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Towards rational catalyst design: Boosting rapid prediction of
transition-metal activity by improved scaling relations

Yalan Wang,* Ling Xiao,™ Yanying Qi,> Mehdi Mahmoodinia,® Xiang Feng,? Jia Yang,? Yi-An Zhu*®
and De Chen*?

Understanding scaling relations of adsorption energies and activation energies greatly facilitate the computational catalyst
design. To reduce the computational cost and guarantee the efficiency, improved scaling relations are advocated in this
study to fast acquire energetics for transition metal surface reactions, further to rapidly and effectively map the activity of
transition-metal catalysts. The overall catalytic activity for surface reactions between C, H and O containing species can be
related backed to the adsorption energies, using C, H and O binding energies as descriptors via the improved scaling
relations. The UBI-QEP (unity bond index-quadratic exponential potential) method, one of scaling relations to estimate
adsorption energies from descriptors, is significantly improved by taking into account the changes in A-B bond index during
the adsorption and the molecular structure of adsorbed species using density functional theory (DFT) data as a benchmark.
The improved UBI-QEP approach can satisfactorily predict the DFT (BEEF-vdW) and experimental adsorption energies. DFT
calculations with BEEF-vdW functional are also employed for establishing the BEP (Brgnsted-Evans-Polanyi) relationships,
scaling relations to correlate reaction heats with activation energies, for C-H, C-O, C-C, O-H bond cleavages and
recombination. The capability of improved UBI-QEP + BEP approach is tested as a generic framework to map the activity
trend for steam methane reforming (a probe reaction) through microkinetic modeling. The results demonstrate that our
approach reduces the computational cost in six orders of magnitude, while maintains a reasonable degree of accuracy as

compared to the DFT (BEEF-vdW) and experiments.

Introduction

Microkinetic modeling-aided design of catalysts is a major topic
for developing novel catalysts without intensive empirical
testing, especially for research on transition metal catalysts.'™
The model serves as a measure to probe reaction mechanism
and predict the activity and selectivity of catalysts.® Theoretical
chemistry provides a feasible way to estimate input parameters
(surface energetics) of a microkinetic model. Among others,
density functional theory (DFT) calculation’™1? is currently the
most prevalent approach. However, DFT calculations are
normally complex, time-consuming, and computationally
expensive because hundreds of elementary steps may be
involved in a real process under different structures and surface
coverage.'® 14 Consequently, it is not efficient to calculate all
reaction steps only based on first-principles computation.
Simpler and efficient method is therefore highly desired to
rapidly determine energetics for a preliminary catalyst
screening.
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The linear scaling relations (LSRs) introduced by Ngrskov and
co-workers®> effectively correlate a partially hydrogenated
adsorbate (AHy) binding energy to atomic (A) binding energy
over transition-metal surfaces, which greatly facilitate the
computational catalyst design. The LSRs can be derived from
bond order conservation, currently knowns as unity bond index-
quadratic exponential potential (UBI-QEP) method.1¢1° UBI-
QEP provides approaches to characterize complex species
(CxHy0;) and is thus advocated herein for prediction of binding
energies.?>2* The binding energies of atomic adsorbates A and
B (Qa, Qg) are descriptors to estimate the binding energy of
adsorbate AB (Qag).%° In other words, an enormously complex
system involving hundreds of adsorbates can be simplified as
one that is only related to several atomic bindings via the UBI-
QEP method. With the much less demanding computation
achieved, a major problem encountered is that the accuracy of
this method is in general uncertain, which seriously limits its
application.’ In this situation, utilizing DFT values as a
systematic benchmark to assess the limitations of UBI-QEP for
representative adsorbates and to propose improved methods is
of great significance. However, few attentions have been
focused on this.1* 2% 27 Herein, we make an effort to build the
optimization process adopting DFT data to improve the UBI-QEP
model, so as to keep the model with a reasonable degree of
accuracy towards binding energies for studied intermediates on
metal surfaces of interest. The improved UBI-QEP model will be
further utilized to predict the binding energies of other



intermediates or on new metal surfaces that have no available
DFT values.

Another commonly used scaling relation in computational
catalysis is Brgnsted-Evans-Polanyi (BEP) relationship,?® 2°
which classically links activation barriers E, (kinetics) with
enthalpy changes AH (thermodynamics),

E =a,AH+f, (1)

Where the slope, ay, is a measure of the earliness or lateness
of the transition state and implies its possible geometry, i.e. the
value close to unity indicates a late transition state (product-
like).3% 31 Along the BEP line, a displacement of AH reflects the
electronic effect (d-band center), and a change of 6o
corresponds to the surface geometrical effect.3?2 These
correlation parameters rely extremely on the researched data.
To date, despite a large amount of research towards the BEP
relationship,3% 33736 |ittle work has systematically investigated
the linear relation with regard to C-, H-, and O-containing
reactions on the basis of large amount of transition-metal
surfaces. Understanding this would be helpful for rapidly
acquiring activation energies and undoubtedly valuable for
reactions involving hydrocarbons, alcohols and acids.

Here we develop improved scaling relations (UBI-QEP + BEP)
to quickly generate the energetics for transition metal surface
reactions, which can be utilized for rational design of novel
catalysts through microkinetic modeling, as well as in
mechanistic studies. The C-, O-, and H-containing species and
reactions are studied due to their significant industrial
applications such as in Fischer-Tropsch synthesis and steam
reforming reactions. Computational catalyst prediction is per-
formed based on this idea: Descriptors - Adsorption energies
- Activation energies = Activity. The C-, O-, and H-metal
binding energies are descriptors to identify the adsorption
energies via improved UBI-QEP method, and the activation
energies are acquired by combination of BEP relationships. The
microkinetic modeling is subsequently conducted over Ni, Rh,
Pt, Pd, Cu, Fe, Ru, and Co surfaces to predict their catalytic
activity and screen their efficiency. To refine the model, the
kinetic parameters of rate-determining steps are calculated by
DFT computations.’® This work offers a new possibility for
model-aided catalyst prediction, with which we can gain better
understanding of reaction mechanism and achieve the goal of
rational catalyst design.

