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A Rational Catalyst Design of CO oxidation Using the Bonding

Contribution Equation

Ziyun Wang? and P. Hu®

Rational design of heterogeneous catalysts is an important yet
challenging task. We show how the bonding contribution equation,
a quantitative relation between surface structure and adsorption
energy, can be utilized for rational catalyst design. Dozens of
catalysts were efficiently designed, and full DFT calculations
demonstrate that they possess excellent activities.

The increasing consumption of fossil fuel due to
industrialization and motorization results in the energy problem
being one of the most important challenges in the 215t century?.
In the last few decades, many approaches were proposed to
solve this problem, such as solar cell?, photocatalysis3,
electrolyser® >, and fuel cell®. However, most of these systems
are limited by the low activities or high costs of catalytic
materials. Therefore, speeding up the development of novel
catalytic materials is generally considered to be the key to solve
the energy problem. Considering the rapid development of
computing capabilities, one promising approach for fast catalyst
developments is to design catalyst candidates based on density
functional theory (DFT) calculations; then these catalysts can be
synthesized experimentally for further catalytic performance
tests. Thus, an effective and rational in silico design method to
obtain catalyst structures with desired properties is highly
necessary.

Despite the great importance of computational catalyst
design, only few design methods were proposed. Ngrskov and
co-workers suggested a descriptor-based screening method”- 8
for catalyst searching using DFT calculations. In their work, the
optimal value of the descriptor was obtained from the volcano
diagram. Using the adsorption energy as a descriptor, they
screened the database with large numbers of materials, and
some breakthroughs were made; several outstanding catalysts
were successfully found for hydrogen evolution® and oxygen
reduction reaction!®. Furthermore, in our previous work, we
the concept of chemical potential into
heterogeneous catalysis'!, based on which the optimal
adsorption energy window'? 13 for good catalysts was located.

introduced

Using this adsorption energy window, we found a novel active
counter electrode material, a-Fe,03, for triiodide reaction in
dye-sensitized solar cell2. However, further developments are
desirable; the screening method may be limited by the size and
diversity of screening database.

As suggested in our previous work!?, rational catalyst design
is extremely challenging mainly due to the fact that the relation
between surface structure and adsorption energy is still not
clear. Recently, Sautet and co-workers® reported the excellent
example of rational catalyst design based on the generalized
coordination number®® 7, In their work, they introduced a
coordination-activity plots to determine the geometric
structure of optimal active sites of platinum for oxygen
reduction reaction. Herein, we propose a catalyst design
approach applicable to a more complicated system namely alloy
surfaces based on the bonding contribution equation!®, which

Figure 1. Top views of (a) CO and (c) O, and side views of (b) CO and (d) O, adsorbed on
the p(2x2) Pt(111) surface. Surface Pt atoms are in blue and with indexes from 5 to 8,
while subsurface Pt atoms are highlighted in orange and numbered from 1 to 4. Oxygen
and carbon atoms are in red and grey, respectively.

is a relation between surface structures and the corresponding
adsorption energies introduced in our previous work. Using this
equation, several outstanding catalysts of CO oxidation are
rationally designed using a simple yet powerful scheme, which
are several orders of magnitude more active than traditional
platinum catalysts based on the DFT calculations and micro-
kinetic modellings.

In this work, we chose CO oxidation on Pt-based alloy
catalysts for the following reasons: Firstly, CO oxidation is a
typical and important reaction in heterogeneous catalysis, and
Pt is one of the most active catalysts widely investigated
before'® 20, Secondly, there are enormous possibilities of alloy
structures with different adsorption properties, which is ideal
for catalyst design to tune the adsorption energies. Thirdly,
some alloy surfaces?' 22 were reported to possess excellent
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Figure 2. The volcano surface of CO oxidation on close-packed plane surfaces between
the adsorption energies of CO (AE¢y) and O (AE,), and the logarithm of overall reaction
rate (log,orate). All the adsorption energies are with respect to the adsorption
energies of corresponding adsorbate on Pt(111). The positions of Pt(111), (0,0), and the
peak are marked with points labelled Pt and Peak, respectively. The adsorption energies
of designed surfaces are marked using crosses, and the points exceed the ranges are
not shown (see Table S1 for all the adsorption energies). The activities were calculated
under high-temperature conditions (T=600K, PO2=0.33 bar and PCO=0.67 bar).
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activities for CO oxidation, suggesting that alloying metal
surface is a promising approach to enhance the catalytic
activity. In this work, as shown in Figure 1, a p(2x2) Pt(111)
surface®® 20 was chosen as the host surface, and only the
subsurface (1-4) and surface (5-8) metal atoms were considered
to be substituted. Like our previous work, four metals were
chosen as alloying solutes, namely Re, Os, Ir, and Pd. In the
micro-kinetic modelling, we considered three elementary steps
including CO adsorption, O, dissociative adsorption?® and CO
oxidation (more details can be found in SI).

