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ABSTRACT: Rationally tailored perovskites ABO, are promising substitutes for expensive noble-metal catalysts in
heterogeneous catalysis. In this contribution, the BEEF-vdW+U method has been used to examine the adsorption of H, C,
O, and CH; over (K, Rb, Cs, Sr, and Ba)BO, (B = d-block transition metals) and ARuO; (A = La - Ho) with various crystal
structures. The calculated chemisorption energy of the simple species at the O site scales well with the surface oxygen
vacancy formation energy of all the perovskites under consideration while the trend in the chemisorption energy at the B
site can be described by the surface metal vacancy formation energy only over ARuO;. Electronic structure analysis
indicates that the perovskites could be classified into several categories according to the splitting and filling of the d and f
orbitals of the B- and A-site cations, respectively. In each category, the chemisorption energies at the B site on
(K,Rb,Cs,Sr,Ba)BO; and ARuO; are also closely related to the strength of the ionic bonding in the perovskites. Hence, the
surface oxygen vacancy formation energy can be used as a descriptor to explain the trend in the calculated adsorption
energies upon substitution of either B- or A-site cations, which has its origin in the fact that the larger the actual partial
charges the oxygen and transition-metal ions carry, the stronger the B-O bond, which in turn weakens and enhances the
ability of the O anions to withdraw and the ability of the B cations to donate electrons to the adsorbates, respectively.

[ INTRODUCTION

Perovskites have been intensively investigated over the
last few decades as one of the most promising materials
applied in solid oxide fuel cells (SOFCs), high-
temperature oxygen sensors’, oxygen sources in
membrane separation?, and heterogeneous catalysis*. In
particular, rationally tailored perovskites are potential
substitutes for expensive noble-metal catalysts’. On the
one hand, perovskites can be used as catalysts under
harsh conditions®® because of their structural flexibility
and stability at high temperatures. On the other hand,
perovskites have comparable catalytic performance to
noble metals but are much less costly. For instance, Ru-
doped SrTiO;® and LaNi,Mn,O; perovskite-type oxides®
are reported to be able to attain a high conversion and a
high selectivity with negligible amounts of carbon
deposited in dry reforming of methane. As another
example, LaFeO; can be used as the catalysts for the
partial oxidation of methane by chemical looping to
achieve a high selectivity toward synthesis gas.”

However, although there are several perovskites that
prove catalytically active for specific reactions, it is not
yet clear how to tailor the physical and chemical

properties of perovskites to a particular chemical reaction.

Perovskites were reported to show many tunable

properties such as lattice distortion, magnetic property,
electrical conductivity, thermal stability and chemical
reactivity,” which originates from the great diversity of
the composition and structure of perovskites with a
general formula ABO,. The A-site cations usually come
from alkalis, alkaline earth, and rare earth metals, and B-
site cations can be almost all the d-block transition
metals cations.> The effect of electronic structures on the
physicochemical properties of perovskites is sophisticated
and of great importance.

To design a suitable catalyst for a given heterogeneous
catalytic reaction, chemisorption energies of the simple
species on catalyst surfaces have routinely been used as a
descriptor to explain the trend in catalytic activity and
selectivity. Experimentally, chemisorption energies can be
obtained by measuring the rate of desorption or the
temperature increase of a surface when it is covered by
adsorbates®. However, experimental data alone
sometimes are not sufficient to elucidate the effect of
electronic structures on the catalytic performance of
materials with different compositions and surface
structures. Under these circumstances, DFT calculations
can be performed to calculate chemisorption energies and
activation energies, and several scaling relations between
them have been established. The concept of the scaling
relations can be traced back to the well-known Brensted-



Evans-Polanyi (BEP) relationship™ between activation
energies and reaction energies. Based on the BEP
relationship, transition state energy scaling relations are
then developed to correlate the activation energy to a
single adsorption energy®*®, making the adsorption
energy a key quantity in heterogeneous catalysis. To
further reduce the number of independent catalytic
parameters to be considered and to examine the nature of
the scaling relations, chemisorption energy scaling
relations are established®. By calculating the
chemisorption energies of CHy, OH,, NHy, and SHx on
different transition-metal surfaces, Abild-Pedersen et al.*9
found that the scaling relations can be explained in terms
of the d-band model. Calle-Vallejo et al.® also correlated
the adsorption energies of oxygenates to that of oxygen
on various transition-metal surfaces, and suggested that
the slope of the straight lines is closely related to the
number of valence electrons of the atom bound to the
surface.

