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ABSTRACT: We propose and assess a criterion for the g A-B E

application of Bronsted—Evans—Polanyi (BEP) relations for | ° . !

dissociation reactions at surfaces. A theory-to-theory compar- e EERE. .
ison with density functional theory calculations is presented > -
on different reactions, metal catalysts, and surface termi- - AE AB AE
nations. In particular, the activation energies of CH, CO, and GEP applicable 1 L BEPnot applicale
trans-COOH dissociation reactions on (100), (110), (111), I?

and (211) surfaces of Ni, Cu, Rh, Pd, Ag, and Pt are AE . . i AE

considered. We show that both the activation energy and the P ,-"l AE - A
reaction energy can be decomposed into two contributions e . " o ‘,,—"“
that reflect the influence of reactant and products in | +“Ag, ™ AE, . AEA_M"' AEM_B_A BFush B

determining either the activation energy or the reaction
energy. We show that the applicability of the BEP relation

implies that the reaction energy and activation energy correlate to these two contributions in the range of conditions to be
described by the BEP relation. A lack of correlation between these components for the activation energy is related to a change in
the character of the transition state (TS) and this turns out to be incompatible with a BEP relation because it results in a change
of the slope of the BEP relation. Our analysis reveals that these two contributions follow the same trends for the activation
energy and for the reaction energy when the path is not characterized either by the formation of stable intermediates or by the
change of the binding mechanism of the reactant. As such, one can assess whether a BEP relation can be applied or not for a set
of conditions only by means of thermochemical calculations and without requiring the identification of the TS along the
reaction pathway. We provide evidence that this criterion can be successfully applied for the preliminary discrimination of the
applicability of the BEP relations. For instance, on the one hand, our analysis provides evidence that the two contributions are
fully anticorrelated for the trans-COOH dissociation reactions on different metals and surfaces, thus revealing that the reaction
is characterized by a change in the TS character. In this situation, no BEP relation can be used to describe the activation energy
trend among the different metals and surfaces in full agreement with our DFT calculations. On the other hand, our criterion
reveals that the TS character is not expected to change for CH dissociation reactions both for the same facet, different metals
and for same metal, different facets, in good agreement with the DFT calculations of the activation energy. The formation of
multiple stable intermediates along the reaction pathways and the change of the binding mechanism of one of the reactants are
demonstrated to affect the validity of the criterion. As a whole, our findings make possible an assessment of the applicability of
the BEP relation and paves the way toward its use for the exploration of complex reaction networks for different metals and

surfaces.

B INTRODUCTION

First-principles-based microkinetic modeling of catalytic
processes stands at the basis of the mechanistic understanding
of the catalysis phenomenon at different operating con-
ditions."”” The observed reactivity is related to atomistic
phenomena, thus paving the way toward the identification of
materials for targeted conversions and selectivity. The
construction of a predictive microkinetic model, however,
requires accounting for all the possible reaction pathways of
the process because the prevalent mechanism is expected to
vary—at given operating conditions—from metal to metal’>
and from facet to facet.””” This issue is extremely relevant

-4 ACS Publications  © 2019 American Chemical Society 9864

especially in the quest of developing structure-dependent
microkinetic models. Tackling this task by means of first-
principles calculations is hindered by both the potentially high
number of the elementary steps involved in the process and by
the complexity in the adsorption configurations of the
reactants and the coverage effects.”'® This is also unnecessary
because only a small portion of the pathways will contribute to
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the prevalent reaction mechanism."'~* To limit the number of
reactions that need to be examined by the first-principles
calculations, Vlachos and co-workers proposed the hierarchical
development of a microkinetic model.">~"* Such methodology
relies on the estimation of the kinetic parameters using an
empirical or a semiempirical method to obtain a sound yet
computationally affordable estimation of the rate of each
elementary step.19 The whole hierarchical framework, however,
heavily resorts to the validity of the semiempirical methods,
which are usually dismissed as unreliable by the ab initio
community.” Therefore, such methods need to be systemati-
cally validated and refined by means of first-principles
calculations.”

