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ABSTRACT: Reducible transition metal oxides (RTMOs)
comprise an important class of catalytic materials that are used
for the selective oxidation and electro- and photochemical
splitting of water, and as supports for metal nanoparticles. It is,
therefore, highly desirable to model the properties of these
materials accurately using density functional theory (DFT) in
order to understand how oxide structure and performance are
related and to guide the search for materials exhibiting superior
performance. Unfortunately, accurate description of the
structural and electronic properties of RTMOs using DFT
has proven particularly challenging. The MO06-L density
functional, which has been shown to be broadly accurate for
calculations of gas phase clusters, has recently become available
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to researchers carrying out calculations in the solid state, but its performance in determining the properties RTMOs has been
little investigated. The aim of this work was to assess the performance of the M06-L functional for describing the structural and
electronic properties of a family of RTMOs: MoO,, MoOj3, and Bi;Mo;0,,. Lattice constants, band gaps, and densities of states
calculated using the MO06-L functional are compared to those obtained from DFT+U. We have also used the M06-L functional to
determine the reaction barrier for propene activation over Bi,M0;0,,, the rate-limiting step in the oxidation of propene to
acrolein. We find that while DFT calculations carried out with the M06-L functional are roughly five times more expensive
computationally than those performed with DFT+U, the results obtained using the M06-L functional provide sensible results for
all properties investigated, while avoiding the necessary trade-off between accurate electronic structure and accurate

thermochemistry that occurs in DFT+U.

1.0. INTRODUCTION

Reducible transition metal oxides are used extensively as
catalysts for the selective oxidation of hydrocarbons' and
alcohols,™ the reduction of nitric oxide,* the oxidation of
sulfur dioxide,® the photochemical and electrochemical splitting
of water to produce hydrogen and oxygen,”® and the
metathesis of olefins.”'® Each of these processes depends on
the ability of transition metal centers in RTMOs to change
oxidation states and to break or form bonds with reactant
molecules. RTMOs also play an important role as supports for
catalytically active metal nanoparticles, and in many cases such
supports also serve as a promoter or as a cocatalyst. For
example, the high CO oxidation activity of 2—3 nm gold
particles supported on TiO, and CeO, has been found to
depend, in part, on the formation of oxygen vacancies on the
TiO, or CeO, support."' " Electron transfer from oxygen
vacancies in the support layer to the metal particle produces
anionic gold, which efficiently activates dioxygen.'*"

Given the importance of RTMOs in catalysis, it is highly
desirable to analyze the energetics of reaction pathways
occurring on the surface of such materials with the aim of
identifying the elementary processes governing reaction rates
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and product selectivities. To date, the most promising
theoretical approach for analyzing the energetic of catalyzed
processes has been density functional theory (DFT).'®™'®
Extensive application of DFT has shown that when properly
applied this approach can give highly accurate heats of
adsorption and activation barriers in many instances for
reactions carried out on metal nanoparticles, isolated metal
oxo units, and active centers (e.g, Bronsted-acid protons and
metal cations) contained in zeolites.'” However, the application
of DFT to the analysis of reactions occurring on RTMOs has
proven to be particularly challenging. The primary difficulty
arises from the tendency of DFT to exaggerate the extent to
which electrons are delocalized.*® This tendency arises from the
erroneous self-interaction of electrons, a known inaccuracy in
DFT resulting from the approximations used in constructing
density functionals. Electron self-interaction error (SIE) is most
problematic for open-shell systems of which RTMOs with
partially occupied d subshells comprise an important subset.
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Overdelocalization of electrons due to the SIE does not affect
all RTMOs equally. For those systems in which d electrons are
in fact delocalized, such as in RuQ,, accurate results from DFT
have been attained.>' > However, DFT also predicts
delocalization of electrons in many systems in which electrons
are experimentally known to be well localized. A prime example
of this phenomenon is seen for O vacancy formation in TiO,.
While wave function-based methods predict and experiments
confirm that removal of an O atom from TiO, generates two
localized Ti** states adjacent to the vacancy, standard DFT
calculations distribute the two excess electrons over the entire
TiO, crystal. As a result, DFT gives both inaccurate O vacancy
formation energies and inaccurate geometries at O vacancy
sites.** Vacancy formation in other systems suffers the same
pathc;{sogy,25 a subject recently reviewed by Ganduglia-Pirovano
et al.