Several attempts have previously been made to
establish the chemisorption energy scaling relations over
perovskite surfaces and to examine the electronic origin
of their different adsorption properties. It was found that
the adsorption behaviors of perovskite surfaces differ
slightly from those of transition-metal surfaces. Montoya
et al>* obtained the scaling relations between the
chemisorption energies of H, O, and OH on the surfaces
of a large number of cubic perovskites and suggested that
a plausible descriptor could be the surface oxygen p-band
center rather than the metal d-band center. Calle-Vallejo
et al.»>° also found the formation energy of oxides is a
remarkable descriptor of the surface reactivity of Sr- and
La-based perovskites because both properties are strongly
dependent on the number of valence electrons of the
transition-metal cations.

Despite these many studies, little attention has been
given to the adsorption behaviors of carbon-containing
species over perovskites, and the majority of the previous
DFT studies are conducted without removing the error in
the computational method, e.g., the delocalization error
(previously referred to as the “self-interaction error”)?.
These deficiencies may lead to inaccurate predictions
about the trends in chemisorption energy on perovskites,
which was discussed by Lee et al.®®. Furthermore, the
physical origin of the trend in the adsorption energies of
simple species over ternary oxides is still an open
question. In this contribution, BEEF-vdW+U calculations
have been performed to calculate chemisorption energies
of H, C, O, and CH; on the defect-free BO,-terminated
surface of a wide range of perovskites with various crystal
structures. The reason these species are focused is that
they are most frequently encountered adsorbed species in
heterogeneous catalytic reactions. Then, in addition to
surface O p-band center, the surface oxygen and metal
vacancy formation energies are used to describe the trend
in the chemisorption energies. Next, electronic structure
analysis is carried out to explain the scaling relations
established. Finally, we conclude by discussing the
implication of our results for understanding the surface

oxygen vacancy formation energy as a better descriptor
that explains the trend in the chemisorption energies.

I COMPUTATIONAL METHODS

2.1 Selection of materials

The chemisorption energies on 81 perovskites have been
calculated, in which A-site cations include alkali (K, Rb,
and Cs), alkaline earth (Sr and Ba), and rare earth (La, Ce,
Pr, Nd, Sm, Gd, Tb, Dy, and Ho) metals and B-site cations
include d-block transition metals. The Goldschmidt
tolerance factor ( t, )? of these perovskites is calculated to

be in the range of 0.8 - 1.1 to ensure the stability of the
crystal structure*3, which is defined as

t = VA+V0
P2 (ry 1) ®

where r,, r,, and r, are the ionic radii of A-site cations,

B-site cations, and O anions, respectively. The rare earth
metals Pm and Eu are not taken into consideration
because of the radioactivity and the limitation of the
PAW  potentials, respectively. Upon geometry
optimization, all crystal structures can be classified into
perfect cubic lattice (without tilting and Jahn-Teller
distortions of BOg octahedra), rhombohedral lattice (with
tilting of BOs octahedra), and orthorhombic lattice (with
both tilting and Jahn-Teller distortions of BOs octahedra).
The summary of the crystal structure of perovskites is
given in TABLE S1 in the Supporting Information. The
calculated crystal structures are predicted to be the same
as those measured in experiment (see TABLE S2) and the
relative error in the calculated lattice volume is less than
5%, as indicated in Figure S1. The BO,-terminated surface,
which was reported to be the most stable surface3*33, was
represented as a 5-layer slab with a p(1 x 1) cell, and a 12 A
vacuum spacing was applied to separate periodic slabs in
the direction perpendicular to the perovskite surface. The
surfaces that undergo significant reconstruction upon
geometry optimization and adsorption of simple species
are not taken into consideration.

Because the used 5-layer slab is symmetrical, as shown
schematically in Figure 1, dipole correction was not
applied in the direction perpendicular to the surface. On
the other hand, since the highly symmetrical 5-layer slab
employed is non-stoichiometric, compensating charge is
usually required to achieve electrostatic stabilization of
the charged atomic layers. Here the adsorption energies
of H over a stoichiometric 6-layer slab were also
calculated to  ensure the  convergence  of
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Figure 1. BO,-terminated surface structures of perovskites
with cubic, rhombohedral, and orthorhombic crystal
structures.

adsorption energies with respect to slab thickness (see
Table S3), and the tabulated values indicate that the
differences between the chemisorption energies of H at
the O site and B site are less than 0.13 eV and 0.07 eV,
respectively, which fall well within the inherent
uncertainty of DFT calculations.

