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ABSTRACT: Vanadia/ceria supported catalysts exhibit
ultrahigh catalytic activities in oxidative dehydrogenation
(ODH) reactions. Here, we performed systematic density
functional theory calculations to illustrate the underlying
mechanisms. It is found that unique electronic and
structural effects are both crucial in the catalytic processes.
Calculations of the catalytic performance of different
oxygen species in oxidation of methanol to formaldehyde
suggested that the oxygen of the interface V—O—Ce group
is catalytically more active, especially when H adsorption
energy is small, indicating the strong structural effect in the
vanadia/ceria supported catalyst. In addition, new empty
localized states of O 2p generated in a ceria-supported
system through depositing VO5- and VO -type monomeric
vanadia species are determined to participate in the whole
ODH reaction processes and help to reduce the barriers at
various steps.

C atalysts based on supported vanadium oxide exhibit
remarkable activity in selective oxidative dehydrogenation
(ODH) reactions.' ™ As compared with irreducible oxides, like
silica or alumina, ceria-supported vanadia (vanadia/ceria) has
been found to be particularly active.'™ To understand the
underlying mechanism of vanadia/ceria-catalyzed ODH reac-
tions regarding the active sites and the reaction pathways, many
studies focused on the atomic structures, surface activity, and
their correlations have been widely conducted.”® It has been
shown that strong interactions exist between monomeric vanadia
clusters and the ceria support, leading to the facile domination of
vanadia monomers on ceria at low vanadia loadings.* Temper-
ature programmed desorption (TPD) experiments also revealed
that vanadia monomers are more active for oxidation of
methanol to formaldehyde compared with other oligomers on
ceria support.3

The atomic structures of the prototype CeO,(111)-supported
monomeric vanadia species have been extensively studied by
different groups,5‘6 and one specific VO, species (Figure S1) was
proposed to be the active species to account for the remarkably
high activity of vanadia/ceria.”””® It has been found to give high
stability in the temperature range of 190—425 K at low oxygen
pressure (p = 10~ atm)® and enhanced H adsorption and O
vacancy formation capabilities.”” Very recently, we found
through systematic density functional theory (DFT) study that
one new VO, species (Figure 1) with the structure rather
different to the early one (Figure S1) is energetically more
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Figure 1. Structure evolution of VO, species in ODH processes.
Calculated structures of selected VO, species are also shown. Ce atoms
are in ivory, V in gray and O above the CeO,(111) surface in deep blue.
O atoms of top- and subsurface are in red and cyan, respectively. Oxygen
vacancy is marked with “O,”. These notations are used throughout the
paper. Ce** pattern of VO, is shown in Figure S2.

favorable to occur.” It should also be noted that for ODH over
CeO,-supported vanadia, the catalyst is employed in an O,-rich
environment,”'’ and the reactions follow the Mars—van
Krevelen (MvK) mechanism,"" in which oxygen species of the
catalyst actually participate in the oxidation processes. However,
the catalytically active oxygen species for ceria-supported VO,,
such as the O of the VO,, at the VO, —ceria interface and the ceria
support (Figure 2), and their relative contributions to ODH
activities have not been well understood yet. Therefore, the
identification of the activities of different surface oxygen species
at such supported catalysts and corresponding origin of the
unique activity are highly desirable. In this work, by performing
DEFT calculations using the PBE functional and with Hubbard U

Figure 2. Different oxygen species and methanol adsorption sites. The
figure is based on the VOj; species which has common structural features
with other VO, species.
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Figure 3. (2) LUMO distributions of VO, VO,, and VO,(m). Isosurface (purple) levels were set at 0.004 A=, (b) Correlations for H adsorption energy

and the barrier of rate-limiting C—H breaking step through O, _,_.. or O

v—o0—ce

route. Inset: C—H bond breaking scheme (at VO;). C and H atoms are in

brown and pink, respectively. (c) Calculated LDOS and HOMO distributions for the states along H abstraction (CH;OH* — CH;0* + H* — CH,0*

+2H*) through O

v—o—ce

route at VO3. The LDOSs belong to five oxygen atoms constituting the NELS at VO;. The occupied states and the empty states

of the LDOSs were filled in yellow and dark blue, respectively. Fermi levels were indicated by the dashed lines. TS[O—H] and TS[C—H] are the
transition states of O—H and C—H breaking steps, respectively. Isosurface (purple) levels of HOMO distributions were set at 0.002 A3, Orbital
distribution images in (a) and (c) were obtained by VESTA visualization software."