Inaccuracies due to electron SIE are not restricted to
calculations of vacancy formation. A well-recognized failure of
DEFT arises in calculating the electronic structure of the simple
oxide NiO. This compound is known experimentally to be a
semiconductor with a band gap of 4.0—4.3 eV; however, NiO is
predicted by many density functionals to have a band gap of
only 0.4—0.6 €V,” or even no band gap at all®® Again,
overdelocalization of the open-shell d electrons on the Ni
atoms due to electron SIE is responsible for the incorrect
prediction of the electronic structure in this and related
materials. Even in less pathological cases than NiO, DFT is still
generally found to underestimate band gaps as a consequence
of the SIE.** The SIE also leads to poor descriptions of
transition states,’® and the absorgtion energies and structures of
adsorbates bound to surfaces.>"

The same SIE for unpaired electrons that leads to poor
descriptions of energies and electronic structures in RTMOs
also leads to inaccurate results for a far simpler system, the O,
molecule. Popular density functionals like PBE, RPBE, and
PWO1 exhibit errors of 32, 26, and 21%, respectively, for the
formation energy of O, from atomic O. Though less severely,
these functionals also yield errors for the length of the O—O
bond, of 3.0, 1.9, and 0.8% respectively. Erroneous prediction
of the properties of O, further complicates calculations on the
surfaces of RTMOs involving the adsorption, reaction, or
evolution of O, molecules, processes which are involved in both
oxidation chemistry and water electrolysis. While workarounds
exist for the O, molecule specifically,” similar problems exist
for related molecules including NO and superoxide anions.
Again, electron SIE in systems with unpaired electrons is at the
heart of the problem.

Several methods have been proposed to mitigate or eliminate
the overdelocalization of electrons due to the SIE. Two of the
most popular approaches are the DFT+U method and the
hybrid DFT approach. In DFT+U, an extra interelectron
repulsion term (U,) is introduced, the effect of which is to
drive electron relocalization and thereby mitigate the effects of
the SIE. Methods for determining the value of the interelectron
repulsion from first principles have been proposed,®* > but in
practice most researchers choose the value of this term in order
to achieve agreement between a theoretically calculated and an
observed property of a material of interest.**”** The DFT+U
method has been applied successfully to the analysis of
elementary processes on many RTMOs, including oxygen
vacancy formation energies in TiO,,*" V,05> MoO;,* and
CeO,; "™ activation of propene by Bi,Mo;0,,;* oxidation of
methanol catalyzed by TiO,-supported VO,;** band bending

and charge redistribution for TiO,-supported Au;*’ and
adsorbate binding in iron heme complexes.*®

However, as presently used the DFT+U method suffers from
two limitations. The first is that values of U, determined from
self-consistent calculations are often at variance with the values
found empirically to provide the best agreement between
theory and experiment.** This limits the applicability of DFT
+U to systems in which experimental data are already available.
Second, the value of U, that provides the best agreement with
experimental results typically depends on the experimental
property of interest. A value of U that provides an accurate
description of the electronic structure of an oxygen vacancy in
an RTMO may differ from the value that provides an accurate
description of the vacancy formation energy. Even more
problematic are cases where the optimal value of U differs for
the same element in different oxidation states or coordination
environments.>> In such a scenario, it is not clear how to
conduct an accurate calculation on a reaction mechanism that
involves a change in the oxidation state or coordination
environment of the active site, and such changes are ubiquitous
in the catalytic processes occurring on the surfaces of RTMOs.