The oxygen- or metal-deficient surface is constructed
by removing one surface oxygen or metal atom from the
defect-free BO,-terminated surface, respectively. H and
CH; are adsorbed on top of the O and B sites while C and
O are positioned at the B site of the defect-free surfaces.
Figure 1 shows that the exposed B-site cations on the BO,-
terminated surface of all the perovskites and the O anions
on the surface of the cubic perovskites are equivalent. By
contrast, the exposed O anions on the surfaces of
rhombohedral and orthorhombic perovskites are divided
into two groups, which lie above and below the B-site
cations. The most stable oxygen-deficient surfaces and
adsorption configurations of the simple species at the O
site are shown in Figure Sa.

2.2 DFT calculation

All self-consistent DFT calculations were carried out with
the Vienna Ab-initio Simulation Package (VASP) software
package3*. The wavefunction at each k-point is calculated
with a plane wave basis set. The projector-augmented
wave (PAW) method was applied to represent the
interactions between ion cores and valence electrons3
and the Bayesian error estimation functional with van der
Waals correlation (BEEF-vdW)3® was used to account for
the exchange and correlation of the Kohn-Sham theory,
with an effective interaction parameter U, > addressing

the on-site Coulomb interactions between the strongly
correlated 3d electrons of the transition metal (see TABLE
S4 for the U, values). By using the BEEF-vdW+U method

with the same Uy, values, Zheng et al.3® calculated the

oxygen vacancy formation energies in LaMO; (M = Sc -
Cu), which were found to be in remarkably good
agreement with available experimental data, even better
than was obtained from the HSEo06 hybrid functional. We
used the “hard” PAW potentials with valence
configurations for all the elements listed in TABLE S5 and
a plane-wave energy cutoff of up to 600 eV to converge
the total energy per atom to within 1 meV. Moreover,
sampling of the Brillouin zone was carried out with the
Monkhorst-Pack method* and electronic occupancies
were determined according to the Gaussian method with
an energy smearing of 0.1 eV. A gamma-centered 7 x 7 x 5
and 4 x 4 x 1 k-point grid were used to sample the
Brillouin zone of the crystal and surface structures of
perovskites, respectively. For the majority of this work,
spin-polarized calculations were performed to obtain
reasonably accurate structures and energetics of
perovskites unless magnetism is found to have no effect.
The crystal structures of perovskites are optimized by
using a conjugate-gradient algorithm and both the atomic

coordinates and lattice vectors are allowed to relax until
the forces on each atom are converged better than o.01
eV/A. During geometry optimization of the surface
structures of perovskites, the bottom two layers of the
slab were fixed at their crystal lattice positions while the
adsorbate and the remainder of the slab were allowed to
fully relax and the calculations are considered to be
converged when the forces are less than 0.03 eV/A.

I RESULTS AND DISCUSSION

3.1 Trend in chemisorption energies of simple species
at the O site

3.1.1 Surface O p-band center

Our analysis begins with the linear scaling relations
between the chemisorption energies of H and CH; at the
O site and the surface O p-band center, which has been
reported to be related to the redox capability of lattice
oxygen of perovskites*#. The chemisorption energy is
calculated as

AE

ads ,adsorbate = E surface+adsorbate - Esurface - E adsorbate (2)

E and E

surface ? adsorbate

where E are the calculated

surface+adsorbate ?
total energies of the surface with a species adsorbed, the
defect-free surface, and a free adsorbate molecule,
respectively.

As can be seen in Figure 2, the chemisorption energies
of H and CH; at the O site scale with surface O p-band
center over most perovskites. The reason surface O p-
band center is correlated to the chemisorption energies is
that it is intimately related to the adsorbate-oxygen bond
strength. When the surface O p-band center becomes
more negative, the downward shift of the p-band causes
anti-bonding orbitals above the Fermi level to shift below
it and become occupied by electrons. The increase in the
occupation of anti-bonding orbitals leads to a weaker
adsorbate-oxygen bond and a less negative chemisorption
energy of simple species at the O site.