One of the most widely used empirical correlations for
estimating the reaction barriers is the Bronsted-Evans—Polanyi
(BEP) relation” between the reaction barrier E, and the
reaction energy AE:

E,=yAE+ ¢ (1)
where both y and & are the parameters typically fitted with
(experimental or calculated) data of the reactions under
different conditions (e.g., different metals and surfaces).”*~**
Such linear type variation of E, has been observed for various
reactions on the same metal surface structures with high
accuracies, and it is found to be also applicable for a class of
reactions on the same facet.”>**

Previous studies even identified several “universal” BEP
relations for the dissociation reactions including a wide range
of bonds, i.e., C—C, C=0, C=N, N=0, N=N, and O-0
bonds, on flat and stepped surfaces,”>*¢ respectively, with a
mean absolute error (MAE) lower than 0.35 eV. On the
contrary, for a reaction on different surface structures, previous
studies have found that the intercept in eq 1, &, for different
facets can vary by almost 1 €V,”” which indicates less linearly
correlated E, and AE for the same reaction on different surface
structures. This broad difference for the accuracy of the BEP
relation reveals that the BEP relation accuracy is sensitive to
the local adsorption conditions.”® Nevertheless, there are still
cases where the difference in £ is small enough to establish one
BEP relation for different facets.”

In this situation, a first-principles assessment of the accuracy
of a BEP relation is therefore required for clarifying the extent
of its applicability for different reactions, metals, and surface
structures. This is crucial for the microkinetic modeling of the
catalytic processes, especially when the structure of the catalyst
may have a profound influence on the catalytic activity. In
particular, the development of a general criterion to quickly
evaluate the applicability of a BEP relation for a specific
reaction on specific reaction sites is demanded.

To address this need, in this work, we propose and assess a
criterion for the application of BEP relations for dissociation
reactions at surfaces. A theory-to-theory comparison between
the estimations of the BEP relation estimations and ab initio
density functional theory (DFT) calculations is used to assess
the validity and the accuracy of the BEP relations for different
reactions. Both BEP relations for the same facet on different
metals, and BEP relations for different facets of the same metal
are investigated. In particular, the activation energies of CH,
CO and trans-COOH dissociation reactions on (100), (110),
(111), and (211) surfaces of Ni, Cu, Rh, Pd, Ag, and Pt are
considered. The key features of the BEP relation accuracy are
discussed based on both the analysis of the transition states
(TS) structures and energies, and of the thermochemistry of
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the reaction. We show that both the activation energy (E,) and
the reaction energy (AE) can be decomposed into two
contributions which reflect the influence of reactant and
products in determining both the activation energy and the
reaction energy. We demonstrate that the applicability of the
BEP relation implies that both these contributions are
correlated in the range of conditions to be described by the
BEP relation. As such, one can assess whether a BEP relation
can be applied or not for a set of conditions only by means of
thermochemical calculations and without requiring the
identification of the TS along the reaction pathway. As a
whole, our findings allow for an assessment of the applicability
of the BEP relation in a broad range of conditions and pave the
way toward its application for the exploration of complex
reaction networks for different metals and surfaces. As such,
these results are of direct use for the development of structure-
dependent microkinetic models in heterogeneous catalysis.

B METHODS

Periodic DFT calculations with Perdew—Burke—Enzerhof
(PBE) functionals®® are performed with Quantum ESPRESSO
code.”" All the low-index surfaces, i.e., (100), (110), and (111)
surfaces, are modeled by a four-layer 2 X 2 slab with the
bottom three layers are fixed to simulate the bulk properties. A
four-layer 3 X 3 slab has been also considered for testing
different conditions of coverage. Their first Brillouin zones are
sampled with 6 X 6 X 1 Monkhorst—Pack grids** for 2 X 2
slabs and with 4 X 4 X 1 Monkhorst—Pack grids for 3 X 3
slabs. The stepped (211) surfaces are described by 9-layer 2 X
2 slabs (each slab contains 36 metal atoms) with the bottom 6
layers fixed. Their first Brillouin zones are sampled by 2 X 6 X
1 Monkhorst—Pack grids. Vacuum (14 A) is added to avoid
the interaction between two nearby supercells. The ultrasoft
pseudopotentials® are used for the description of the atomic
core potentials. The wave functions are described by plane
waves with a kinetic energy cutoff of 544 eV. Spin-polarized
calculations are performed for gas phase radicals as well as for
the reactions on ferromagnetic Ni surfaces. For the trans-
COOH reactions, Grimme-D2** van der Waals interaction
corrections are accounted for describing the weak adsorption
of CO,. The residual force on each atom is converged to 0.03
eV/A in the geometric structure optimization.