Results and discussion
General

The scheme of descriptor-based microkinetic modeling is
displayed in Figure 1. Calculations of energetics with DFT exhibit
reasonable accuracy but expensive computational cost. In
contrast, the improved scaling relations (UBI-QEP + BEP) are
computationally cheap but show uncertain accuracy. To
guarantee the accuracy, DFT calculations with the BEEF-vdW
functional, performed on the Pt(111), Pd(111), Rh(111),
Cu(111), Ni(111), Fe(110), Ru(0001), and Co(0001) surfaces, are
used as a benchmark to improve the UBI-QEP method and
obtain BEP relationships. The standard UBI-QEP equations are
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given in Table S1 (See Supplementary Information Part S1),
which indicate that M,-A binding energy (Qa), coordination
number (n), and bond energy (Dag) are crucial parameters for
obtaining the adsorption heats. Several recommended M,-A
binding energies (A is C, O, H) have been provided by
Shustorovich and co-workers.?” 37 38 Some coordination
numbers and bond energies are also available from prior
studies.'® 3% Given that it is difficult to acquire all desired data
in literature, DFT calculations are attempted here to uniformly
identify Qa, n and Dy values.

BEP relationships for the C-O, C-C, C-H, and O-H bond
cleavage and recombination reactions over transition metals
are systematically established based on a large database of DFT
values. The adsorption energies and activation barriers are
predicted rapidly by adopting the DFT-corrected UBI-QEP model
and the BEP relationships. These energies are then utilized in
the microkinetic model for the first step of catalyst design to
quickly screen highly active transition metals, with only C-, H-,
and O-metal binding energies as descriptors.*® 41 On the other
hand, the microkinetic model can efficiently aid the mechanism
studies, searching for a dominant reaction pathway and the
rate-determining step. Subsequent kinetic expression
extraction and model training with experimental results can be
further applied to catalyst design. In this study, we mainly focus
on estimating the surface energetics and preliminary catalyst
prediction; the detailed microkinetic analysis for catalyst design
will be introduced in the future work.

Steam methane reforming (SMR) is taken as a probe reaction
for microkinetic modeling. Six different models (DFT, DFT+BEP,
UBI-QEP+BEP, and three refined models using DFT calculated
energetics of rate-determining steps) are built to compare with
experiments and with each other. This process provides a tool
for testing data accuracy and verifying the applicability of the
improved scaling relations. The refined models are highly
recommended for screening the novel materials.

Determination of Dg

Bond energy, Dag, has three types of formalisms according to
different M,-AB binding situation.'® 3° For n'u, coordination,
e.g., AB adsorbs perpendicular to a metal surface with A end
down, Dgp is the enthalpy of AB bond breaking reaction in the
gas phase, namely the total bond energy between A and the rest
of molecule AB in the gas phase. B can be atoms, groups of
atoms or radicals. For nu, coordination, Dag is the total gas-
phase bond energy of AB or bond energy between A and B in
the gas phase. Under this definition, D4s value is related to total
gas-phase bond energy of AB, A and B, as well as coordination
environment.

The total gas-phase bond energy (D) is estimated by DFT
(BEEF-vdW) calculations in this work, described as:

D=E.,, —xE.-yE, —zE, (2)

Where Ecxtyoz Ec, En, and Eop are the DFT calculated total
energies of gas-phase C,H,0;, C, H, and O, respectively; x, y and
z are the numbers of C, H and O atoms in C,H,0,. The DFT

calculated total gas-phase bond energy (D) against suggested
UBI-QEP values that taken from Storsaeter’ work?3? is displayed
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Figure 1. Scheme of descriptor-based microkinetic modeling. Calculations of energetics with DFT (BEEF-vdW) exhibit reasonable
accuracy but expensive computational cost. In contrast, the improved scaling relations are computationally cheap but show
uncertain accuracy. C-, O-, and H-M binding energies are three descriptors of the improved scaling relations, with which adsorption
energies are estimated by UBI-QEP method, activation energies are obtained with BEP relationships. The estimated energies are

employed as input parameters to conduct microkinetic modeling and mechanism research, further to aid catalyst design.

in Figure S1, which demonstrates a particularly good relationship,
proving the accuracy and validity of DFT values with the BEEF-vdW
functional. Bond energy (Dag) is calculated from DFT estimated D
value and compared with literature results.3® The good scaling
relation (Figure S1, black squares) indicates that using DFT
computations to estimate bond energy is a feasible approach; it is
quick and easy to get all desired values.