On the other hand, this linear correlation does not hold
on two types of perovskites. One is (Sr,Ba)BO; (B = Ti, Zr,
and Hf) and LaRuO, that are inert closed-shell
compounds whose A- or B-site cations fulfill the 18-
electron rule®. Because the electron configuration of the
O anions in these perovskites is thermodynamically very
stable, adsorbates can hardly form bands with oxygen,
leading to a moderately negative chemisorption energy.
The other type consists of ARuO,; (A = Ce - Ho). The
surface O p-band center does not change very much with
the A-site cation and varies in a range of only 0.05 eV as
A-site cations change from Ce to Ho. Clearly, such
narrowly distributed surface O p-band centers are not
capable of describing the trend in the chemisorption
energies, as shown in Figure 2(c) and 2(f).

3.1.2 Surface oxygen vacancy formation energy

As surface O p-band center cannot describe the trend in
the chemisorption energies on ARuO; (A = La - Ho),



surface oxygen vacancy formation energy (AE,, . ), a

quantity of crucial importance for determining the

(a) (b) (c)
0 @ B=Ti Zr, Hf ol 27k
@ ) [
s T % S S = ?
o 2} * o ) @?
[s] [’ [s] a [w]
g r g4 9-28F A=la a
Ll.|§ “4r u.uﬁ : LLIﬁ ? &
< | R®=0.962 4 gL RP=00989 E 2
-6} (Sr,Ba)BO, | (K.Rb,Cs)BO, 20} ARUO,
6 4 2 o T3 2 o0 36 34 32 30
O p-band center (eV) O p-band center (eV) O p-band center (eV)
(d) X (e) (f)
@ B=TizZrH| 2| 1.5F
0 i <
= > 0 =
) | Ch a
@ ol @_ @16l °
: 2 : 2 _ : ] °
T 8 3 @ .
Y 4l RP=0.965 YA RP=o00979 E ?
L (Sr,Ba)BO, &L (KRb,Cs)BO, a7k ARUO,
5 4 -2 0 4 -2 0 36 -34 32 -30

O p-band center (eV)

O p-band center (eV)

O p-band center (eV)

Figure 2. Scaling relations between surface O p-band center and AE,, ,;,, on (a) (Sr,Ba)BO;, (b) (K,Rb,Cs)BO;, and (c) ARuO;;

scaling relations between surface O p-band center and AE

catalytic activity in redox catalysis*, is correlated to the
chemisorption energies. The AE is calculated as

1,0-vac
i 1
__ pO—deficient
AE fO-vac — Esurface + EEOZ( &),corrected E\'urﬂzce (3)
where E;, %" is the total energy of the surface with an

oxygen atom removed, and E, denotes the total

(g),corrected
energy of an isolated O, molecule with the binding energy
corrected, which is due to the fact that the GGA method
always overestimates the binding energy of oxygen3” 4.

To understand better the relationship between AE , .

and AEad.v,adsorhale@O’ 1t 1s useﬁll to decompose AEads,ad,vorhate@O

into three contributions. The decomposition of AE,, , .,

is shown in Eq. (4).

E —lE

surface 2 H,(g)

AE

ads, HQO —

E

surface+H

_EO—deﬁL'ient —E

= surface+H surface OH(g)

; 1
O-deficient
+ Es'mface + 5 EOZ (g),corrected - Evu(fac'e (4)

1 1

H(g) - 5 EOZ (g),corrected - E

+E, E

H,(g)

_ O-deficient
- AEads L,OH@O-vac

+AE +AE

fO-vac fOH(g)
where AE] ‘%0 is the chemisorption energy of OH(g)

in the oxygen vacancy on the oxygen-deficient surface,

ads ,CH (@

o, on (d) (Sr,Ba)BO;, (e) (K,Rb,Cs)BO;, and (f) ARuO;.

AEZ:%Z(ZZ[W = Eﬁ;ﬂffi’é"é - Ei;/gfgmm - EOH( 2)
= Exur/acﬁ-H - Erou;fiifdm - EOH(g) (5)
and AE,,, ., is the formation energy of gaseous OH,
AE o> = Eontr~~ Eun oy~ = ©)
o) = Fore T 5 P T 5 Loseeornaced
As indicated in Figure 3(a-h), AE, o . scales

linearly with AE,, . and, consequently, AE,, ,,, can be

expressed in terms of AE The differences in the

f,0-vac *
slope and intercept between the AE, ,., and
O—deficient . .
AE . oti@o-va. PlOts are unity and AE,,, . , respectively.