Transition states (TS) are searched with the climbing image-
nudged elastic band (CI-NEB)”® method with the force on
each atom in each image being converged to 0.05 eV/A. All the
transition states are confirmed by ensuring that their
vibrational spectra show only one imaginary mode. The
vibrational frequencies are calculated by displacing the atoms
on both the adsorbate and the first layer of the metal surface
using Atomic Simulations Environment”* (ASE).

The reaction energy, AE, is defined as the difference
between the energy of the global minimum of the coadsorbed
products and the energy of the dissociating molecule (CH,
CO, or COOH) on the most energetically stable site.

The linearity of all the correlations is measured by both the
mean absolute error (MAE) and the adjusted R* defined as®’

(n—1)(1 = R))
n—p-—1

R=1-
)
where n is the number of samples, p is the number of

independent variables (which equals 1 in all our analyses), and
R? in eq 2 is the linear correlation coefficient. We use the
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adjusted R* to avoid the bias of the R? because of the limited
size of the samples.

B RESULTS AND DISCUSSION

CH-Dissociation Reaction. We first investigate the CH
dissociation reactions. We take the reaction paths on the Pd
surfaces as an example of the paths on all the surfaces. The
details for all the reactions are reported in Section 3 of the
Supporting Information. The CH initially binds on the high-
coordination sites, i.e., 4f site on the (100) and (211) surfaces,
long-bridge site on the (110) surfaces, and 3f sites (hcp or fcc)
on the (111) surfaces. In the final state (FS), the C stays on its
location in the initial state (IS), while H moves to the diagonal
4f site on (100), 3f site on (110), nearby fcc site on (111) and
the upper-hcp site that shares one Pd atom with 4f site on
(211). At the TS, the C atom always remains on the high-
coordination site, while the C—H bond bends toward the
surface and then H passes through the nearby bridge site. All
the TSs are characterized by significant C—H bond elongations
that are higher than 28% with respect to the C—H bond length
in the IS (between 1.10 and 1.13 A). Thus, the geometry of the
TS for CH dissociation reactions resembles the configuration
of the FS. Intermediates are found for (100) and (211) sites,
where the H moves first to the nearby 4f site on (100) and to
the upper-hcp site above the 4f site on (211).

Next, we assess the ability of a BEP relation (eq 1) to
describe the variation in the activation energies both (i) for the
same facet and different metals and (ii) for the same metal and
different facets.

Figure 1 reports the correlation between E, and AE on the
same facet of different metals.

We find that E, and AE on every facet are linearly correlated
with correlation coefficients (eq 2) higher than 0.95. Also, all
the barriers are within a + 10% error margin with a mean
average error (MAE) lower than 0.09 eV. Thus, the BEP
relation is found to be able to successfully correlate the
reaction barriers of CH dissociation reactions on the same
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Figure 1. BEP relation of CH dissociation reactions on different
facets. The black solid lines show +10% uncertainty of the predicted
data. The empty star shows the reaction on Ag(111) surface at a
coverage of 0.11 (3 X 3 slab). The R is the adjusted correlation
coefficient (calculated by eq 2) of the BEP relations of the reactions
modeled by 2 X 2 slabs. The red line shows the BEP relation fitted
with using both the reactions modeled by 2 X 2 slabs and those
modeled by 3 X 3 slabs. Detailed formulas of BEP relations are listed
in Table S5.1.
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facet of different metals. The slope of all the BEP relations are
all greater than 0.70 (in agreement with previous results™).
This reveals a late nature of the TS, also in agreement with the
geometry of the TS.

We aim now at a detailed analysis of the reasons why a BEP
relation can be established to correlate the variation of the
activation energies among the different metals for the same
surface for CH dissociation reactions.