An alternative approach for overcoming the effects of the
electron SIE is to use hybrid density functionals, which
complement the electron exchange of standard DFT with a
fraction of Hartree—Fock-type exchange. Incorporation of
Hartree—Fock exchange into DFT was first proposed by
Becke,* and produces far superior results to those of DFT (or
of pure Hartree—Fock theory) for a wide variety of material
properties, including bond lengths, bond dissociation energies,
reaction barriers, and frontier orbital energies. Hybrid func-
tionals are now used extensively in theoretical studies of
molecular chemistry and are being used increasingly in studies
of the properties of solid-state material properties to determine
band gaps®®*! and oxygen vacancy formation energies.”® The
results of calculations carried out with hybrid functionals are
also often used to determine a value of U for subsequent DFT
+U calculations.*”>* However, due to the long-range nature of
the Hartree—Fock exchange interaction, incorporating Har-
tree—Fock-like exchange into solid-state calculations involving
periodic boundary conditions comes at a steep computational
cost. Some progress toward limiting this cost has been made,*®
but the use of hybrid functionals remains a luxury for routine
application to problems in solid-state chemistry. There are also
certain classes of systems (including simple metals) where
addition of Hartree—Fock-like exchange actually decreases the
accuracy of the calculation.>* Ultimately, the fraction of exact
exchange used in a hybrid calculation is much like the value of
U.s used in a DFT+U calculation: the proportion of exact
exchange yielding best agreement with experiment is dependent
on the physical property of interest.

An ideal density functional approach for calculations on
RTMOs should provide (1) accurate bond lengths and angles
as well as accurate crystal lattice constants; (2) accurate
descriptions of the electronic structure of RTMOs, including a
correct description of the extent of localization of open shell
electrons; (3) accurate bond formation and bond dissociation
energies; (4) accurate adsorption energies, including phys-
isorption and van der Waals interactions; (S) should contain no
user-adjustable parameters; and (6) should be relatively
inexpensive computationally. While it is not clear that an
ideal density functional has yet been developed, the develop-
ment of new density functionals is an active field of
research.>> ™%’
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A functional that shows particular promise toward meeting
the criteria listed above is the M06-L functional of Zhao and
Truhlar.®® This functional has been well benchmarked in
molecular chemistry®*~®" and has seen application to a variety
of systems involving reducible transition metals in molecular
complexes®®™® and cluster representations of extended solid
surfaces.®® The MO6-L functional has recently been incorpo-
rated into the popular solid-state chemistry code VASP and has
been shown to provide good performance in the calculation of
band gaps for semiconductors®” and the heat of adsorption of
CO adsorption on metals.** The M06-L functional has also
been implemented in the GPAW code,*””® and a few reports of
the application of MO6-L to solid-state calculations using this
code have also been published.”"”> Given the need for reliable
density functional methods for performing calculations on
RTMOs, and the initial success of M0O6-L in related systems, it
is timely to investigate the performance of MO06-L for
calculations on RTMOs.

The purpose of this study is to investigate the performance of
the MO06-L functional for calculations on RTMOs, in order to
determine how well it meets the “ideal functional” criteria listed
above. Results obtained using the MO6L functional are
compared with those obtained from DFT+U and with
experimentally measured properties. Three prototypical
RTMOs were examined. The first is MoO,, a metallic oxide
which contains both one strongly localized and one strongly
delocalized d electron per molybdenum atom. It therefore
provides an interesting test for criterion (2). MoO, is also a
catalyst for the isomerization of alkanes’* and plays an active
role in promoting the activity of MoO,-supported Cu for the
water gas shift reaction.”* The second material is MoOs, a
medium band gap semiconductor with a layered structure; van
der Waals forces play an important role determining its crystal
structure. Standard density functionals have been shown to
perform poorly in describing its crystal structure,*® so MoOj
provides a useful test for criteria (1) and (4). MoO; is
catalytically active for the oxidative dehydrogenation of
alkanes”™” including methane.”” The energy for the reaction
H, + MoO; <& MoO, + H,0 was used to choose the value of
U, in previous DFT+U calculations on molybdates;* the
energy for this process calculated by M06-L provides one test
of criterion (3). Finally, for a comprehensive test of all of the
criteria listed above, the activation barrier for the rate-
determining step in the oxidation of propene to acrolein over
Bi,Mo0;0,, was examined and compared to results from earlier
work using DFT+U.* Propene oxidation over Bi,Mo;0,, is a
well-studied model for the selective oxidation and ammox-
idation of light olefins over multicomponent bismuth
molybdate-based catalysts, a process conducted industrially at
the scale of $ million ton per year.”®