Prediction of adsorption heats

Atomic M,-A binding energy (Qa) is the most important
descriptor of adsorption heats via UBI-QEP method. In order to
correspond with Dg, DFT calculated Qa is applied in this study.
Therefore, heat of adsorption is first predicted using the
standard UBI-QEP equations and with the DFT estimated Qa, n,
and Dag as input parameters. Here n is determined from
adsorption  configurations by DFT calculations (See
Supplementary Information Part S1). The predicted adsorption
heats show, however, a poor relationship with the
corresponding values from DFT (BEEF-vdW) calculations, as
shown in Figure 2a. In this Figure, binding energies (absolute
value of adsorption heats) estimated by standard UBI-QEP
method are plotted against the DFT values for different species
on the close-packed Co, Ru, Fe, Ni, Cu, Rh, Pd and Pt surfaces.
For strong binding, the standard UBI-QEP methods
underestimate the values with respect to the DFT results. The
stronger the binding energy, the greater the underestimation.
For weak binding, however, overestimation of binding energies
occurs in UBI-QEP model against DFT references. As a result, it
is necessary to improve the accuracy of the UBI-QEP approach
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in order to further utilize it in the prediction of activation
barrier.

The fact that UBI-QEP method underestimates the binding
energy of strongly bounded species has been reported in
previous studies.?® 27 Higher binding energy corresponds to
shorter distance between adsorbate and the metal surface.
Vesselli et al.?® studied ethanol decomposition on the Pt(111)
surface with the UBI-QEP method and compared the results
with those obtained by DFT, concluding that binding energies
for metal-adsorbate with a distance shorter than 2.2 A were
underestimated in the UBI-QEP model. Because the UBI-QEP
model is based on the assumption of unity bond index, and the
definition of bond index is polynomial functions of exponential,
for short bond distance, charge densities will overlap with
profiles that deviate from an exponential form,*? resulting in the
error of the UBI-QEP model. The higher the binding energy, the
shorter the bond length, the larger the error caused by UBI-QEP
model. Moreover, assumptions and simplifications imposed in
the system have a major effect on the reduced accuracy. In the
original UBI-QEP method, the total energy of a strong M,-AB
binding system (n'u, coordination, with A bound to metal) is
expressed as:

2 2
EAB (xA’xAE):QA (xA _2xA)+DAB (xAB _2xAB) (3)
Where x4, Xag are bond index of A and B, respectively. With
the UBI conservation:

X, +x, =1 (4)
Constrained minimization of UBI-QEP energy leads to

_9 (5)
QA + DAB

XA:
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The binding energy of AB calculated by standard UBI-QEP
method is given as

_9 (6)
QA +DAB’

Here, Dag is AB bond dissociation energy in the gas phase.
When Mn-AB binding is not very strong (< 3 eV), the adsorption
does not significantly alter the bond length of A-B which is
similar to the one in the gas phase. Therefore, AB bond energy
in M,-AB binding in Eq. (6) system is approximated to the same
as the gas phase Dag. For the case with very strong M,-AB
binding (> 5 eV), however, the adsorption modifies the A-B bond
length and results in a change in the AB bond energy (Dag) with
the bond index as shown in Eq. (7). The adsorption energy is
calculated by

QAB :_E_DAB =

Qi + QjDAB (7)
QA +D-4B (QA +DAB )2

Which is one of improved UBI-QEP equations in this work. The
latter part of above equation accounts the contribution of

Os=-E-D, (2xAB _xfiﬁ) =

changes in the molecular structure to the adsorption energy
induced by strong adsorption. All modified UBI-QEP equations
for adsorption heats are summarized in Table 1.

For mediate-strong adsorption (3 eV < Qas < 5 eV), the
contribution to the adsorption heat due to change in the AB
bond energy (Dag) with the bond index is also mediate. We
introduce a factor of o in the Eq. (9) in Table 1, which is between
0 (Qas < 3eV) and 1 (Qas > 5eV). From the best fitting to the DFT
data, o is about 1/3 (Possibly a value in range of 0.33-0.4).

In contrast to strong bindings, the standard UBI-QEP model
overestimates the binding energies for weak bindings, as shown
in Figure 2a. According to the UBI-QEP assumptions, diatomic
molecules (polyatomic molecules) are modeled as quasi-atoms
(quasi-diatomic molecules). In the case of M-A-B mono-
coordination (AB is perpendicularly adsorbed on metal surface,
with A end down and B end up), the M,-AB binding occurs via
attractive My-A interaction and repulsive M,-B interaction from
quantum chemical analysis.?® If the M,-A interaction is much
stronger than that of M,-B, the latter could be ignored. For

Table 1 Modified UBI-QEP equations for calculation of adsorption heats

Eg. no. Case Equation

Atomic chemisorption My-A binding 1
(8)* 1 . . " QA =(2- _)QOA

(n*u, coordination) n
(9)° Strong M,-AB binding (n'u, coordination)

0=0 Qus<3eV 0. - % o QiDy

AB T 2
o=1/3 3eV<Qup<5eV Q,+D,, (QA+DAB)
o=1 Qus >5eV
1 QozA n-—1
(10)b Weak M,-AB binding (n'u, coordination) O, —— D, >——
n n ﬂ (QOA/n)+ DAB for AB QOA
. _ . . . 1 2 2

(11)° In'zermedlat.e Mn AB binding via A 0, -~ 0, + O

(n*un coordination) 210,+D,, (Qy,/n)+D,y
(12)° Symmetric molecules (CO,, H) 0. - 90.,

(n?un coordination) P 6Q,,+16D
(13) Complex symmetric species (ABg-ABg) 0, - a ., 903

(n%u, coordination) B 60,+16D ,

Non-symmetric species (AXm-BYn)
(14)¢ me QAX,,,—BYW =0, u+0su

(n?un coordination)

2Qa is the My-A binding energy (one A atom binds to n metal atoms), which is estimated from experiments or DFT calculations; Qoa
is M-A two-center bond energy at equilibrium distance; n is coordination number, namely the total number of metal atoms with
which A binds.

bAB binds to a metal surface via only one atom A (n'u, coordination), Dag is the total bond energies between A and the rest of
molecule AB in gas-phase. 8 is the number of atoms (B) in the molecule (AB) to which A binds.