By definition, the activation energy is calculated as

(©)

As proposed by Hu et al,”’ the term Erg,y, can be
decomposed by construction into

Ea = ETS+slab - EIS+slab

(4)

where Ef, ., and Ef, g, are the total energies of adsorbed C,
H with their location frozen in their position at the TS, and E,
is the interaction energy between C and H upon coadsorption.
By adding and subtracting the C—H bond energy (Ecy — E¢ —
Ey) in eq 4 and substituting it into eq 3, we can rearrange eq 3
as follows:

_ ¥ ¥ ¥
Ersyan = Ectsab + Etirsan T Eine — Egab

Ea = [E(ij+slab + EEI+sIab + Efnt - Eslab] - ECH+slab
+ (Ecu — Ec — Ey) — (Ecy — Ec — Ep)
= (Eé+slab - Eslab - EC) + <E§I+slab - Eslab - EH)

- (ECH+slab - ECH - Eslab)

+ [Ei:Ir:lt — (Ecy — Ec — Ey)l (s)

By definition, the adsorption energy of a generic adsorbate A is

(6)
Thus, by applying eq 6 to C, H, and CH, we can rewrite eq S

Eads,A = (EA+slab - Eslab - EA)

_ i i
Ea - Eads,C + Eads,H - Eads,CH + AEint,C—H

(Eaids,C - Eads,CH) + (Efds,H + AEint,C—H)

AEc_yp1s + AEy_n_c s (7)
As a whole, the activation energy turns out to be composed of
two contributions: AEy_y_c s reflects the variation between
the interaction within the [M—H—C]* complex and the C—H
bond energy; AEc_ji1s reflects the variation of the metal—
carbon (M—C) interaction in CH and in TS.

The relative contribution of AEc_y;rs and AEy_y_c 15 to E,
(eq 7) concurs in establishing the character of the TS, ie., at
what extent the TS is influenced by IS or FS. For instance, for
the reactions on the same facet of different metals, if E, linearly
correlates to both terms of eq 7, the nature of TS is expected
not to be affected by the different metals. Instead, if E,
anticorrelates or does not correlate to both of its components
(AEc_yprs and AEy g c s in eq 7), the nature of the TS is
expected to change among the same facet of different metals.

The same decomposition can be also performed for the
reaction energy (AE) in full analogy with the E,. In particular,
by definition

AE = EFS+slab - EIS+slab (8)
where Egg, ., can be expressed as
EFS+slab = EC+slab,FS + EH+slab,FS + Eint,FS - Eslab (9)

DOI: 10.1021/acs.iecr.9b01628
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Then, by adding and subtracting the bond energy of CH in the
gas phase in eq 8 and by substituting eq 9 into eq 8, eq 8 thus
becomes

AE = Eads,C,FS + Eads,H,FS - Eads,CH,FS + Eint,FS
+ (Ecy — Ec — Ep)

= [Ectsabrs T Envaabrs T Eingrs = Eqan] = Ectrsiab
= AEc_ypps + AEy_nu-cs
(10)

In analogy with what found for the activation energy, AEc_;gs
reflects the energy change of the M—C bond in IS and FS,
whereas AEy_y_cps is related to the variation of [M—H—C]
interactions in IS and FS.

According to the BEP relation, E, and AE are linearly
correlated when y and £ are constant (eq 1). Thus, to satisfy
such a requirement, even both components of AE (AE¢_pgs
and AEy_y_cps in eq 10) must be linearly correlated to their
counterparts in TS (AEc_p1s and AEy y crs in eq 7). As
such, according to our analysis given in eqs 10 and 7, these
requirements are satisfied if

(a) Each contribution of eq 10 (AEc_pps and AEy_y_cs
respectively) is correlated to the analogous contribution
of eq 7 (AEc_yrs and AEy gy _crs), thus implying a
correlation between AE and E,.

(b) The two contributions both of eq 10 and of eq 7 are

correlated, thus revealing conservation of the character

of the TS among the different conditions. In this way, a

constant 7 (eq 1) is expected.*®

To validate this, we verify these requirements for the CH
dissociation on different metals at a given facet, where the BEP
relation is found to successfully correlate the DFT data (Figure
1).

We first assess condition a. Figure 2 reports the correlation
between the terms of eq 10 and those of eq 7.

We find that both terms of eq 7 (activation energy) are well-
correlated to the corresponding ones of eq 10 (reaction
energy) with the MAE less than 0.10 eV, thus satisfying
condition a. This occurs despite the presence on some of the
surfaces of stable intermediates along the pathway associated
with H diffusion processes after the formation of the TS. The
fact that the migration of H does not significantly affect the
correspondence of the nature of FS to the nature of TS is in
line with the negligible effect of coadsorption of H on the
binding energy of C.*” In fact, we observe that the binding
energy of the coadsorbed C differs less than 0.07 eV with
respect to the value of the C binding energy at infinite
separation, and only 3 of 24 surfaces have that value greater
than 0.04 eV.