This paper is organized as follows. Section 2 provides a brief
introduction to the DFT+U approach employed here. This
section also provides some useful background on the M06-L
functional and how its performance is expected to compare
with that of DFT+U or of hybrid methods such as HSE. The
computational methods employed are given in Section 3. The
results given in Section 4 are broken into four parts. Section 4.1
compares the time required to perform a simple calculation
using DFT, DFT+U, M06-L, and HSE, as per criterion (6)
above. Section 4.2 presents some basic thermochemical results
addressing criterion (3). Section 4.3 compares the performance
of RPBE+U and MO6-L for lattice constants and electronic
structures, addressing criteria (1), (2), and (4). A detailed

comparison of the mechanism by which propene is activated
during oxidation over Bi,Mo03;0,, is presented in Section 4.4.
Finally, our conclusions are given in Section S.

2.0. AN INTRODUCTION TO DFT+U AND MO06-L

In the simplified, rotationally invariant formulation of DFT+U
applied here,”” the self-consistent density functional energy is

modified by imposing a penalty function

1 2
Epprsu = Eppr + (U — ])5 Z (s = M)

Ims

In principle, U is the coulomb potential, ] is the exact exchange
potential, and n is the occupation value of an atomic orbital
with quantum numbers I, m, and s. (Because the plane wave
basis sets used by VASP are not atom-centered, such atomic
orbitals must be generated at the outset of the DFT+U
calculation. This is done by projecting the plane waves onto
spherical harmonic basis functions centered on selected atomic
nuclei) The difference U — ] is exactly the degree of
uncanceled electron self-interaction and acts as a weight for a
penalty function n — n* that drives the occupation value of 7 to
either 1 or 0: each electron either entirely occupies or is entirely
removed from a localized atomic orbital. While methods for
determining U and ] from first principles have been suggested
in the literature,>* ™’ in practice most researchers choose the
value of the difference U = U — ] empirically to match a
known experimental constraint on the system of interest.
Although in principle, a different value of U could be applied
to each orbital on each atomic center, ordinarily the correction
is applied only to the d orbitals on transition metals, or the f
orbitals on lanthanides and actinides (however, see refs 79 and
80 for an example in which a U correction was applied to O
2p orbitals). In the present study, a U, term was applied only
to the 4d orbitals on molybdenum.

In order to systematically examine the effect of the value of
U, on lattice parameters, electronic structures, and reaction
barriers, a range of U values was investigated. We have used a
U, value of 8.6 eV for Mo in previous RPBE+U calculations.*®
This value was chosen on thermochemical grounds: at Uy =
8.6 eV, the RPBE+U method gives —84 kJ/mol for the energy
change in the reaction MoO; + H, & MoO, + H,0, in
agreement with experiment (see refs 36 and 42 for more
details). Coquet and Willock** have used a value of U, = 6.3
eV to calculate vacancy formation energies on MoO,;(010) by
matching the spin density on reduced Mo centers in PBE+U
calculations to the value obtained from a PBEO reference
calculation. The same value of U, has been adopted by Lei and
Chen®' in a subsequent investigation of H, adsorption on
Mo05(010). Values of U.s = 2 and 4 eV have also been tested
to provide a more complete examination of the U parameter
space for Mo.