The reasoning behind these scaling relations is that the
formation of surface oxygen vacancy is the reverse of the
adsorption of O in the oxygen vacancy and the adsorption
configuration of OH in the oxygen vacancy resembles
that of O at the same site. Because the scaling relation
between the chemisorption energies of similar species at
the same site is determined primarily by the chemical
properties of adsorbates, it can be deduced that the
choice of oxide surfaces has a negligible effect on the
slope of the scaling relations. When OH or O adsorbs in
the oxygen vacancy, two B-O bonds are formed, and the
bond strength scales with the electron density of the
adsorbate, as reported by Abild-Pedersen et al.¥. As the
oxygen atom of OH gains one electron from H, the
number of valence electrons of O in OH is only half of
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Figure 3. Scaling relations between AE , .
scaling relations between AE and AE

and AE

£,0-vac

between AE
AE

a

f,0-vac

as.cir@o Over all the perovskites under consideration.

that of O, indicating that H donates half of the electrons
needed by the O atom and causes the slope of the plot

A EO—deﬁciem

ads OH@O-vac Vs. AEf,'O—va(: to be nearly -0.5.

Indeed, the differences in the slope and intercept of the
AE O deficient AE different

ads OH@O-vac
perovskites are less than o.1 except for ARuOs;. This
phenomenon can be explained by the much narrower
range of the adsorption energies on ARuO; than on the
other perovskites, making it more sensitive to the
inherent error caused by the DFT method. Consequently,

the scaling relation between AE, and AE, ;a0

versus plots over

£,0-vac

on all

O-vac
the perovskite surfaces under consideration can be
established, as shown in Figure 3(i). The similar
relationship between AE,, ., and AE_, , on the defect-

free surfaces of transition metals and binary oxides has
been reported by Calle-Vallejo et al.5, and the slope that

and ﬁ EO—deficient

ads ,OH@O-vac

on (a) SrBO,, (b) BaBO;, (c) (K,Rb,Cs)BO;, and (d) ARuOjs;

ws.nao ON () STBO;, (f) BaBOs, (g) (K,Rb,Cs)BO;, and (h) ARuO;; (i) scaling relation

ws.iao over all the perovskites under consideration; (j) scaling relation between AE

£,0-vac and

is close to 0.5 was believed to arise from the difference in
the number of valence electrons of O. Hence, it can be
concluded that this scaling relation holds true regardless

of the surface of interest. Like AE

ads , H@O AEads,CHj@() also

scales linearly with AE,,  , as shown in Figure 3(j). The

slopes of these two fitted straight lines are almost the
same because both H and CH; donate one unpaired
electron to form a o bond with oxygen, resulting in
similar electron densities around the oxygen atom of OH
and OCH,.

In addition, the scaling relations between AE , ..,
AE , and AE

ads ,CH ;@
PBE+U method, as shown in Figure S3. It is found that the
differences in the slope and intercept of the scaling
relations between BEEF-vdW+U and PBE+U are only o0.01
and o0.04 eV, respectively, indicating that the exchange-

soae ON BaBO; are calculated by the
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the chemisorption energy scaling relations on perovskites.

Compared with surface O p-band center, the change in

AE ., determines the trend in the chemisorption

energies on perovskites because AE is more sensitive

f,0-vac
to the change in the electron structure of perovskites. As
shown in Figures 3(h), the AE,  on ARuO; is

distributed over a much broader range (0.33 eV) than the
surface O p-band center and therefore scales linearly with
the chemisorption energies of the simple species at the O
site.

3.2 Trend in chemisorption energies of simple species
at the B site

3.2.1 Surface metal vacancy formation energy

Inspired by the success of AE

o-ae a8 @ good descriptor of
the trend in the chemisorption energies at the O site,
attempts have been made to correlate the surface metal

vacancy formation energy (AE ;. ) to the chemisorption

energies at the B site on perovskites, as there is no
comprehensive theoretical work that has been devoted to
understanding the adsorption behavior of C-containing
species at the B site on perovskite surfaces. Likewise,

AE ;.. is calculated as

__ [ B-deficient
AEf,'B-vac - Es'ur/acc' + EB - AEB - Esmjﬂzce (7)
where E; 2" is the calculated total energy of the

E

surface with a B-site metal vacancy, E,

is the total energy

per atom in bulk metal, and AE; is the energy correction
to the total energies calculated by BEEF-vdW+U, which
EB*dL{/Zcien[ and E

surface surface

that are obtained by BEEF-vdW+U and E, that is
obtained by the BEEF-vdW method. The chemisorption
energies of species at the B site can also be decomposed
into three contributions in a similar way in which the
chemisorption energies of species at the O site are
decomposed. The AE, can be decomposed as

makes it possible to directly compare

ds,HaB

For ARuO; where the B-site cations remain the same,
the plot of the AE,, .., against the AE , . vyields a

ads
f E B—deficient

wds. 5@ Scales linearly with

straight line because the
AE

f,B-vac

. As shown in Figure 4(a), the slope of the scaling
AE B—deficient

ads, BH@B-vac also

relation between AE and is

f.B-vac
determined by the electron density of the atom bound to
the surface. According to the Bader charge analysis, the
effective Bader charge on Ru changes by ~1.36 |e| and

