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Trends of Alkane Activation on Doped Cobalt (ll, lll) Oxide

from First Principles

Victor Fung,® Franklin (Feng) Tao,” and De-en Jiang*®

The surface doping of a metal oxide can tune its catalytic per-
formance, but it remains unclear how the tuning depends on
the dopant type and the surface facet. Herein we study doped
Co;0, (111) and (311) surface facets using first-principles den-
sity functional theory (DFT) to obtain general descriptors for
oxygen reactivity (which include vacancy formation energy
and hydrogen adsorption energy) and correlate them to
ethane C—H activation energy as a measure of the catalytic
performance. The periodic trends of the dopants are

Introduction

Metal oxides have been studied extensively for their catalytic
ability in reactions such as the oxidative coupling and dehy-
drogenation of alkanes. These catalysts are effective in the acti-
vation of the otherwise chemically inert C—H bonds, which
allows for the further conversion of the reactants. For many of
these oxides, the activation occurs over the active lattice
oxygen by the homolytic cleavage of the C—H bond,™ and the
resulting radicals are adsorbed onto the surface for further
reaction.

As a further dimension in catalyst design, doped metal
oxides have been shown to be a promising direction to tune
the catalytic reactivity. Most commonly seen are substitutional
dopants that replace the framework metal cation and alter the
electronic structure of the neighboring atoms and thus their
catalytic reactivity. Many researchers have studied the effects
of doping on the reactivity of lattice oxygen theoretically. For
example, McFarland and Metiu™® concluded that lower-valence
dopants increase the reactivity of the oxygen, and hence the
reactivity of the surface by the Mars-van Krevelen mechanism.
Meanwhile, the effects of higher-valence dopants are more
complex depending on the reducibility of the oxide and the
nature of the dopant.”?

[a] V. Fung, Prof. Dr. D.-e. Jiang

Department of Chemistry

University of California

Riverside, CA, 92521 (USA)

E-mail: djiang@ucr.edu

Prof. Dr. F Tao

Department of Chemical and Petroleum Engineering and
Department of Chemistry

University of Kansas

Lawrence, KS 66045 (USA)

@ The ORCID identification number(s) for the author(s) of this article can
be found under:
https://doi.org/10.1002/cctc.201700960.

=

ChemCatChem 2018, 10, 244 - 249 Wiley Online Library

244

investigated for a total of 20 dopants, namely, the elements
from K to Ge. We find strong linear correlations between the
oxygen reactivity descriptors and the computed energy barri-
ers. We also discover a strong surface facet sensitivity among
certain dopants such that different surface orientations and
sites lead to different or even the opposite dopant per-
formance. This work provides a useful guide for dopant per-
formance in ethane activation on the two very different Co;0,
surfaces.

It is well known that metal oxides with different surface
facets contain oxygen sites with very different activities, which
must be considered to predict the catalytic performance of a
metal oxide. For example, Co;0, is active and stable for alkane
oxidation and oxidative dehydrogenation under high tempera-
tures."** Depending on the synthesis and treatment method,
Co,0, nanoparticles of different exposed surface facet orienta-
tions can be observed with different reactivities.** Additional-
ly, Co;0, has been doped in experimental studies in attempts
to tune its reactivity and selectivity towards the desired pro-
ducts.®>® Therefore, it is a suitable system to study and a
useful starting point to understand dopant sensitivity to sur-
face orientation.

Despite the previous work, the exact impact that different
surface orientations have on dopant efficacy has not been well
studied experimentally or theoretically. It is often convenient
to assume that a dopant enhancing reactivity on one surface
facet will do so for another on the same oxide. However, the
general applicability of this assumption needs to be examined.
By using Co;0, as an example, we aim to study the effect of a
wide range of dopants on a metal oxide systematically from
first principles and to demonstrate the significance of different
surface facets to determine the effect of the dopant to in-
crease or decrease the reactivity of the metal oxide for ethane
activation.