The RPBE density functional to which DFT+U corrections
have been applied belongs to a class of functionals known as
GGAs, where GGA stands for generalized gradient approx-
imation. The name signifies that these functionals use the value
of the local electron density and its derivative in determining
the energy of the system. Such functionals occupy the second
rung of Perdew’s “Jacob’s Ladder” of density functionals®* and
have been widely used in chemistry and physics for at least 25
years. The M06-L functional takes a further step up this ladder
and includes not only density and its first derivative, but also
kinetic energy density (which is mathematically related to the
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second derivative of density). Such functionals are called “meta-
GGA”. As Becke has nicely shown,* a significant amount of
chemical information is embedded in the kinetic energy
density, that is, the shapes of o, 7, and lone pair orbitals can
be visualized directly from kinetic energy density maps. Becke™
has also observed that information about the degree of electron
delocalization can be extracted from a comparison between the
kinetic energy density calculated from the Kohn—Sham orbitals
and that calculated for a homogeneous electron gas (HEG)
with the same local density: where electrons are strongly
localized, these two densities are similar, whereas the HEG
kinetic energy density becomes much smaller than the Kohn—
Sham kinetic energy density in regions of electron delocaliza-
tion. By calculating and comparing both types of kinetic energy
density, a properly constructed meta-GGA functional can
detect and correct for electron overdelocalization without
including nonlocal HF-like exchange. Indeed, the MO06-L
functional contains a kinetic energy density-based term in its
correlation functional that exactly removes the self-interaction
error for a one-electron system.** In addition, the MO6-L
functional is semiempirical in that the values of 35 adjustable
parameters used in its construction were optimized by
“training” the functional on the collection of “test set”
calculations. For systems whose chemistry is well represented
in these test sets, the MO06-L functional should therefore
provide superior accuracy over PBE and RPBE, which contain
no such empirical parameters. Notably, one of these test sets
measures the ability of a density functional to capture
noncovalent interactions, which are known to be poorly
described in PBE and RPBE. The inclusion of noncovalent
interactions in the training set for M06-L should improve its
accuracy for describing systems in which noncovalent
interactions are important.

The hybrid density functional scheme proposed by Heyd,
Scuseria, and Ernzerhof®®®” has also been investigated in the
present work. Several researchers have shown that hybrid
functionals provide superior accuracy to standard GGA
methods in calculations on RTMOs.****~3! The HSE func-
tional®® is constructed by (1) adding 25%"* of Hartree—Fock-
like” exchange to the PBE density functional (producing the
hybrid commonly referred to as PBE0”"), and (2) applying a
range-screening correction to the Hartree—Fock-like exchange,
such that the Hartree—Fock correction to the exchange
interaction decays from 25% for short-range exchange coupling
to 0% (i.e., pure PBE density functional exchange) for long-
range exchange coupling. The range screening procedure allows
the physically correct long-range cancelation between the PBE
exchange and PBE correlation densities to be recovered and
also reduces the computational expense of the functional
compared to PBEOQ in periodic systems.”” Addition of short-
range Hartree—Fock-like exchange significantly reduces the
electron SIE in HSE calculations as compared to PBE, resulting
in improved accuracy for atomization energies, geometries, and
reaction barriers, while the use of pure PBE exchange in the
long-range limit improves accuracy for metals and other
naturally delocalized systems as compared to PBEQ. Interest-
ingly, HSE actually out-performs both its PBE and PBEO
parents for band gap calculations and geometries, though it is
not as good as PBEQO for reaction barriers or atomization
energies.”” Since Hartree—Fock theory does not capture
dispersive, noncovalent interactions, incorporation of screened
Hartree—Fock-like exchange is not expected to improve the

accuracy of the HSE hybrid functional for systems in which
dispersive interactions are important.