°AB binds to a metal surface via two A atoms (n?u, coordination), Dag is the total bond energies between A and the rest of molecule
AB in gas-phase. a means the valence of A in radical ABg, 28" is the total number of B in the molecule (B could be one atom or
group).

9AB binds to a metal surface via both A and B (n%u, coordination), Dax is total bond energies between A and the rest of molecule
AXr, in gas-phase; Dgy is total bond energies between B and the rest of BY,,, in gas-phase.
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Figure 2. a, Standard UBI-QEP estimated binding energies (absolute value of adsorption energies) with respect to DFT (BEEF-vdW)

values on the most close-packed surfaces of Co, Ru, Fe, Ni, Cu,

Rh, Pd and Pt; b, Modified UBI-QEP estimated binding energies

against DFT (BEEF-vdW) calculated ones on the most close-packed surfaces of Co, Ru, Fe, Ni, Cu, Rh, Pd and Pt; c, Modified UBI-
QEP estimated binding energies versus DFT (BEEF-vdW) results on M(100), M(211), M(111), M(0001) and M(110) surfaces. M
represents for Co, Fe, Pt, Pd, Ru, Rh, Ni, Cu, Ag, and Au; d, Modified UBI-QEP method and DFT (BEEF-vdW) estimated binding
energies (eV) of CO, CHy4, CoHe, CsHs, Ho0, CH3OH, CHs, CH,, CH, H, OH, OCHs and O(O)CH against experimental results.*3-4°

mono-A-coordination, neglecting the weak repulsive Mn-B
contribution is a fundamental assumption during UBI-QEP
formula derivation, which is relatively accurate for strong
binding species due to much stronger M,-A effect. However,
this assumption overestimates the binding energies of weakly
bounded species, since the repulsive contribution from Mu-B is
not negligible as compared to the weak attractive My-A
interaction. The more the number of atoms (B) bound to A, the
larger the overestimation of binding energies estimated by
standard UBI-QEP. By introducing a factor of 1/8 in Eqg. (10),
Table 1, the UBI-QEP model estimates the adsorption heat for
weak My-AB interaction relatively well. 8 is the number of
atoms (B) in the molecule (AB) to which A binds.

Since the UBI-QEP estimated binding energies for medium
bounded species (CHs, CHsCH;) with n'u, coordination have a
good fitting with that of the DFT calculations, no modifications
were made for these species. The standard UBI-QEP method for
calculation of medium binding is identified by interpolation
between strong binding and weak binding equations, and 0.5 is

This journal is © The Royal Society of Chemistry 20xx

used as the empirical parameter, namely average as the
simplest interpolation. The good fitting might be caused by the
neutralization of underestimation of strong binding and
overestimation of weak binding. Therefore, the original UBI-
QEP equation is still applied in this situation, shown as Eq. (11)
in Table 1.

All three aforementioned cases are suitable for nlu,
coordination, i.e., AB binds to a metal surface via only atom A.
For more complex species, the M»-AB can bind via both A and B
to the metal surfaces (n?u, coordination). Considering simple
symmetric molecules like H, and CO,, adsorption heats can be
well predicted by the standard UBI-QEP model Eq. (12) in Table
1. However, for more complex symmetric molecules, such as
CHCH, CH,CH,, and CH3CHs, a factor similar to the weak M,-AB
binding (n'u, coordination) is introduced into the Eq. (13) in
Table 1, reflecting the effect of extra coordination (B) to the
adsorption heat. The ABg' -ABg' adsorbate binds to the metal
surface via A atoms, and B can be an atom or a group of atoms.
Dag is the total bond energy between A and the remainder of

J. Name., 2013, 00, 1-3 | 5
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molecule in the gas phase. 28’ is the total number of B in the
molecule. The physical meaning of 28' is similar to the
parameter 8 in Eq. (10), which is used to describe the repulsive
Mpn-B interaction. a refers to the available valence for atom A in
the radical ABg, which is 3 for CH, 2 for CH,, and 1 for CHs. The
more available valence the atom A has, the higher the binding
energy to the surface.

Another case for n2u, coordination corresponds to non-
symmetric molecules. The original UBI-QEP formulas for
estimating adsorption heats in this case are very complicated,
as in Eq. (S9) and (S11) in Table S1. In order to simplify the
expression, we assume that the total binding energy of n2u,
coordination equals to sum of the two n'u, coordination
binding energies, shown as Eq. (14) in Table 1. Qa-v and Qp-y are
binding energies of M,-AXm and Mp-BY fragments in such an
adsorption configuration, respectively, which can be
determined by Eqgs. (S6)-(S8) in Table S1. They are however
expected to be lower than the corresponding binding energies
for the isolated AX,, and BY,, radicals, due to the intramolecular
interaction between A and B atoms in the AXy-BY molecule.
Therefore, a different classification of bond strength is
considered here to estimate the Qavm and Qg.m. Generally,
radicals with a closed electronic shell or just one unpaired
electron are taken as weak binding, such as CH, in CH,CH; Bond
strength of CH in CH,CH is considered as medium, which has one
unpaired electrons and one 1t bond; Species with two or more
than two unpaired electrons are considered as strong binding,
like Cin CCH,.