One may ask whether the traditional screening methods work
in this system. To answer this question, we calculated the
number of possibilities of the alloy surfaces: for a Pt(111)-p(2x2)
surface with four solute metals, in total there are 390625 (5%)
possibilities if only the surface and subsurface atoms are
allowed to be substituted. Taking the descriptor-based
screening method as an example, a thorough screening of all
the possible surfaces needs more than a million DFT
calculations, even if the transition states is evaluated using the
Brgnsted-Evans-Polanyi (BEP) relation?*22, This large amount of
calculations are very expensive; for complicated systems with
more adsorbates, more types solute metals or substitution
sites, the catalyst design using the screening method is nearly
impossible. Thus, a more rational approach is highly desirable.
As stated in our previous work'*, the design problem can be
treated as searching for the surface structures with desirable
adsorption energies. Therefore, a relation to link the hundreds
of thousands of alloy surface structures to the corresponding
adsorption energies is the key. In our previous work, an explicit
equation was proposed to quantitatively account the surface
structures and the adsorption energies, namely the bonding
contribution equation!®. Successful predictions of oxygen
adsorption energies on complex alloy surfaces containing up to
4 components were demonstrated, and the generality of this
equation was also tested for CO adsorption. The adsorption
energy (Eag) of O or CO can be predicted using the equation
below:

Eqa =Xis1g X X q ()
where g, ¢;and g, are the generalized parameter, bond-counting
contribution factor (BCCF) and the intrinsic bonding ability of
solute metal i, respectively. More details in the defination and
chemical meaning of these parameters can be found in the
original work*2.

We calculated the volcano diagram of CO oxidation (Figure
2) based on the BEP relation and micro-kinetic modelling,
similar to the one reported by Ngrskov and co-workers?®. As
shown in Figure 2, the peak of the volcano diagram is located at
the point with the adsorption energies of 0.56 eV for CO and
0.05 eV for O, respectively, with respect to the adsorption
energies on Pt(111). In order to find the most active alloy
catalyst, we need to design the alloy structures with adsorption
energies near the peak point. Using the bonding contribution
equation, the surface structures around the peak point can be
obtained arithmetically. We chose the structures with predicted
adsorption energies around the peak of volcano diagram with
+0.1 eV. 54 alloy surfaces were obtained according to the
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Figure 3. Top views and side views (inset) of (a) catalyst A and (b) catalyst B, and (c) the

energy profiles of CO oxidation on catalyst A (black), catalyst B (red) and Pt(111) (blue).

The free energies in (c) were obtained using DFT calculations.
adsorption energy intervals mentioned above, and then the
adsorption energies of CO and O on these alloy surfaces were
calculated using DFT, shown in Figure 2 and Table S1. In Figure
2, the adsorption energies of 31 surfaces are within the
adsorption windows, while the others are slightly away. These
surfaces close to the peak point in Figure 2 should possess much
better activities than Pt(111) based on the volcano diagram.

On these 31 surfaces, full DFT calculations for the reaction
were carried out, including explicitly locating the transition
states of CO oxidation and O, dissociative adsorption, and the
activities were obtained using micro-kinetic modelling. The

Table 1. Surface index, structure, adsorption energies of CO (AE,4CO) and O
(AE,40), energies of transition states of CO oxidation (AECO-O) and O,
dissociative adsorption (AEsO-0O), and overall reaction rate of 10 surfaces with
highest activities of refined surfaces. The structure is represented by listing the
atom symbols of atoms from 1 to 8 as shown in Figure 1. All the energies are with
respect to the corresponding energies on Pt(111), and are in eV. The unit of
overall rate is s

Structure AE,4CO AE,4O AE+sCO-0 AE+O-O Rate
A PtOsOsPtIrPdPtPt 0.54 0.06 0.33 0.31 2.26x10°
B OsPtRePtIrPdPtPt 0.54 -0.25 -0.04 0.00 1.79%x10°
C IrPtRePtIrPdPtPt 0.53 -0.23 -0.02 0.00 1.71x10°
D PtirRePtIrPdPtPt 0.53 -0.19 0.06 0.05 1.01x10°
E RePtOsPtIrPdPtPt 0.56 -0.24 0.02 0.06 8.86x10%
F OsPtOsPtIrPdPtPt 0.54 -0.24 -0.01 0.00 6.62x10%
G OsOsPtPtIrPdPtPt 0.53 -0.06 0.28 0.22 5.60x10%
H RePtlrPtirPdPtPt 0.56 -0.23 0.06 0.06 2.73x10%
| PtRelrPtIrPdPtPt 0.57 0.16 0.40 0.48 2.08x10%
J PtOslrPtirPdPtPt 0.53 -0.04 0.38 0.32 1.66x10*