Computational Methods

The density functional theory (DFT) calculations in this work were
performed by using the Vienna abinitio Simulation Package
(VASP).! The on-site Coulomb interaction was included using the
DFT4U method described by Dudarev et al.” in VASP using a Hub-
bard parameter U=2 eV for the Co atom as used in previous stud-
ies.®>® Theoretical studies have shown that the change of the U
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value does not disturb the linear relationships studied in this
work.”) The Perdew-Burke-Ernzerhof (PBE)!'” form of the general-
ized-gradient approximation (GGA) was used for electron exchange
and correlation. All calculations were performed with spin polariza-
tion. The projector-augmented wave method was used to describe
the electron—core interaction.®'" The kinetic energy cutoff was set
at 450 eV for the planewave basis set. For the studied surface
slabs, a 3x3x 1 sampling of the Brillouin zone using a Monkhorst-
Pack scheme was employed."? A vacuum layer of 15 A was created
for the surface slabs. The top two layers of the slabs were allowed
to relax in the calculations. The vacancy formation energy (E,,.)
was calculated with Equation (1)

Evac = Evacancy surface + 1 /2 EOZ _Eperfect surface (1 )

in which E canysutace i the energy of the surface slab with the
oxygen atom removed, Epqectsurace 1S the energy of the vacancy-free
surface, and E, is the energy of an isolated O, molecule. The hy-
drogen adsorption energy (Ey,qs) is calculated with Equation (2)

EHads = Esurface+H_(Epeﬁectsurface+EH) (2)

in which Ej .cern is the energy of the surface with a H atom ad-
sorbed on the O atom and E, is the energy of an isolated H atom.
The energies of E,, and E,; were computed by placing the adsor-
bate in a cubic cell with a 10 A wide vacuum in each direction.
Transition states (TS) were found by the dimer method implement-
ed in the VASP-VTST package by Henkelman and Jénsson'™ using
a force convergence criterion of 0.05 eVA™".

Results and Discussion
Two facets of Co;0, and localization of dopant effects

We examined both a flat surface, (111), and a rough surface,
(311), of Co;0, and their surface models are shown in
Figure 1. The dopant replaces the Co atom at the location la-
beled “Site”. We found no significant local structural change
on either facet after doping, probably because of the compara-
tively low dopant concentration used. The oxygen coordina-
tion number of the metal is three on the (111) site and five on
the (311) site. The doping is expected to change the activities
of these oxygen atoms. A simple descriptor of their activity is
the oxygen-vacancy formation energy, E,,..

Figure 1. Surface models for the (111) surface (left) and the (311) surface
(right) of Co;0,, in which the upper layer atoms are shown as circles and the
sublayer atoms as lines. The blue atoms denote Co and the red atoms
denote O. The dark blue atoms are the exposed Co sites and one is replaced
by a dopant at the location labeled “Site”. The nearest-neighbor O atom
studied is labeled O1 and the second-nearest-neighbor is labeled O2.
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We obtained E,. on the first neighbors O1 and second
neighbors 02 on the (111) surface and found that changes in
O1 E,,. can be significant among dopants, whereas the 02 E,,
energies remain largely unchanged (Figure 2). In other words,
the effect of doping is rather local and limited to the nearest-
neighbor O atoms, and the impact on the O atoms beyond
the first coordination shell is very weak. This is largely consis-
tent with an earlier theoretical study on the CeO, surface."”
Consequently, we focus our study on the nearest-neighbor O
atom (O1).

o

N

w

N

Vacancy formation energy (eV)

0
Si Ge Sn Pb Al MgNa Ca Sc Ti V Cr Mn FeCo* Ni Cu Zn
Dopant

Figure 2. Vacancy formation energies of O atoms on the doped Co;0, (111)
surface. Co* denotes the undoped surface. O1 represents the O first neigh-
bors and O2 represents the O second neighbors (see Figure 1).

Charge transfer between dopant and oxygen

From the perspective of the electronic structure, we can track
the partial transfer of electrons from the metal to the neigh-
boring O atoms using Bader charges. The dopant Bader charge
versus the oxygen Bader charge for both the (111) and (311)
facets is plotted in Figure 3. We can see the strong linear corre-
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Figure 3. Bader charge of the dopant M versus the Bader charge of the near-
est-neighbor O. The blue triangles and red circles denote points from the
(111) and (311) surfaces of Co;0,, respectively. Black dashed lines represent
linear best fit lines for the two surfaces.
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lation between the electron loss of the lattice metal or dopant
and the electron gain of the lattice oxygen, regardless of the
identity of the metal dopant used. Furthermore, it suggests
that the change in the lattice oxygen charge is caused directly
by the change of the identity of the dopant used and not a
result of geometric reconstruction or the formation of a new
coordination after doping, which would result in large devia-
tions from the linear correlation. We can also distinguish the
correlation of charge transfer as two distinct lines that corre-
spond to the (111) and (311) surfaces (Figure 3). This can be
explained by the difference in the oxygen coordination of the
dopant site on the (111) and (311) surfaces, namely, three and
five, respectively. Consequently, the electron transfer for the
dopant on the (311) surface is further dispersed among two
extra O atoms, which would shift the line to the right and gen-
erate a larger slope.