(DFT+U) and Grimme’s dispersion (DFT-D)"? corrections (see
Supporting Information for details),'”'* we determined that
deposition of VO; and VO, clusters on the ceria surface modifies
the electronic structure of ceria, which can increase the activities
of oxygen species in ODH reactions significantly. In addition,
structural effect was also found to be crucial to the ODH activity:
O at the V—O—Ce interface have extraordinary ability to break
the C—H bond of adsorbed CH;O.

The atomic structures of supported VO, species have been
made clear in recent years with the contributions of DFT
calculations.”®’ The identified most stable configurations of VO,
with given compositions (x = 2—4, labeled as VO,, VO;, and
VO,) are illustrated in Figure 1. The vanadium of all these species
is in the highest oxidation state of +5. The calculated phase
diagram at oxygen pressure of 0.21 atm (Figure S3) shows that
VO, is the most stable species below 520 K, while VO, is the
most stable one within higher temperature range of 520—950 K.
At ~520 K, these three different species were found to be closely
competitive in stability. Therefore, we can propose a possible
structural evolution pathway for these species in reactions
following MvK mechanism (Figure 1). It can start from one
stable species as indicated in the phase diagram (Figure S3), e.g.,
VO,, followed by the removal of oxygen species, and their
replenishment as surface oxygen is consumed for the elimination
of abstracted H through H,O formation and desorption and O,
adsorption. Therefore, the whole reaction network may contain
ODH and O, adsorption steps as well as structural evolution
steps for the catalyst involving the change of its composition and
configuration. Our calculations showed that O, can be readily
adsorbed at the surface oxygen vacancy (O,) beside VO,, giving
rise to the metastable VO,-type species, ie, VO,(m), with
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adsorption energy of 0.68 eV. However, the VO,(m) species is
actually very difficult to evolve to VO, (Figure S4). Therefore, it
may react with adsorbates, and the optimal redox couple in ODH
reactions should be VO,/VO,(m), and VO, becomes the
product of further reaction of VO; and precursor for recovery of
VO,(m) (red arrows in Figure 1).

It is widely recognized that H adsorption plays a decisive role
in H abstraction processes of ODH reactions.”” Specifically,
strong H adsorption can stabilize the reaction state after H
abstraction and thus lower the corresponding abstraction barrier
according to the so-called Bronsted—Evans—Polanyi relation.'*
Our calculations of the H adsorption at various VO, species
(Figure SS) showed that H adsorption is quite strong at VO,
VO,, and VO,(m) with the highest calculated adsorption
energies of 2.57, 1.77, and 1.93 eV, respectively, while the H
adsorption energies at other VO, (x = 1—2) species and the clean
Ce0,(111) surface are much smaller (<1.50 eV). Intriguingly,
from calculated electronic structures, we found that for the
supported systems containing VO; and VO, clusters, the lowest
unoccupied molecular orbitals (LUMO) are distributed at
several surface oxygen species (Figure 3a), while for the systems
with other VO, (x = 1—2) and the clean CeO,(111), they mainly
consist of Ce 4f states (Figure S6). This is clearly due to the fact
that the oxygen of VO;- and VO,-type species fail to capture
enough electrons from the vanadium which has five valence
electrons only. It is also clearly shown from calculations that
these unoccupied states of oxygen species are located below the
unoccupied 4f states in energy. These results then elucidate that
deposition of VO; and VO, clusters on the ceria surface creates
new empty localized states (NELS) of O 2p in electronic
structures. Such NELS are obviously more powerful in capturing
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electrons compared with localized 4f states of surface Ce.
Therefore, the catalytic activities of ceria can be dramatically
attuned. In other words, for surface reduction processes, such as
H adsorption, the NELS contributes a lot to the surface activity
by increasing the relative stability of the final state. Accordingly,
the VO;- and VO -type supported species have strong capacities
for H adsorption. Note that these species show some differences
in H adsorption capacity though they all contain NELS. It is
largely because of the fact that the NELS (LUMO) of the two
VO,-type species (VO, and VO,(m)) were the antibonding
orbitals (ﬂg‘p) of the adsorbed O, species with calculated Bader
charges of around —0.6 e, i.e., they can be taken as superoxide
O,". Accordingly, it can be seen from Table 1 that the relative