By adopting the modified UBI-QEP formulas (equations
introduced above and in Table 1), a comparison between the
adsorption heats estimated by improved UBI-QEP approach and
that of the DFT (BEEF-vdW) calculations on the most close-
packed Co, Ru, Fe, Ni, Cu, Rh, Pd and Pt surfaces are shown in
Figure 2b, with a mean absolute error (MAE) of 0.17 eV. The
improved UBI-QEP approach estimated binding energies
satisfactorily fit with the DFT predicted values and exhibits a
simpler formula but higher accuracy as compared to the
standard UBI-QEP method (MAE: 0.63 eV). Despite the
acceptable overall accuracy, some of the points on Cu (111)
surface are observed to deviate from the fitted line farther than
others. Therefore, more studies are necessary in future to
further improve the UBI-QEP method towards adsorption
energies on Cu, possibly also over Ag and Au surfaces.
Interestingly, the improved UBI-QEP models can be
satisfactorily extended to more open surfaces (211) and (100).
A good relationship with the DFT predicted adsorption heats is
observed in Figure 2c (MAE: 0.17 eV). The results suggest that
the improved UBI-QEP model can be applied to various surfaces
of different transition metals.

To further verify the accuracy of the modified UBI-QEP
approach, the estimated binding energies of CO, CH4, CyHe,
CsHs, H,0, CH30H, CHs3, CH,, CH, H, OH, OCHs and O(O)CH
species are compared with the experimental results reported by
Campbell and co-workers,*>*> shown as the blue triangles
(MAE: 0.13 eV) in Figure 2d. The black circles correspond to the
correlation of DFT values against experiment (MAE: 0.16 eV).
Through comparison, it can be found that the UBI-QEP results
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match the experimental values even better than DFT, especially
for CO adsorption, points in the range of 1-2 eV, and adsorption
of species with binding energies greater than 3 eV, revealing a
high accuracy of the modified UBI-QEP method. To sum up, by
using both DFT (BEEF-vdW) and experimental values as
benchmarks, the modified UBI-QEP method exhibits a
reasonable degree of accuracy, which can be utilized to rapidly
predict adsorption heats over various transition metal surfaces.

Prediction of activation energy

Besides the quick prediction of adsorption energies, the UBI-
QEP method also provides a simplified solution to rapidly
estimate the activation energies on transition-metal surfaces.
However, an accurate treatment of transition state bond index
remains difficult, which results in a poor accuracy of the
standard UBI-QEP method compared to DFT (BEEF-vdW)
calculations, as shown in Figure S3a and S3b (See
Supplementary Part S1). Despite several
optimization processes attempted to improve the accuracy of
UBI-QEP method, the desired accuracy is not achieved.
Therefore, another commonly used approach, the BEP
relationship, is utilized here to aid the fast prediction of
activation energies.

To identify homologous series, a preliminary testing is
conducted and shows that the C-H, C-O, C-C, and O-H bond
activation are the possible reaction types towards molecules
and fragments of interest. The detailed classification is defined
as (1) C-H bond cleavage. Reactions of this class correspond to
the bond breaking of C-H in fragments like CiH,, HxCO, and
HxCOH; (2) C-O bond cleavage. Into this type fall C-O bond
breaking in CO,, COOH, COH, H,COH and H,CO; (3) C-C bond
cleavage. This class comprises C-C bond breaking in
hydrocarbon and radicals that including 2 or more than 2 carbon
atoms; (4) O-H bond recombination. H,0, OH, COH, H,COH and
COOH formation via O-H bond association belongs to reactions
of this class. Based on the microscopic reversibility principle,*®
the relationship between forward activation energy (Ey), reverse
activation energy (E;) and the reaction enthalpy (AH) is
described as Ef = E, + AH. Therefore, the activation energies of
the C-H, C-O, C-C bond recombination and the O-H bond
cleavage reactions can easily be determined by establishing the
BEP relationships for the aforementioned reactions. These
relationships are derived based on the DFT calculated activation
energies and reaction heats, as displayed in Figure 3a. Their
corresponding linear regression equations are defined as

Information

E =0.89AH +0.75 (15)
E, =0.65AH +1.21 (16)
E, =0.89AH +0.98 (17)

Where Eq. (15) and (16) describe the C-H and C-O bond
cleavages, respectively, and the slopes of 0.89 and 0.65 indicate
the ‘product-like’ transition states. For O-H bond recombination
(Eqg. 17), the slope is 0.89, and value of 0.11 is predicted as the
slope for reverse reactions, indicating ‘reactant-like’ transition
states for O-H bond cleavage. Thus, towards above three type
reactions, through model fitting, general BEP relationships

This journal is © The Royal Society of Chemistry 20xx



Please do not adjust margins

Journal Name

a 3.0 T T T T T T
4 C-H bond cleavage
2.5 ® C-Obond cleavage . 4
* C-C bond cleavage o .
. . . g
20} "® 0O-H bond recombination x, o ]
£y P
® L
150 e 1
=> R
o 10r : *wy MAE=0.43
= ?
& o 050 .'d"‘ F f* C-C bond cleavage
w Nl T EN=E 0260,
00F 7 skt E*~ 067aH R=0.91-
T oA E - 080aH0.75 RE=0.90
-05F ,-%  Others E_ =0.85aH+1.21 R*=0.89-
g E. = 0.89aH+0.98 R=0.86
_10 1 Il 1 | 1 1
-2 -1 0 1 2 3 4
DFT
AH™ " /eV
C 6 T T T T T T -
A M(100) L
5L o M211) Ae
* M(111), M(0001), M(110) A
4+ *x .7 .
4 ’ ;
> 3t " 1
® e
o
%Lum 2+ .
MAE=0.13
1k §
y = 0.93x+0.08
o R’=0.95
- 1 1 1 1 1 Il