We then examine the correlation between AE and each
individual component of eq 10 in order to verify condition b,
as shown in Figure 3. On (100), (110), and (111) surfaces, we
find both terms (AEc_yps and AEy i cps in eq 10) to be
linearly correlated to AE for the different metals. For (211)
surfaces, the correlation of AEy_y cps component to AE
shows a MAE greater than 0.10 eV. However, the range of
variation of AEc_jigs, which goes from —1.27 to 0.08 eV, is
significantly larger than the range of variation of AEy_ y_cgs
(ranging from 0.60 to 0.99 eV), thus indicating that AEc_ygs
dominates the variation of AE. All in all, AEc g5 and
AEy\_y_cs are both linearly correlated to AE, thus revealing
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Figure 2. Correlations between AEc s and AEcps for CH
dissociation on (a) (100) (c) (110) (e) (111) (g) (211) surfaces and
correlations between AEy_p.crs and AEy;_y.crs for CH dissociation
on (b) (100) (d) (110) (f) (111) (i) (211) surfaces. Both terms are
calculated by eq 7 and eq 10. The R? is the adjusted correlation
coefficient calculated by eq 2.

that the character of the TS does not change for the reactions
occurring on different facets. Such constant TS character
satisfies the requirement of a constant y in eq 1, thus explaining
the accuracy of BEP relations for CH dissociation reactions on
the same facets (Figure 1).

As a whole, on the basis of this analysis, we can develop the
following criterion to assess whether a BEP relation can be
established or not for correlating activation energies and
reaction energy in a given range of variation: if the two
contributions of eq 10 are linearly correlated with each other
for a given range of variation, the nature of TS is not expected
to change and as a result a BEP relation can be used. The two
terms of eq 10 require only the knowledge of the IS and FS
and they do not need any information regarding the TS. Thus,
in this situation, one can calculate only two TS to determine
the slope and the intercept in eq 1 and predict the other
activation energies only on the basis of a BEP relation. For
instance, for the conditions reported in Figure 1, we construct
a BEP relation only on the basis of the Ni(100) and Ag(100)
surfaces, and we find its slope and interception to differ from
the original ones only by 0.05 and 0.01, respectively, and with
MAE difference of 0.03 eV.

We also assessed the CH dissociation reaction on a 3 X 3
supercell of a Ag(111) surface. Figure 3 shows that the AE and
both its components, AEc g5 and AEy_py.cps, are all well-
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Figure 3. Correlations between AE and both of its components, Ec
and Ey_p.c, for CH dissociation reactions on (a) (100), (b) (110),
(c) (111), and (d) (211) surfaces. The empty star shows the reaction
on Ag(111) surface calculated using a 3 X 3 slab. The R* is the
adjusted correlation coefficient calculated by eq 2 only with the results
from calculations on 2 X 2 slabs.

correlated with MAE all equal to 0.07 eV and in full agreement
with the BEP relation shown in Figure 1. All in all, this analysis
shows that the criterion is applicable for CH dissociation
reactions on the same facet of different metals among the
different conditions.

To test the reliability of the proposed criterion, we now apply
it to assess whether a BEP relation can be established for CH
dissociation on different surfaces for the same metal.

The correlations between AE and both of its components
calculated using eq 10 are shown in Figure 4. In this situation,
AE turns out to be less correlated to both components of eq
10, except on Pd surfaces. In particular, on Cu and Ag surfaces
the MAE for the leading component (ie., the one which
account for the largest variation of AE) of eq 10 (AE¢.y for
Cu and AEy_y_c for Ag) is higher than 0.15 eV. This
indicates an inconsistent change of both components of eq 10
on the different facets, thus revealing a change of the character
of the TS from surface to surface. This is confirmed by the BEP
relations for the CH dissociation reactions on the same metals,
that are reported as Figure S. In fact, in agreement with what
predicted by the criterion, Cu and Ag show the highest MAE
(0.20 and 0.19 eV, respectively) as a result of the variation of
the TS character. Ni and Pd, instead, where AE correlates to
both the components of eq 10 with MAE lower than 0.10 eV
and R? higher than 0.90 (Figure 4), the BEP relation turns out
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Figure 4. Correlations between AE and both of its components,
AEc \ps and AEy;_y ¢ ps, for CH dissociation reactions on (a) Ni, (b)
Cuy, (c) Rh, (d) Pd, (e) Ag, and (f) Pt surfaces. The empty rhombus
shows the reaction on Ag(111) surface at a coverage of 0.11 (3 X 3
slab). The R? is the adjusted correlation coefficient calculated by eq 2
only with the results from calculations on 2 X 2 slabs.