Table 1. Energy Levels (in eV) of NELS Relative to the Fermi
Level and the Energy of HOMO

VO, Vo, VO,(m)
E(NELS)-E(Fermi) 0.15 0.65 0.64
E(NELS)-E(HOMO) 031 0.89 0.87

energy levels (in two different forms) of the NELS of two VO,
type species are very close to each other, with that of VO, being
slightly higher, while they both have higher energies than that of
VO,. As the result, VO,(m) has slightly higher H adsorption
capacity than VO,, and VOj; has higher H adsorption capacity
than two VO,-type species. These results further suggest that
different NELS can also give rise to very different chemical
effects, depending on their energy levels.

Here, oxidation of methanol to formaldehyde was taken as the
prototype ODH reaction to further illustrate the unique activities
of VO, species. It involves the following H abstraction and H,O
formation processes (eqs 1—3, * indicates adsorbed state).
Among them, eq 2 with C—H breaking was widely regarded as
the rate-limiting step.'®

CH,OH" —» CH,0" + H" (1)
CH,0" - CH,0" + H" )
2H" —» H,0" + O, 3)

For the systems with NELS (VO,, VO, and VO,(m)),
methanol can adsorb on the surface with its oxygen binding to V
or Ce (Figures 2 and S7). Calculations with van der Waals
interaction correction showed that Ce-sites of these three
structures give methanol adsorption energies of ~1 eV, while the
methanol adsorption energies are below 0.5 eV at V-sites (Figure
S7). We then calculated the reactions starting with the methanol
adsorption at Ce-sites of these species. Right after methanol
adsorption at surface Ce, the CH;O—H dissociation can readily
occur with nearly no barrier (Figures S8—10). Then, as it can be
seen from Figure 3b (inset), two different oxygen species can
participate in the rate-limiting C—H breaking step, i.e., O
and O,_,_ (Figure 2). The calculated reaction barriers and
energies of this key step through O ,_,_.. and O routes are
summarized in Table 2 (see Figures S8—10 for the total energy
diagrams involving all elementary steps). As one can see, the
reaction is strongly exothermic (>1 eV) for these two cases.
Interestingly, we found a linear relationship between H
adsorption energy and the barrier of this rate-limiting C—H
breaking step for both O_, . and O,_,_ . routes at different
VO, species (R* = 0.98 and 0.93, respectively). Moreover, the
corresponding results at clean CeO,(111) (E,[C—H] = 0.90 eV

ce—o—ce

vV—0—ce

Table 2. Calculated Reaction Barriers (E,[C—H]) and
Energies (AE) of the Rate-Limiting C—H Breaking Step

(CH;0* - CH,0* + H*) through O._,_. and O,_,_.
Routes”
VO, Vo, VO,(m)
Ofero_ce TOUtE E,[C-H] 0.13 0.56 0.42
AE —1.80 —-145 -1.76
O,_o_c. route E,[C—H] 0.03 0.36 0.28
AE —1.59 —-1.20 —141

“Energies in eV.

via the O_,_ route, see details in Figure S11) are also
illustrated in Figure 3b and fit well with the correlation. The
determined trend that the C—H bond breaking barriers decrease
with the increase of H adsorption strength further supports the
reliability to choose H adsorption energy as a descriptor for
catalytic ODH activities. In addition, it also reflects the unique
role of the NELS in attuning the activities of surface oxygen
species.