0 1 2 3 4 5 6

ARTICLE

b 5 T T T T T
4 Co(0001) i
4L ¢ Ru(0007) I
T v Fe(110) * . 1
= Ni(111) L
* Cu(111) L.
3r < Rh(111) P i
> » Pd(111) A
2 L] e P dl .
o
8 o
w
1L MAE=0.13
y =0.93x+0.08
2
of R°=0.94
0 1 2 3 4 5
EC7 feV
d 5 T T T T T
4 Co(0001) Rl
e Ru(0001) L
4+ v Fe(110) * 7 1
= Ni(111) * 7
*  Cu(111) " RO
> 3F < Rn(111) B 1
= » P11 * e
i o PHI11) % * «
[ *,
& Fan
[57] © Ad -
SRRLt MAE=0.25 |
y = 0.88x+0.20
ok R*=0.77 i
0 1 2 3 4 5

Figure 3. a, DFT (BEEF-vdW) calculated activation energies as a function of reaction heats for C-H, C-O, C-C bond cleavage and O-H
bond recombination on the most close-packed surfaces of Co, Ru, Fe, Ni, Cu, Rh, Pd and Pt; b, DFT+BEP estimated activation
energies versus DFT (BEEF-vdW) values on the most close-packed surfaces of Co, Ru, Fe, Ni, Cu, Rh, Pd and Pt; c, DFT+BEP estimated
activation energies versus DFT (BEEF-vdW) values on M(100), M(211), M(111), M(0001) and M(110) surfaces. M represents for Co,
Fe, Pt, Pd, Ru, Rh, Ni, Cu, Ag and Au; d, UBI-QEP+BEP estimated activation energies versus DFT (BEEF-vdW) values across Co(0001),
Ru(0001), Fe(110), Ni(111), Cu(111), Rh(111), Pd(111) and Pt(111) surfaces.

(constant ap and Bp) are gained, which would be used in the
future for fast prediction of activation barriers.

C-C bond cleavage is, however, a special case, and due to the
non-uniform linear relationship for all metals together, the BEP
relationships can be divided into three parts: Pt; Ru, Rh, Pd; and
Fe, Co, Ni, Cu. As shown in Figure S4c, the slopes for all three
scaling relations are similar, while their intercepts have certain
differences. One of our interesting findings in this study is that
we found a correlation between the BEP intercepts (¢) and the
period numbers (no) of these metals in the periodic table. For
example, Pt with the period number of 6, has the highest
intercept, 1.58; Ru, Rh and Pd have the intercept of 1.23, with 5
as period number; and Fe, Co, Ni, and Cu with the lowest period
number, 4, have the lowest value of intercept, 0.95.
Consequently, an average value of ¢/no =0.25 is obtained, and
accordingly we proposed the 0.25n¢ as the intercept for the BEP
relationship of C-C bond cleavages. To test and verify that,

This journal is © The Royal Society of Chemistry 20xx

adjusted activation barriers, E; - 0.25n¢, are applied to generate
the new scaling, shown as Figure 3a, which exhibits a much
better relationship. The new slope is around 0.67, and the new
intercept is about 0, proving the guess. Consequently, this type
of reactions could be determined by:

E, =0.67AH +0.25n,

The phenomenon that period number influences activation
energy may be related to the d-band center of different period
metals. Figure S6 gives the average d-band center (g,) of VIIIB
metals as a function of period number (no), indicating that the
larger the no, the more negative the d-band center, the higher
the activation barrier. Therefore, activation energy is inversely
proportional to the metal d-band center for C-C dissociation
reactions, which is in agreement with the result reported by
Hammer and Ngrskov*’ towards dissociation reactions.

There are however several exceptions that didn’t fit with the
four aforementioned classification of reactions, i.e. CO

(18)
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reaction heat (AH) of RDS are determined by DFT calculations.

dissociation (CO* - C* + O*), CO* + OH* - COOH*, CH3* + OH*
- CH30H* and CHs3* + CH3* - CH3CHs*. Thus separate BEP
relationships are generated for those reactions, as described in
Supplementary Information Part S2.

The BEP relationships are established based on the most
close-packed surfaces. To check whether other metal surfaces
such as steps (211) and square-packed (100) surfaces follow the
same BEP relationships, we summarized new BEP relationships
for three types of reactions on M(100), M(211), M(111),
M(0001) and M(110) surfaces. As shown in Figure S7 (See
Supplementary Information Part S2), the new BEP relationships
are found similar to previous ones. Consequently, we can
assume that different metal surfaces follow the same BEP
relationships. The BEP relationships on the most close-packed
surfaces can be applied for other metal surfaces for fast
prediction of activation energies, further aid in rational catalyst
design.

Figure 3b gives the activation energies obtained by BEP
relationships (in combination with DFT calculated reaction
heats) against DFT (BEEF-vdW) values for 50 elementary steps
over the most close-packed surfaces of Co, Ru, Fe, Ni, Cu, Rh, Pd
and Pt, which illustrates a good linear relationship, MAE: 0.13
eV. The same BEP relationships are subsequently utilized for
M(211) and M(100) surfaces, exhibiting a good scaling relation
between BEP results and DFT values (MAE: 0.13 eV), as shown
Figure 3c. As a result, the applicability of BEP relationships is
satisfactorily confirmed. Using the established BEP
relationships, it is possible to derive activation energies for