to be more accurate with a MAE lower than 0.10 eV. For the
case of Ag, we also include in the analysis the case of the CH
dissociation reaction on a 3 X 3 slab of a (111) surface. Figure
4 shows that AE and both its components are not correlated to
each other with MAE all greater than 0.17 eV and a BEP
relation cannot be established in agreement with our criterion
(as shown in Figure S for Ag).

Trans-COOH Dissociation. Next, we investigate the trans-
COOH dissociation reactions. Reaction paths on all the facets
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Figure S. BEP relation of CH dissociation reactions on different
metals The black solid lines show +10% uncertainty of the predicted
data. The empty triangle shows the reaction on Ag(111) surface at a
coverage of 0.11 (3 X 3 slab). The R is the adjusted correlation
coefficient (calculated by eq 2) of the BEP relations fitted with using
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and those modeled by 3 X 3 slabs. Detailed formulas of BEP relations
are listed in Table SS.1.

of Pd surfaces are considered as representative for all the
metals. The details for all the reactions are reported in Section
3 of the Supporting Information. We find that on Pd surfaces
trans-COOH prefers binding across two parallel bridges of a 4f
site, short-bridge of (110), bridge of (111) and upper-bridge
site of (211) facets with C—OH groups binding on top of a
metal atom and the other O atom binds with another metal
atom. The lengths of the O—H bonds are almost identical to
0.98 A on all the surfaces. At the TS, we find that, besides the
elongation of the O—H bond in between 0.46 and 0.52 A, the
M-C bond elongates on Pd(110), Pd(111) and Pd(211)
surfaces up to 0.10 A. It reveals that different from the CH
dissociation reactions, the Pd—C bond weakens upon
dissociation of H and the formation of CO,, which is in
accord to the weak binding of CO, that is at least 2.62 eV
weaker than the binding energy of trans-COOH. In FS, the
CO, is located on the same site of that in IS on (100) and
(211), rotates to the long-bridge site without breaking M—C
bond on (110) surface and is physisorbed on (111) surface,
whereas H moves to 4f on (100), 3f on (110), fcc on (111),
and upper-hcp on (211).

We first investigate the correlations between E, and AE for
trans-COOH dissociation reactions on the same facet of
different metals. Following the criterion proposed in the
previous section, AE is first decomposed into two contribu-
tions with respect to the change of the M—C bond and the
[M—H-0]. The two contributions are then examined to
derive an indication of the nature of the TS. The correlations
between both terms and AE are shown in Figure 6.
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We can observe that both terms of eq 10 are anticorrelated.
This is an indication that the nature of TS is varying from one
metal to the other. Thus, the BEP relation is not expected to
be able to relate the activation energies.

This is confirmed by the DFT calculations. In fact, as shown
in Figure 7, the activation energies for trans-COOH
dissociation reactions on the same facet of different metals
cannot be described by a BEP relation (R* lower than 0.10)
also in agreement with previous investigations.’”*' The
substantial change of the TS nature (Figure 6) is also reflected
in the geometry of the TS, where the M-C elongation varies
from nearly 0 on Ni surfaces to 0 30 A on Ag(111), which
agrees with our previous studies,”” whereas the corresponding
O—H bond elongation becomes 0.05 A shorter on Ag (111)
surface compare to those on Ni surfaces. It is worth noticing
that our criterion has been able to identify such change of the
TS character only on the basis of the information on reactants
and products of the reaction and without the need of locating
the TS along the reaction path.

We then consider the trans-COOH dissociation reactions on
different facets of the same metals. The correlation between
AE and the two components of eq 10 is reported as Figure 8.
We find that both terms of eq 10 are linearly correlated on Ni,
Cu, Rh surfaces (MAE lower than 0.10 eV and R* higher than
0.90). This is an indication that the character of the TS is not
varying from surface to surface for these metals. In contrast, on
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Figure 7. BEP relation of COOH dissociation reactions on the same
facet of different metals. The FS is defined as the coadsorbed CO, and
H with chemisorbed CO, being preferred. The R* is the adjusted
correlation coefficient calculated by eq 2. Detailed formulas of BEP
relations are listed in Table SS5.2.