It is also interesting to note from Figure 3b that the correlation
line (in red) for O,_,_., of various supported VO;- and VO,-type
species is located below that for O_,_., indicating that the
former oxygen species is more reactive in breaking the C—H
bond of adsorbed CH;O. In fact, from the calculated vibration
modes (see Movie S1), we noticed that the C—H bond stretching
occurs just along the C—O,_,_. direction, which helps the
transfer of H toward O, _,_... Moreover, the rather short distance
between O,_,_.. and H (Table S1 and inset of Figure 3b) is also
beneficial to reducing the barrier of C—H bond breaking. By
contrast, for C—H bond breaking via the O, _,_, route, the bond
needs to be extended and rotated to point the H toward the
Oce_o—ce to reach the transition state, which results in the
relatively high barrier for this route. In addition, the different
slopes of two correlation lines (—0.57 vs —0.33) further indicate
that stronger structural effect exists when H adsorption energy is
smaller. In general, the correlations provide a facile way for
evaluation of the barriers for the rate-limiting C—H breaking
step. Furthermore, it can be seen from Figure 3b that the barriers
of the rate-limiting C—H bond breaking step at O,_,_,, of the
VO;- and VO,-type species are quite low (<0.4 eV). In particular,
it is almost a barrierless process at VO3, which has the highest H
adsorption energy as well. Detailed calculations for the VO, are
reported in Figures S12—13 and further confirm that O,
adsorption occurs at VO, (Figure 1). These results suggest
that the NELS is actually crucial to the activities of oxygen
species, and VO;- and VO,-type species are indeed the active
species of VO,. It also reveals the key characteristics of the
supported vanadia catalysts for the efficient utilization of the
metastable but highly active species in catalytic reactions.

To further understand the NELS induced superior ODH
activity of the VO, species, we then studied the electronic
structure evolution in reaction. Specifically, we calculated the
local density of states (LDOS) and the highest occupied
molecular orbital (HOMO) distributions for the surface states
during H abstraction (CH;OH* — CH,;0* + H* - CH,0* +
2H*) through the O,_,_ route at VO; (Figure 3c). From the
LDOS evolution for the five oxygen atoms constituting the
NELS at VO3, we can see that the empty state (NELS, blue area)
is gradually consumed with the proceeding of the reaction. In
particular, though the NELS is largely consumed after O—H
breaking, it is still strong enough to reduce the energy of the
transition state of the rate-limiting C—H bond breaking step.

DOI: 10.1021/jacs.5b07939
J. Am. Chem. Soc. 2015, 137, 13228—13231


http://pubs.acs.org/doi/suppl/10.1021/jacs.5b07939/suppl_file/ja5b07939_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b07939/suppl_file/ja5b07939_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b07939/suppl_file/ja5b07939_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b07939/suppl_file/ja5b07939_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b07939/suppl_file/ja5b07939_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b07939/suppl_file/ja5b07939_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b07939/suppl_file/ja5b07939_si_002.avi
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b07939/suppl_file/ja5b07939_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b07939/suppl_file/ja5b07939_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b07939

Journal of the American Chemical Society

Communication

This is due to the fact that the quantity of the NELS consumed by
the transition state is very small, and the barrier can be still
significantly reduced through such slight NELS consuming
process. In addition, the fact that such characteristic NELS was
not observed on dimeric and trimeric VO, species (Figure S14)
also implies that aggregation of monomeric VO, is unfavorable to
ODH activity, which is largely consistent with the TPD results.’

The calculated HOMO evolution shows that the orbital of the
reactant overlaps with the NELS at transition states and the initial
NELS are gradually occupied during reaction, again proving the
participation of NELS in reaction. With the completion of the
dehydrogenation, the NELS is entirely consumed, and one Ce?**
appears as the result of the occupation of empty 4f states by the
electron from the second abstracted H (see the HOMO
distribution in Figure 3c bottom). It should be noted that the
empty 4f states can be largely regarded as the weak NELS as they
can localize electrons and prevent the reduction of V**, implying
the synergic effect of ceria with supported vanadia (Figure S15).
Therefore, we can also propose that the better ODH activity of
reducible supports compared with irreducible supports stems
from the localized states which prefers to “hold” the electrons.

In summary, the present work shows that two species, i.e., VO;
and VO,(m), constitute the optimal redox couple of VO, species
in ODH reactions and the high ODH activity of vanadia/ceria is
basically originated from their electronic and structural effects.
Specifically, the NELS can significantly increase the capabilities
of oxygen species in H adsorption, and the H adsorption energy
was found to be directly related to the activity of ODH reactions.
By performing the in situ electronic structure analyses, we directly
observed the participation of NELS in reaction, confirming the
unique role of NELS during catalytic processes. In addition, the
structural effect is also found to be crucial to the ODH reactions,
with O at the interface (O,_,_..) giving better performance than
Oe—o—cor especially when H adsorption energy is smaller and a
metastable VO, being catalytically more important than the
thermodynamically most stable one. We believe that the
proposed electronic and structural effects are crucial to
understanding the mechanisms of ODH reactions on vanadia/
ceria or other catalytic systems and helping design related
catalyst.
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