8| J. Name., 2012, 00, 1-3

heterogeneous reactions merely from reaction heats.
Adsorption heats, on the other hand, can be estimated via the
improved UBI-QEP method. Since the improved UBI-QEP
method and the established BEP relationships have already
exhibited a reasonable degree of accuracy separately, the
remaining question is that whether the combined UBI-QEP and
BEP approach could keep the accuracy. In order to verify the

conjecture, we recalculated the activation energies based on

the UBI-QEP estimated adsorption heats, and the BEP
relationships across Co(0001), Ru(0001), Fe(110), Ni(111),
Cu(111), Rh(111), Pd(111) and Pt(111) surfaces. The

corresponding activation energies are plotted versus DFT (BEEF-
vdW) calculated ones, as shown in Figure 3d, with a MAE of 0.25
eV. Even though the MAE of the improved UBI-QEP + BEP is
larger than the improved UBI-QEP (0.17 eV), and BEP
relationships (0.13 eV), separately, the value is acceptable, as
compared to previously published work.*®> It can be also
concluded that although more subdivisions of adsorbate and
bond types are added in the modified equations, leading to
increased complexity, the accuracy has been greatly improved
as compared to standard equations. Therefore, the strategy
that using improved UBI-QEP + BEP to generate energetics for
transition metal surface reactions is proposed here, which is a
feasible way to quickly and reasonably gain the input
parameters of microkinetic model, so as to achieve the purpose
of catalyst prediction.

Microkinetic modeling of SMR

This journal is © The Royal Society of Chemistry 20xx
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A simple reaction, steam methane reforming (SMR) was taken
as a tentative reaction to test and verify the applicability of the
improved scaling relations. Here SMR reaction involves not only
CH4 + H,0 = H; + CO, but also water gas shift reaction (WGS:
H,O + CO - H; + CO,), due to the phenomenon that SMR is
normally accompanied by WGS under realistic experimental
conditions. The total reaction of CHs + H,0 - H, + CO + CO; is
therefore taken into account in this model. The reaction
mechanisms are displayed in Supplementary Information Part
S4. Figure 4 gives the reaction network of SMR, which exhibits a
slight complexity although only 12 intermediates are involved.
As for other complex reactions, such as steam ethanol
reforming, steam acetic acid reforming and Fischer-Tropsch
synthesis, hundreds of intermediates might be involved, thus
using improved UBI-QEP + BEP to quickly predict the energetics
and do mechanism reduction based on microkinetic modeling is
essential and a good strategy.

In the view of which the majority of kinetic parameters in a
microkinetic model are not important,>! the improved UBI-QEP
+ BEP can be utilized to generate the initial approximations for
all parameters. These parameters are subsequently applied to
conduct the microkinetic study, and identify the dominant
reaction pathway through comparing the reaction rates of
elementary steps. The one owing the highest net reaction rate
is considered as the dominant reaction route, in which the
elementary step with lowest forward reaction rate is the rate-
determining step (RDS). Once the important kinetic parameters

This journal is © The Royal Society of Chemistry 20xx

(energetics in RDS or rate relevant steps) are determined, a
more accurate estimation of these parameters can be carried
out via DFT calculations in order to refine the model and
improve the overall accuracy. Two refined methods are
employed here, one is adopting DFT (DFT/BEEF-vdW) to
calculate only the activation energies (E,) for the RDSs, and the
other is using DFT to determine both activation energies (E,)
and reaction heats (AH) for the RDSs. The new data continues
to be utilized for microkinetic modeling, repeating the loop until
convergence, shown as in Figure 4. The model sensitivity to RDS
is tested by comparison of refine models with unrefined models
as well as models between two different refined methods.
Microkinetic modeling is performed by using CatMAP
(Catalysis Microkinetic Analysis Package), a software package to
describe catalytic trends with descriptor-based microkinetic
mapping,>? which has been widely used in catalytic processes.**
41,53, 54 The simulated reaction condition is T=773 K, P = 1 bar,
with a gas composition of 18.2% CH,4, 63.6% H,0, 18.2% H,. In
Figure 5 we report the predicted activity as a function of C- and
O-metal formation energy for H, production in SMR over
Co(0001), Ru(0001), Fe(110), Ni(111), Cu(111), Rh(111), Pd(111)
and Pt(111) surfaces, with six different methods to obtain
surface energetics. Due to the same scaling relations (improved
UBI-QEP method and BEP relationships) among different metal
facets, the volcano plot obtained from the most close-packed
surfaces is suitable for all the surfaces. Comparison of Figure 5a
and b demonstrates that using BEP relationships leads to a
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slightly higher activity of researched catalysts than using total
DFT values. This is caused by BEP estimated lower activation
barrier of RDS (CH + O - HCO) than DFT data. In contrast, the
refined model (DFT+BEP+Refine E) exhibits a similar TOF level
to total DFT model, given as Figure 5c versus Figure 5a.
Therefore, implanting DFT computations to calculate the
activation energy of RDS is a good approach to improve the
model accuracy that is reduced by BEP relationships.

The improved UBI-QEP estimated adsorption energies and
BEP calculated activation energies are used as input parameters
to conduct microkinetic modeling, with the volcano plot shown
as Figure 5d. Additionally, two refined methods, DFT calculated
activation barrier of RDS, and DFT calculated activation barrier
and reaction heat of RDS, are employed to optimize the model
combining with the improved UBI-QEP + BEP method and the
results are shown as Figure 5e and f, respectively. The obtained
volcano plots as well as predicted catalyst activities are almost
same regarding Figure 5d, e and f, which are also very close to
Figure 5c, indicating a high accuracy of the improved scaling
relations. In other words, combination of UBI-QEP method and
BEP relationships generates a similar activation barrier of rate-
determining step to DFT value here. It is possible, but might be
a coincidence. Next, if applying this method to other reaction
systems, the model refinement (using DFT computations to
calculate activation energy of RDS) might be still necessary in
order to improve the overall accuracy. The direct UBI-QEP + BEP
model could be applied to rapidly predict the activity tendency.