3.0. THEORETICAL METHODS

All calculations were performed using VASP®* version 5.3.2.
DFT calculations were carried out using the PBE,”> RPBE,”
and M06-L>** functionals. Hybrid DFT calculations were
carried out using the HSE functional.***” DFT+U calculations
were carried out by applying the rotationally invariant,
simplified formalism due to Dudarev et al.””®’ Plane wave
basis sets”® were used to represent valence electrons, while core
electrons were modeled using projector augmented waves””"'*°
containing extra terms to allow calculation of the kinetic energy
density contributions from core electrons.'®’ The projector
augmented wave cores used were designed for plane wave
cutoft energies of 400 eV; this cutoff was used for calculations
in the PBE, M06-L, and HSE functionals. Testing suggested
that energy differences (e.g,, between the MoO, and MoO,
structures) were converged with respect to cutoff energy in the
MO6-L functional already at 400 eV. A larger cutoff energy of
500 eV was used for RPBE(+U) calculations for consistency
with previous work.*

Convergence of the total energy with respect to k-point mesh
was tested explicitly along each lattice axis. To determine the
number of k-points required along the crystallographic a-axis,
for example, a series of calculations were performed at 1 X 1 X
1,2X1X%X1,3X1X1,4X%X1X1,and so forth k-points, and
the total energy plotted as a function of the number of k-points
used. The number of k-points was increased until an energy
convergence of 0.5 meV/atom was achieved along each axis
independently. For geometric relaxation (see next paragraph),
an 8 X 9 X 8 k-point grid was used for MoO,, and a 6 X 2 X 6
k-point grid was used for MoO;. For Bi,M030,,, a4 X 2 X 3 k-
point grid was used for RPBE(+U) calculations, while a 3 X 2 X
2 k-point grid was found to be sufficient when using MO06-L.
For density of states calculations, k-point grids were doubled:
16 X 18 X 16 for MoO,, 12 X 4 X 12 for MoO;, and 6 X 2 X 4
for Bi;Mo0;0,,. Timing comparison calculations on the RPBE,
RPBE+U, M06-L, and HSE approaches were performed on
MoO, using the same 6 X 8 X 6 k-point mesh. Energies were
converged using first-order Methfessel-Paxton energy smear-
ing'? for MoO, and Gaussian energy smearing for MoO; and
Bi,Mo030,,. A smearing value of 0.02 eV was used in all cases.
For density of states calculations, energies were integrated over
k-space using the tetrahedron method with Blochl correc-
tions."” No energy broadening was applied in density of states
calculations.

To determine the optimal crystal structure in each functional,
atomic positions in crystal structures taken from the
literature'** 1% were allowed to relax at a series of fixed
volumes. Total energy was plotted versus unit cell volume, and
the third order Birch—Murnaghan equation of state'®”'%® was
used to fit the resulting curve. The minimum unit cell volume
derived from this equation was selected, and the atomic
positions in a cell of this volume allowed to relax until the total
energy converged to within 0.1 meV.

To investigate propene activation over Bi,Mo;0},, the
BigMo,,0,5 unit cell was first cleaved along the crystallographic
b-axis and a vacuum space of 12 A introduced. The BigMo,,0,4
unit cell can be decomposed into four Bi,Mo;0,, layers stacked
along the b crystallographic axis. Of these, the top two layers
were allowed to fully relax, while the bottom two layers were
held fixed to their bulk positions. Propene was positioned over
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the active site*> on the relaxed surface, and the mechanism for
hydrogen abstraction observed in previous work using RPBE
+U was reinvestigated in the M06-L functional. The reaction
path was determined by the nudged elastic band method'®
using the fast inertial relaxation engine algorithm developed by
Bitzek et al.''® and implemented in VASP by the Henkelman
group.''" The transition state for H abstraction from propene
on Bi,Mo3;0,, occurs at the crossing between the singlet and
triplet spin manifolds. To locate the transition state, spin-
relaxed calculations were performed to generate the initial
reaction path, with forces along the band converged to <0.1
eV/A. The spin crossing point was then located using an
algorithm described in detail elsewhere.*