~1.20 |e| upon chemisorption of Ru and RuH in the metal

vacancy on the defective surface, respectively; that is,
about ~88 % of the electron density needed by the Ru
atom of RuH is donated by surface O anions. Interestingly,

AE B—deficient

this value is rather close to the slope of the AE,,“;/cy ..

versus AE,, . plot (0.91). Similarly, the variation of the

chemisorption energies of CH; and O can also be
described by AE as shown in Figure 4(b-c).

AE

ads,C@B
surfaces are reconstructed to different extents when C is
bonded to the B-site cation*t, which is reflected in the
variation in the B-O bond length from ~2.0 A to ~2.4 A.
As for (K,Rb,Cs,Sr,Ba)BO,, the relation between

AE . and the chemisorption energies of the simple

f.B-vac

does not correlate to AE because the oxide

J.B-vac

species at the B site is more sophisticated because the
atom to which the adsorbates are bound varies with
perovskite. The change in the electron density around the
B-site cations upon formation of metal hydride depends

strongly on the electron affinity of the B-site cations and,

E B—deficient

consequently, plotting the AE,, /.7

against AE,, .

does not give a straight line. Furthermore, the formation

energy of metal hydride AE ,, ,, also varies with the B-

site cation and is no longer a constant. As a consequence,
the AE,, . is not a suitable descriptor to explain the

trend in the chemisorption energies of the simple species
at the B site on (K,Rb,Cs,Sr,Ba)BO;
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on ARuO;. The small and large spheres in Figure 5(b) and 5(g) indicate the AE,, ., on (K;Rb,Cs,Sr,Ba)BO; and ARuO; and

AE, yas O (K,Rb,Cs,Sr,Ba)BO;, respectively.
3.2.2 Surface oxygen vacancy formation energy

Because of the failure of the AE,, . in describing the

trend in the chemisorption energies of the simple species
at the B site on (K,Rb,Cs,Sr,Ba)BO,, the AE

f,0-vac 1S
correlated to the chemisorption energies to see whether

the AE , . can be used as a reasonable descriptor. As

shown in Figure 5(a-e), the chemisorption energies of H,
C, O, and CHj; scale linearly with the AE depending

f,0-vac ?

on the splitting and filling of d orbitals, as illustrated in
Figure 6(a). In this way, (K,Rb,Cs,Sr,Ba)BO; can be
classified into three categories. The first group consists of
(K,Rb,Cs,Sr,Ba)BO; perovskites containing B-site cations
with d orbitals unoccupied, and the stable electron
configuration makes it hard to gain or lose electrons. The
second group contains (K,Rb,Cs,Sr,Ba)BO, with B-site
cations having only the t,; set occupied. The last group
consists of perovskites having transition-metal cations
with both the t.; and e, sets occupied.



(a)

e D e Drem D

Figure 6. Illustrations of (a) splitting of d orbitals and
occupation of t,; and e; orbitals on the B-site cation on
(K,Rb,Cs,Sr,Ba)BO; and (b) splitting of f orbitals and
occupation of A,y, T.y, and Ty orbitals on the A-site cation
on ARuOs.

The chemisorption energies on the first type of
perovskites are close to zero because the B-site cations
have a stable electron configuration and can hardly form
a chemical bond with adsorbates. As for the
chemisorption energies on the latter two types of
perovskites, there mostly exists a great discrepancy
between the fitted straights lines because of the
difference in the nature of the bonding between the B-site
cation and the adsorbate. Upon adsorption at the B site,
H forms a metal(t,s)-H(s) o bond with the B-site cation
when only the t,; set is occupied, while a metal(e,)-H(s) o
bond will be formed when the B-site cation has both the
t,g and the e, sets occupied. In the metal(eg)-H(s) o bond,
the electron density lies directly along the bond axis. By
comparison, the t,; orbitals have lobes that are directed
between the bond axis and overlap with the H s orbital in
a somewhat sideways fashion, thereby giving rise to o
bonds that have fewer contributions from d electrons. As
a consequence, the adsorption heat of H on the surface of
the second and third types of perovskites varies with the

AE ., in different ways. Similarly, CH; also has an

unpaired electron to from a ¢ bond with the B-site cation

and a similar trend in AE ., is observed.