Descriptors and trends of oxygen reactivity for the doped
surfaces

A number of descriptors have been proposed as possible de-
scriptors of oxygen reactivity in metal oxides, which include
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Figure 4. Correlation between H adsorption energy and vacancy formation
energy for the oxygen sites closest to the dopant sites on the Co;0, surfa-
ces. The blue dashed line represents the linear best fit line.
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the energetic quantities Ey,q> "> and E,,.**'**'® and electronic
ones such as Bader charge®™'” and work function.”’ £, and
E... show strong linear correlations with a low mean absolute
error (MAE) of 0.16 eV and R=0.93 (Figure 4). This is consistent
with the general observation that the correlation between E,,q,
and E,,. is independent of the change of the identity of the
metal in the metal oxide, or its surface orientation, and can be
applied generally, because both are energetic descriptors to
predict the reactivity of the oxygen site. Here we will base our
analysis of oxygen reactivity on both E,y and E,. as
descriptors.

We examine the dopant periodic trends on the oxygen reac-
tivity descriptors and C—H activation energy for a series of ele-
ments in the same period. These trends are displayed in
Figure 5 for both E, and E,. Overall, it appears that the
oxygen reactivity is the highest (i.e., most negative E,4 Or
smallest E,) for group 1 (with K as the dopant) for both
surfaces and decreases sequentially to a peak at V for (111) or
Cr for (311) before it increases in activity again until Zn.
Oxygen reactivity decreases again at Ga, though the dopant
effect is mixed for Ge for different surfaces. Importantly, the
peaks in oxygen reactivity differ in location between the two
surfaces, which indicates that the surfaces on which the dop-
ants reside in may have an important role on its reactivity. This
phenomenon is further explored below. A volcano trend can
be observed in Figure 5 with peaks at Ti/V for (111) and Cr for
(311). From left to right, the oxidation state of the elements in-
creases, which corresponds to stronger M—O bonds, to lead to
more positive E,,q4 and E,,.. As the dopant occupies the tetra-
hedral 42 site on (111) and the octahedral +3 site on (311),
the peak of the volcano for (311) is shifted to the right. To the
right of the volcano, £, and E,. become more negative as
the oxidation states decrease to Zn and increase again for Ga
and Ge.

C—H activation on doped surfaces

Generally for alkane activation on Co;0, and other oxides, the
first step of the reaction involves C—H activation, regardless of
the subsequent pathways through oxidative dehydrogenation
or complete combustion. Although both homolytic and heter-
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Figure 5. Periodic trends of oxygen reactivity on the M-doped Co;0, surfaces: a) H adsorption energy; b) vacancy formation energy; c) C—H activation energy.

Co* denotes the undoped surface.
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olytic bond cleavage mechanisms are possible, studies have
found that the homolytic pathway is often the pathway with
the lowest barriers on Co;0,,%“®@ which involves H abstraction
and cleavage of the C—H bond over a lattice O atom. It is this
pathway that allows the easy prediction of C—H barriers
through Brgnsted-Evans-Polanyi (BEP) relations. Furthermore,
it has been shown that the activation barriers of alkanes and
alcohols of different chemical compositions can be related line-
arly to one another simply as a function of the C—H bond
strength;"*?' therefore, it is possible to extrapolate results from
a single alkane to the entire class of compounds. Herein we
focus our efforts on homolytic C—H activation using ethane as
our probe molecule.

Representative transition-states (TS) geometries for the ho-
molytic C—H activation over the undoped (111) surface and
the (311) surface are shown in Figure 6. The TS takes the form

(111) (311)

Figure 6. TS geometries of ethane C—H activation by H abstraction for the
(111) surface and the (311) surface.

of an ethane molecule with an elongated C—H bond with the
H atom situated in between the C atom and the lattice O
atom. Both exhibit similar geometries and differ mainly in the
TS O*—H and C—H distances and their corresponding E,. The
bond lengths of the transition states are plotted against Ej,q,
in Figure 7. The trends are apparent as E,q, becomes more
negative (i.e., stronger) and the lattice O atom becomes more
reactive, the TS O*-H distance increases and the TS C—H
distance decreases. This observation is consistent with the BEP
relationship as the TS of H abstraction is an overlap between
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the potential energy surfaces of C—H bond dissolution and O—
H bond formation. In our case (Figure 6), the strength of the
C—H bond is roughly constant, whereas the strength of the O—
H bond varies with the different dopants. If the oxygen reactiv-
ity is high, the TS is early, so the C—H bond is short and the O—
H bond is long; if the oxygen reactivity is low, the TS is late, so
the C—H bond is long and the O—H bond is short. This phe-
nomenon, in the context of C—H bond activation on metal
oxides, has been brought up in a previous theoretical study">?
and can now be verified in terms of a general linear scaling re-
lationship (Figure 7).