Ag and Pd surfaces, both terms of eq 10 are less correlated (R*
lower than 0.74), which indicates a change of the TS character
on these two metals. On the basis of this analysis, our criterion
predicts that a BEP relation can correlate E, and AE on Ni, Rh,
Pt, and Cu surfaces but not on Ag, Pd, and Pt. However, this
prediction is found to be partially in contrast with the DFT
calculations of barriers, as reported in Figure 9.

In fact, on the one hand, as shown in Figure 9, a BEP
relation can be established for Ni, Rh, Pt, and not for Ag in
agreement with our criterion. On the other hand, the DFT
results for Cu, Pd, and Pt are in contrast with the prediction of
our criterion. Through the analysis of the reaction pathways,
this failure of the criterion for Cu and Pd is found to be related
to the fact that on Cu and Pd a change of the CO, binding
mechanism is observed in FS. In particular, on Cu surfaces, the
CO, is chemisorbed (i.e., CO, is distorted from the linear
structure) on (100) and (110), whereas it is found to be
physisorbed (i.e, CO, maintain linear structure as in gas
phase) on (111) and (211) surfaces. Similarly, on Pd, the CO,
is physisorbed on (111) surfaces, while it is chemisorbed on all
the other facets. On Pt, CO, is chemisorbed at all the facets.
However, on (111) facet an intermediate where CO, is
desorbed from the surface is found along the reaction pathway
prior the formation of the TS, as shown in Section 3 Table
S2.1 of the Supporting Information. All in all, this change of
the binding mechanism of CO, at the different facets does not
allow to establish a correlation between the FS and the TS and
thus our criterion cannot be applied.

CO Dissociation Reactions. We finally assess the accuracy
of BEP relation of CO dissociation reactions on all the
surfaces. We take the reaction paths on the Pd surfaces as
examples of the paths on all the metals. The details for all the
reactions are reported in Section 3 in the Supporting
Information. On (100), (110) surfaces CO prefers to bind
on the low-coordination sites, namely bridge site on (100) and
(110), whereas on the close-packed (111) surfaces the CO
tends to bind on the 3f sites, and on stepped (211) surfaces
both upper-bridge and upper-hcp sites are preferred. In FS,
however, the C always binds on the sites that offer the highest
coordination, such as 4f site on (100) and (211), the long
bridge on (110) and fcc site on (111) surface. The significant
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Figure 8. Correlations between AE and both of its components,
AEc pps and AEy g o s, for trans-COOH dissociation reactions on
(a) Ni, (b) Cu, (c) Rh, (d) Pd, (e) Ag, and (f) Pt surfaces. The R? is
the adjusted correlation coefficient calculated by eq 2.

difference between the binding site of CO and C on (100),
(110), and (211) surfaces indicates a migration of all the
surface species upon reaction with the formation of additional
stable intermediates along the paths (details are reported in
Table S2.2). For instance, on the (100) surface, two
intermediates are found. One is that the CO binding on the
4f site, the other is that the coadsorbed C and O binding on
the neighboring 4f sites. On (110) surface, two intermediates
are also identified. One is that the CO adsorbs on the long-
bridge site; the other is that C is binding on the long-bridge
site and O is binding on the nearby short-bridge site. On (211)
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Figure 9. Correlation between E, and AE of COOH dissociation
reactions on the same facets on different metals. with chemisorbed
CO, being preferred. The black solid lines show +10% uncertainty of
the predicted data. The R* is the adjusted correlation coefficient
calculated by eq 2. Detailed formulas of BEP relations are listed in
Table S5.2.

surface, two local minima, including the CO that binds on the
upper-bridge site and the coadsorbed C and O where C is
binding of the 4f site and the O is binding on the nearby
upper-hcp site, are also identified.

We start by investigating the BEP relations for the reactions
on the same facet of different metals. We first apply our
criterion to predict the accuracy of the BEP relation. The
correlation between AE and both contributions in eq 10, i.e.
AEc_yps and AEy_o_cys are shown in Figure 10.