In addition, the most negative AE,, , for each

perovskite are obtained by comparing the AE,, ., and
AEmI'S.H@B )
shown in Figure 5(b). From the figure, one can see that, as

which is then plotted against the AE, ., as

the AE,, . increases, AE,, ,,, becomes less negative
and AE,, ., changes in the opposite way. Moreover,
when AE,, . is greater than 4 eV, H tends to be

adsorbed at the B site on the surface of the second type of
perovskites and AE,, , turns to be inversely proportional

to AE

f0-vac *
Figure
(K,Rb,Cs,Sr,Ba)BO; scales linearly with AE, ..

important to note that some AE,_, ., values are removed

5(c) shows that the AE, ., on
It is

from the figure because on these surfaces adsorption of C
would lead to significant surface reconstruction to
different degrees, which makes the trend obtained
deviate greatly from it should be. The slope of the

AE

ads,C@B Vs.

AE

0w Plot on the second type of
perovskites is positive while that on the third type of
perovskites is negative. The similar trend has been
observed when studying the metal-carbon adhesion
energies* and the bond dissociation energies of carbides
of early and late transition metals*. The reason can be

traced to the fact that the trend in AE, ., on the

second type of perovskites whose B-site cations are
mostly early transition metal cations, is determined
largely by the order of the metal(t,s)-C(p) 7 bonds*’. The
greater the number of electrons about the metal cation,
the greater the number of electrons that would be shared
with the C atom, and hence the stronger is the B-C bond.
As for the third type of perovskites, the trend in AE,, ..

is related to the ionic bond order of the metal(ey)-C(p) o
bond because the metal(eg)-C(p) o bond is characterized
as ionic with less covalent character than the metal(t,,)-
C(p) m bonds. Hence, the B-C bond strength is
determined predominantly by electrostatic interactions
between the metal and the carbon ions. As the electron
affinity of B-site cations increases, C withdraws fewer

electrons from the B-site cation and the AE,, ..,

becomes less negative. As a consequence, the AE,, ., on

the second and third type of perovskites follows the
different trends.

As for the AE

soap» it can be found that the same
scaling relation holds on both the second and the third
types of perovskites. The reasoning behind this fact is that
upon formation of an oxygen vacancy the B-O bonds are
broken while the adsorption of O at the B site is a reverse
process of the formation of a B-O bond. That is to say, the

AE, ;.. and AE,, .., are both determined by the B-O

ads, 0@,
bond strength, regardless of whether o or m bonds are
formed, which results in the slope of the linear scaling

relation between AE and AE close to -1.

f,0-vac ads,0@B

The scaling relations between the chemisorption
energies of H, C, O, and CH; on ARuO; and AFE are

illustrated in Figure 5(f-j). By analogy to the classification
of (K,Rb,Cs,Sr,Ba)BO;, ARuO; can also be classified into
four categories according to the electron configuration of
the A-site cations, as illustrated in Figure 6(b). The first
type of ARuO; is the ones where A-site cations have the
stable noble-gas electron configuration. The second type
has the A-site cations with 4f electron in the occupied A,
orbital under the influence of the crystal field*®. As the
atomic number increases, the A-site cations in the third
type have 4f electrons filling the triply degenerate T, and
A,, orbitals, and the A-site cations in the fourth type of
perovskites have more 4f electrons filling the T,, orbitals
besides T,, and A,, orbitals. By using the Bader charge
analysis (see Figure S4), it is found that electron
configuration of the A-site cations not only plays a role in
determining the charge they carry but also has a dramatic
effect on the charges carried by the B-site cations and O
anions. Within each type of perovskites, as the effective
Bader charge on the Ru cations becomes more positive,
the decreased electron density reduces their ability to

£,0-vac



donate electrons, which leads to less
chemisorption energies at the Ru site.

negative

As indicated in Figures 3 and 5, the AE , . can be

used to explain the trend in the chemisorption energies of
the simple species at both the O and the B sites when
perovskites are classified into several categories on the
basis of the electron configuration of the B- or A-site

cations. Compared with the AE , . which scales with

the chemisorption energy of the simple species at the B
site only if the B-site cations remain the same, the

AE . is @ much more general descriptor that can be

used to describe the adsorption behaviors of almost all
the perovskites.