Correlation between C—H activation and oxygen descriptors

Many recent theoretical studies™***'® have demonstrated the
validity of oxygen descriptors such as vacancy formation and H
adsorption to predict C—H activation barriers. The trend of the
ethane C—H activation energy (E,) across the periodic table for
both doped Co;0, (111) and (311) facets is shown in Fig-
ure 5¢. The overall trends of E,q4., E,. and E, across the differ-
ent dopants are similar. Indeed, E, has very strong linear corre-
lations with both E.4 and E,. with a mean absolute error
(MAE) of 0.15 and 0.11 eV, respectively (Figure 8). These small
MAE values suggest that it is promising to use these oxygen
reactivity descriptors as a method to screen dopants before ex-
pensive transition-state search calculations. One can refer to
the BEP relationship to understand this correlation from the
perspective of E, .

Surface facet sensitivity of different dopants

The C—H activation energy difference between the (111) and
(311) surfaces for the different dopants is shown in (Figure 9).
Overall, both undoped and doped (311) surfaces are more re-
active than the corresponding (111) surfaces for the C—H acti-
vation of ethane. More specifically, Ti, V, and Si show the high-
est sensitivity to the facets with AE,~1.3-1.4 eV. If we use the
undoped Co;0, surfaces as a reference, K, Cr, Mn, Fe, Ga, and
Fe also display a significantly high sensitivity to the facets. Fig-

H adsorption energy (eV)

Figure 7. Correlation of the TS geometry of ethane C—H activation with H adsorption energy on doped Co;0, surfaces: a) O—H bond length; b) C—H bond

length. The blue dashed lines represent the linear best fit for the points.
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Figure 9. Difference in ethane C—H activation energy between the (111) and
(311) facets for the different dopants.

ure 5c¢ shows that Ga-doped Co,0, (311) surface has the high-
est reactivity for the ethane C—H activation, with an activation
energy close to 0.20 eV.

Implications of the present results

In this work, we have compared two surfaces, a low-index
(111) surface with exposed tetrahedral Co®* and a high-index
(311) surface with exposed octahedral Co**, which is sufficient
to demonstrate large differences in dopant effects qualitatively
between the two. It is very probable that this phenomenon
will extend to metal oxides in general beyond Co;0,. Further
systematic studies on other metal oxides can be useful to de-
velop a sufficiently comprehensive understanding to link the
geometric and electronic structure of the dopant site to the
oxygen reactivity through the sampling and study of a larger
number of surface facets and corresponding substitution sites.
The importance of surface orientation to determine dopant
performance has significant implications towards the
prediction of the catalytic properties of doped oxides. As dif-
ferent experimental synthesis techniques can lead invariably to
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nanoparticles with various exposed surfaces, the role of a
dopant can be complicated by the surface facet sensitivity.

Here we considered a fixed dopant concentration. We
expect that the scaling relation between the computed barri-
ers and the descriptors would remain for different dopant con-
centrations, but testing this hypothesis would require substan-
tially more calculations. Further studies are warranted.

Conclusions

The effects of the doping of Co;0, on oxygen reactivity and
C—H activation barriers were investigated for a range of dop-
ants on two different surfaces, (111) and (311). We found the
dopant effects to be limited to the nearest-neighbor O atoms
with no significant changes to oxygen reactivity at or beyond
the second coordination shell. The periodic trends of doping
on oxygen reactivity were examined by correlating oxygen-
vacancy formation, H adsorption energy on oxygen, and ho-
molytic C—H activation energy of ethane. The oxygen reactivity
descriptors (vacancy formation and H adsorption energies)
were linked to the C—H activation energies and the transition-
state geometry. The surface orientation can have a significant
impact on dopant efficacy. This work demonstrates that
oxygen activity descriptors can be used to predict dopant per-
formance on transition metal oxide surfaces and that doping
and the surface orientation can be combined to tune the reac-
tivity of the transition metal oxide.
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