd(211) are
significantly reduced compared to Pd(111). Thus, only C,H,
and H are chosen as the environmental species for the
coverage-dependent study.

The coverage-dependent microkinetic modelling was then
performed self-consistently, and the coverage self and cross-
interactions of adsorbates were rigorously calculated. It was
found interestingly that the coverage effect has a
particularly ~ prominent effect on the differential
chemisorption energy of C,H, and its transition state energy
for hydrogenation reactions compared to other species. This
phenomenon is caused by a geometric effect, where Pd(211)
has different active sites by its nature, with C,H, adsorbed
on the B5 site under the step edge, leading to stronger
repulsion of other molecules adsorbed on the step of the
Pd(211) surface.

The free energy barriers of the ethylene desorption process
on Pd(211) with the surface coverage of steady states were
revealed using AIMD. The free energy barriers were found to
be at 0.57 eV at 300 K and 0.43 eV at 500 K, higher than the
desorption barriers on Pd(111).

A high activity and low selectivity were obtained by the
coverage-dependent microkinetic modelling combined with
the AIMD. A quantitative analysis was carried out to explore
the origin of this result. The high activity on Pd(211) is due
to the dominating influence of the coverage effect on
lowering the barrier of the rate-determining step. The poor
selectivity is a result of the inherent and excessive
chemisorption energy of ethylene on the step edge while
being less influenced by the coverage effect, leading to a
tendency to the further hydrogenation of C,H, rather than
the desorption.

A sensitivity analysis was performed to further investigate
the ethylene selectivity of the reaction system based on our
kinetic model. Similar to the results of Pd(111), both the
desorption barrier of ethylene and the hydrogenation barrier
of C,H, have impacts on the selectivity to ethylene on
Pd(211). Moreover, we found that lowering the desorption
barrier gives better results for improving the selectivity at low
temperatures.

Real Pd catalysts contain flat surface areas with surface
defects, being perhaps best represented by a mixture of
Pd(111) and Pd(211) surfaces. This work proposed an atomic
level explanation for the differences in catalytic activity and
selectivity reported in various literature studies, even for
nominally identical catalysts.

This journal is © The Royal Society of Chemistry 2021
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