According to previous studies,>>™7 Ru, Rh, Ni, Pt and Pd are
relatively highly active catalysts for steam methane reforming
reaction, thus are chosen to be studied. Towards Figure 5 a ~ f,
the relative activities among the 5 transition metal catalysts are:
Ru ~ Rh > Ni > Pt > Pd, which are consistent with the
experimental results>®=>°reported previously. The practicality of
the models are therefore proved, and the improved UBI-QEP +
BEP could be applied in the first step of catalyst design to rapidly
screen highly active transition-metal catalysts. Using the
improved scaling relations to fast estimate surface energetics,
then adopting DFT computations to calculate the activation
energy of RDS is a good strategy to refine the model. In the
future, the strategy would be extended to others reaction
systems like N-, S-containing species, as well as more kinds of
catalysts (e.g., various facets, metals and/or oxides, nitrides).

Conclusions

This work proposes a strategy that using improved scaling
relations (UBI-QEP + BEP) to rapidly and effectively design
catalyst by microkinetic modeling using fast estimated
energetics of CH,O, adsorption and surface reactions over
transition-metal surfaces. DFT (BEEF-vdW) values on transition
metals with different surfaces were utilized as a systematic
benchmark to improve the UBI-QEP method to predict the
adsorption heat and obtain BEP relationships to estimate
activation energies for surface reactions. By taking into account
the changes in the molecular structure and A-B bond index
during the adsorption, it significantly improved the accuracy of
UBI-QEP method to predict the adsorption energy from the

10 | J. Name., 2012, 00, 1-3

atomic binding energies. It satisfactorily fits DFT calculated
adsorption energies (MAE: 0.17 eV) and shows an excellent
accuracy by comparison with experimental values (MAE: 0.13
eV). BEP relationships are systematically obtained towards C-H,
C-O, C-C bond cleavage and O-H bond recombination (MAE:
0.13 eV). Combination of improved UBI-QEP and BEP exhibits an
acceptable accuracy with respect to DFT computations (MAE:
0.25 eV). Steam methane reforming is performed as a tentative
reaction, for which the catalytic trend predicted by microkinetic
modeling is Ru ~ Rh > Ni > Pt > Pd, in good agreement with
experimental results. Validity of the improved UBI-QEP + BEP
approach is thus proved, which reduces radically six orders of
magnitude in the computational expenses (~1 cpu-s for this
approach vs. ~320 cpu-h for DFT calculations), but keeps a
reasonable degree of accuracy compared to DFT (BEEF-vdW)
computations as well as experiments. The rapidly generated
energetics is possible to be utilized in the first step of catalyst
rational design for fast screening highly active and selective
heterogeneous transition-metal catalysts. Moreover, the hybrid
microkinetic approach, where microkinetic modeling and
analysis is performed firstly by the combined improved UBI-QEP
and BEP approach, and the activation energy of the rate-
determining step is replaced by the DFT values, can improve the
accuracy of the microkinetic modeling and the catalyst
prediction.

Methods

DFT calculations

Periodic DFT calculations were performed by using the Vienna
Ab-initio Simulation Package (VASP) code.®%%3 The BEEF-vdW
exchange-correlation functional,®* treated with the generalized
gradient approximation (GGA),®> was employed for electron
smearing. Interaction between valence electrons and ion cores
was described by projector augmented-wave (PAW) method,®
with plane wave energy cutoff of 400 eV. To achieve
convergence, the forces on all unconstrained atoms were less
than 0.03 eV/A. Calculations were processed on Co(0001),
Ru(0001), Fe(110), Ni(111), Rh(111), Pt(111), Pd(111), Cu(111),
Ag(111), Au(111), Fe(100), Ni(100), Rh(100), Pt(100), Pd(100),
Cu(100), Ag(100), Au(100), Ni(211), Rh(211), Pt(211), Pd(211),
Cu(211), Ag(211) and Au(211) surfaces. The M(0001), M(110),
M(111) and M(100) surfaces were modeled by p(3 x 3) unit cell
of five layers. The bottom two layers kept fixed in their crystal
positions, while the top three layers and all adsorbates were
allowed to relax. The M(211) surfaces were modeled by p(1 x 3)
unit cell of 15 layers, with the bottom six layers fixed. A vacuum
spacing of 12 A was built between successive slabs. Brillouin
zone sampling was carried out using 5 x 5 x 1 k-point for
M(0001), M(110), M(111) and M(100), and 5 x 3 x 1 k-point for
M(211) calculations. Dimer method was applied to search for
transition states.

Gas phase bond energies were determined by DFT
computations. The lattice parameters for gas calculations were
a=20.0A,b=20.5A, c=21.0 A. BEEF-vdW functional, 400 eV
cutoff energy and 0.01 eV/A force threshold were applied in the
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optimization. Brillouin zones sampling was done usinga 1 x 1 x
1 Gamma k-point mesh.

Surface energetics

The adsorption energies and activation energies are calculated
by:

E,=E (19)

ads adsorbate+surface

E =E-Eg

adsorbate surface

(20)

Where Eggsorbate iS the gas-phase total energy of adsorbate.
Esurface IS the total energy of a clean metal surface. Eqdsorbatessurface
is the total energy of metal surface with adsorbate adsorbed.
E.qs is adsorption energy. Ejs is the total energy of reactant, Evs
is the total energy of transition state, E, is activation energy.

UBI-QEP method

The assumptions, fundamental category and equations of
standard UBI-QEP method are given in Supplementary
Information.
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