3.3 Origin of chemisorption energy scaling relations

To further investigate the origin of the linear scaling
relations between surface oxygen vacancy formation
energies and the chemisorption energies, the actual
partial charge on the O anions and B-site cations is
calculated to provide a rational interpretation of the
chemisorption energy scaling relations. Previously, Su et
al. examined the scaling relations between the
chemisorption energies of ionically and covalently bound
species by correlating the adsorption energies on
transition metals to the excess Bader charge on the
adsorbates*. As indicated in Figure 7, the AE,, .

depends strongly upon the effective Bader charge on the
O anions (¢, ) and B-site cations (g, ), which therefore

plays a significant role in determining the adsorption
activity of the ions.

According to the decomposition of AE proposed

£0-vac

by Zheng et al3®, the change in the AE is determined

1,.0-vac

by the variation of the bonding energy (AE , the

bonding )
energy required to remove an oxygen atom from the
surface. AE can be further divided into the change in

bonding
) and the

energy associated with the charge transfer from the O
anion to the remaining surface (AE ), both of which

transfer
are closely related to the effective Bader charge on the O
anions. As the effective Bader charge on the O anions
becomes less negative, the O anions interact more weakly
with the cations in the tightly bonded solids, leading to a

On the other hand, the AE

transfer

the electronic potential energy ( AE

electrostatic

less positive AE

electrostatic *
takes less negative values as less amounts of electrons left
behind upon oxygen removal are transferred to the

remaining oxide lattice. Because the AE, . . . plays a
more important role than AE,, . 3*
AE the AE,

bonding ? bonding

AE

£.0-vac *
the decreased electron density around the O anion would
enhance its ability to withdraw electrons from the
adsorbate®*, which leads to a more negative
chemisorption energy. Hence, the ¢, explains the trend

in determining
becomes less positive and so does

In addition, as the g, becomes less negative,
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Figure 7. Scaling relations between AE, , . and (a) the

effective Bader charge on the O anion and (b) the effective
Bader charge on the B-site cation on (Sr,Ba)BO;.

in the chemisorption energies of simple species at the O
site.

From Figure 7(b), it is found that the variation of the
AE can also be described by the effective Bader

0-vac
charge on the B-site cations. The B-site cation that
donates more electrons to the lattice oxygen can also
donate more electrons to the adsorbate bound onto it.
The strength of the metal-adsorbate interaction would be
determined by g, and how the d orbitals are occupied.

Hence, the actual partial charge on either the O anion or
the B-site cation explains the electronic origin of the
chemisorption energy scaling relations over perovskites.

IV SUMMARY

In this work, BEEF-vdW+U calculations have been carried
out to shed light on the dependence of the chemisorption
energies of H, C, O, and CH; on the defect-free BO.-
terminated surfaces of a wide range of perovskites on the
electronic structures of the perovskite surfaces. Our
calculated results indicate that the previously proposed
surface O p-band center can be used to describe the trend
in the chemisorption energies at the O site of perovskites
except (Sr,Ba)BO; (B = Ti, Zr, Hf) and ARuO; (A = La -
Ho). By comparison, the change in the surface oxygen
vacancy formation energy largely determines the
variation in the chemisorption energy on all the
perovskites under consideration because the surface
oxygen vacancy formation energy is more sensitive to the
change in the electron structure of perovskites.

As for the chemisorption energies at the B site, on the
one hand, the surface metal vacancy formation energy is a
reasonable descriptor of the trend in the chemisorption
energies on the ARuO; (A = La - Ho) perovskites that
have the same B-site cation. On the other hand,
according to the splitting and filling of the d- and f-
orbitals of the B- and A-site cations, respectively, the
perovskites could be classified into several categories. In
each category, the chemisorption energies at the B site on
(K,Rb,Cs,Sr,Ba)BO; (B = d-block transition metals) and
ARuO; are closely related to the strength of the ionic
bonding in the perovskites.



The surface oxygen vacancy formation energy can be
used as a descriptor to explain the trend in the calculated
adsorption energies at either the O or the B site. The
scaling relations established can be traced to the fact that
the surface oxygen vacancy formation energy is closely
related to the actual partial charge on the oxygen and
transition metal ions. The larger the actual partial charges
the oxygen and transition metal ions carry, the stronger
the B-O bond, which in turn gives rise to a weakened and
an enhanced ability of the O anions to withdraw and of
the B cations to donate electrons to the adsorbates,
respectively.
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