We find that on (100), (110), and (211) surfaces AE are
less correlated to both contributions AEc g5 and AEy_o.crs
of eq 10 (R? lower than 0.8 and MAE higher than 0.40 eV),
thus indicating a variation of the TS character. As such, a BEP
relation cannot be established. In contrast, on (111) surfaces,
AE correlates more to both contributions (R* equals to 0.91
and MAE equals to 0.39 eV). In agreement with the proposed
criterion, this finding indicates a more constant TS character
and therefore a BEP relation could be established. However,
these predictions do not agree with the DFT results shown in
Figure 11.

The same disagreement is found also for the reactions on
different surfaces of the same metals, especially for Ni, Pd, and
Ag (as shown in Figure S5.1 and Figure S6.4). This failure of
the criterion is related to the complex reaction paths, which
include multiple local minima. In particular, the presence of
multiple local minima along the reaction pathway significantly
affects the correspondence between the nature of TS and the
nature of FS, and thus it reduces the correlation between the
two contributions of eq 10 and the two corresponding terms of
eq 7 as shown in Figure 12.

In particular, the AEy_o_cps does not correlate to
AEy\_o.crs with a MAE higher than 0.18 eV. This is also in
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Figure 11. BEP relation of CO dissociation reactions on different
facets. The black solid lines show +10% uncertainty of the predicted
data. The R* is the adjusted correlation coefficient calculated by eq 2.
Detailed formulas of BEP relations are listed in Table S5.3.

line with the fact that the structural influence of the interaction
between C and O is significant, as also reported in ref 23. In
fact, we find eight surfaces where the binding energies of O
coadsorbed C differ from that of C binding energy at infinite

separation over 0.15 eV. As a whole, the occurrence of multiple
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Figure 12. Correlations between AEc_yrs and AEc_pps for C—O
dissociation on (a) (100), (c) (110), (e) (111), and (g) (211)
surfaces and the correlation between AEy_o_crs and AEy_o_cs in
FS for CH dissociation on (b) (100), (d) (110) (f) (111), and (i)
(211) surfaces. Both terms are calculated by eq 7 and eq 10. The R is
the adjusted correlation coefficient calculated by eq 2.

local minima along the pathway does not allow for relating the
FS with TS and thus our criterion cannot be used. This
complex pathway can be also inferred by the difference in the
location of C in IS and FS and in the sensitivity of the lateral
interaction between C and O with respect to the coadsorption
of C and O.

B CONCLUSIONS

In this work, we develop a criterion to assess the accuracy of a
BEP relation for dissociation reactions only on the basis of
thermochemical calculations and without the requirement of
explicit TS calculations. The BEP relation is applicable and
accurate only when the overall TS character is not varying
among the different conditions to be correlated through the
BEP relation. The applicability of the BEP relation (eq 1) is
contingent upon satisfying the following conditions: (i) the
reaction energy correlates to both of its components that
describe different processes involved in the dissociation
reactions (eqs 7 and 10), and (ii) the variation of these
components is consistent among the different conditions to be
represented by the BEP relation (e.g., same metal and different
facets in structure-dependent microkinetic modeling). We
applied these criterions to predict and assess the applicability
of BEP relation for CH, trans-COOH, and CO dissociation
reactions both on the same facets and on the same metals. For
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CH dissociation, we find that the BEP relation is accurate for
the reactions on the same facets of different metals, whereas
the BEP relation becomes less accurate for the reactions on
different facets of the same metal because of a partial change of
the character of the TS from facet to facet. For trans-COOH
dissociation reactions, the BEP relation is not applicable for the
reactions on the same facets of different metals because of the
significant difference of the nature of TS from metal to metal.
We also found that when the CO, binding mechanism
(physisorption Vs. chemisorption) changes from facet to facet,
our criterion fails because the relation between TS and FS is no
longer valid. Similarly, for CO dissociation reactions, our
criterion becomes less accurate in predicting the relative
accuracy of BEP relation. This is because of the complex
reaction paths characterized by the formation of several stable
intermediate both prior and after the formation of the TS. As a
whole, the criterion herein proposed allows for an estimation
of the applicability of BEP relation only on the basis of
information on the initial and final states. As such, it can
substantially reduce the computational effort to develop BEP
relations and thus paves the way toward the exploration of
complex reaction networks for different metals and surfaces for
the development of structure-dependent microkinetic models
in heterogeneous catalysis.
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