energies of transition states and the overall reaction rates of the
10 most active surfaces are listed in Table 1, while the complete
results are shown in Table S2. From these results, several
striking features can be found: Firstly, the activities of all these
surfaces were found in the range from 3.67x10%s to 2.26x10°
s1, which are significantly higher than the activity of Pt(111)
(Table S2). Therefore, most designed surfaces were found to
possess excellent activities, which reduces dramatically the
requirement of computation resources compared to screening
methods. Furthermore, our design strategy is much more
rational than the traditional screenings: giving desiring
adsorption properties, the alloy structures are generated using
bonding contribution equation without DFT calculations.
Secondly, the activities of four surfaces (A, B, C, and D) were
found to be at 10° s (Table 1), which is the theoretical
maximum activity from the volcano diagram. These four
surfaces can be classified into two categories based on the
adsorption energies of CO and O: For catalyst A, the calculated
adsorption energies are very close to the adsorption energies of
the peak point, which is the expected outstanding catalyst
according to the volcano diagram. Regarding the second
category (catalysts B, C and D), the adsorption energies are not
in the optimal region, which should have low activities
concerning their positions on the volcano diagram. However,
the calculated activities with rigorous transition state energies
are unexpected to be high, which is beyond the traditional
theoretical framework of the volcano diagram from the BEP
relation.

To understand the difference between these two groups,
we analyzed the activation energies, overall reaction rate, and
coverage of CO and O of catalyst A and B, and the results are
listed in Table 2. For catalyst A, all the values from the BEP
relation are quite close to those from DFT calculations. Thus,
catalyst A is a successful example of catalyst design using the
volcano diagram based on the BEP relation, and the outstanding
activity of catalyst A is derived from the balanced adsorption
energies of CO and O. On the other hand, the excellent activity
of catalyst B is surprising: According to the volcano diagram,
catalyst B should possess an activity of 0.83 s, because the
adsorption energy of oxygen atom is too strong, resulting in
very high coverage of oxygen atom blocking the reaction sites
(Table 2). Interestingly, the activity from the DFT calculations is
5 orders of magnitude higher than the one from the BEP
relation. To understand the result, we compared the free

Table 2. Comparisons of free energy barriers of CO oxidation (CO-O) and O,
dissociative adsorption (O-0), reaction rate, and coverages of CO (8¢c) and O (6o)
from BEP relations and DFT calculation for catalyst A and B. All the energies are
with respect to the corresponding energies on Pt(111), and are in eV. The unit of
overall rate is s,

Catalyst A Catalyst B
BEP DFT BEP DFT
co-0 0.82 0.79 0.90 0.74
0-0 0.76 0.78 0.16 0.47
rate 2.20x10° 2.26x10° 0.83 1.80x10°
Oco 0.45 0.53 2.55x10% 0.02
6o 0.29 0.16 1.00 0.96

energy barriers from the BEP relation and DFT calculations as
listed in Table 2. Surprisingly, the free energy barriers do not
obey the BEP relations: compared to the predicted energy,
some differences are evident; the free energy barriers of oxygen
dissociative adsorption is 0.31 eV higher from the DFT
calculation comparing to that from BEP relation, while for the
free energy barrier of CO oxidation, the barrier from the DFT
calculation is 0.16 eV lower than that from the BEP relation.
According to the free energy profiles of catalyst A and B (Figure
3(c)), the adsorption energy of oxygen on catalyst B is more
stable than that of catalyst A, and the barrier of CO oxidation is
consequently lower than that on catalyst A. Moreover, the
higher oxygen dissociation barrier than the one from the BEP
relation results in a slightly low coverage of oxygen, preventing
poisoning by oxygen atoms. Due to the presence of adsorption
energy window in our strategy, some catalysts that are beyond
the BEP relation can also readily be included, which is a great
advantage in comparison with other catalyst design
approaches. Of course, the energy window in this work can be
adjusted and optimized in the future work. In this work, the
catalysts were designed with activities very close to that of
volcano diagram peak. However, the structures of these
catalysts are very complex and hard to synthesize using current
methods. Nevertheless, our work is a demonstration of catalyst
design using bonding contribution equation; we may apply
some constraints to make the surfaces easy to prepare such as
restrictions in component numbers and substitution sites.
Furthermore, some properties related to surface thermal
stabilities can also be considered to pre-screen catalyst
candidates in the future.

In this work, using CO oxidation on Pt-based alloys as a
model reaction we have demonstrated a catalyst design scheme
that is rational. Using the bonding contribution equation, 54
candidate catalysts were designed and the activities of these
catalysts were evaluated using micro-kinetic modelling from the
full DFT energetics. The activities of these catalysts are much
higher than Pt(111). Our scheme allows us to locate not only the
catalysts with adsorption energies near the peak of volcano
diagram, but also the catalysts that are slightly off from the peak
but do not follow the BEP relation, which may pave the way
towards rational design of catalysts in general.
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