Additional discussion is merited concerning use of the M06-
L functional as implemented in VASP. The Minnesota family of
functionals is known to rec}uire fine integration grids in order to
provide accurate energies''> (and in some cases, in order to
converge at all). The default integration grid in VASP (as
assigned through the variables NGX, NGY, and NGZ) was
found to be too coarse for accurate evaluation of the M06-L
functional, particularly for calculations involving slabs separated
by vacuum space. Empirical testing suggested that an
integration grid with 8 points per angstrom of lattice vector
length was sufficient. Thus, for MoO, with lattice vectors 5.60
X 4.90 X 5.66 A, an integration mesh of at least 44 X 40 X 44
should be used. Combined with an “accurate” precision setting,
this leads to evaluation of the kinetic energy density on an 88 X
80 X 88 grid, which is sufficiently fine to provide converged
results.

The most efficient algorithms for self-consistent convergence
of the charge density and wave function in VASP (the Kosugi
blocked-Davidson scheme and direct inversion of the iterative
subspace) are not presently available for use with meta-GGA
functionals. Use of the preconditioned conjugate gradient
algorithm, the quick-min molecular dynamics algorithm, and
the damped molecular dynamics algorithm was explored, and
the conjugate gradient algorithm generally found to be most
efficient. All methods worked well for calculations on bulk
phases, while introduction of vacuum space into the calculation
dramatically increased the number of self-consistent cycles
required to reach convergence in each case. The slow
convergence of the MO6-L functional in systems containing
significant vacuum space is a consequence of the way the
exchange energy density functional in M06-L is constructed.'"
As the kinetic energy density goes to zero (as it does in the
vacuum space far from the nuclei), the function that adjusts the
exchange energy density in response to the kinetic energy
density becomes ill-conditioned; small changes in the near-zero
value of the kinetic energy density lead to large changes in the
exchange energy density, which in turn lead to large changes in
the total energy of the system.

Convergence of the M06-L functional is also sensitive to the
initial guess provided. The default in VASP is to use a
superposition of atomic densities for a guess at the charge
density, and random numbers for the initial wave function. The
use of random numbers leads to a very poor initial guess of the
Kohn—Sham orbital kinetic energy density. As a result, the
MO6-L functional performs very poorly with the default initial
guess, in many cases completely failing to converge. Therefore,
an initial PBE or RPBE calculation was run prior to every M06-
L calculation to generate better initial guesses for the charge
density and wave function.

4.0. RESULTS AND DISCUSSION

4.1. Relative Computational Expense of RPBE, RPBE
+U, M06-L, and HSE. Although listed last in the criteria for an
optimal density functional in Section 1, reasonable computa-
tional expense is of primary importance for a density functional
to be of practical use. Table 1 shows the relative lengths of time

Table 1. Relative Computational Cost of Calculations on
MoO,

functional relative time SCF cycles
RPBE 1.0 14
RPBE+U (8.6 eV) 2.7 24
MO06-L 9.7 14
HSE 3248 31

required to complete a calculation of the total system energy
for MoO, at its experimental geometry with a 6 X 8 X 6 k-point
mesh using the RPBE, RPBE+U (U = 8.6 €V), M06-L, and
HSE functionals. Immediately obvious from Table 1 is the very
high cost of the HSE functional relative to RPBE(+U) and
MO6-L. This high cost severely limits its utility for calculations
on large, extended systems such as catalyst surfaces. Therefore,
further calculations employing the HSE functional were not
attempted in the present study. The HSE functional has been
well benchmarked elsewhere.*®'*~!17

Although far less expensive than HSE, the MO06-L functional
is roughly an order of magnitude more expensive than the
RPBE functional. (Note that part of the greater cost of this
functional can be attributed to the finer integration grid
required for its accurate evaluation, as discussed in Section 3.)
Not included in the timing shown for the M06-L calculation is
the time required to run an initial PBE (or RPBE) calculation
in order to obtain a good initial guess for the charge density and
wave function prior to carrying out an MO6-L calculation.
Attempting to converge an MO6-L calculation without first
reading in an initial guess for the charge density and wave
function typically doubles the computational cost from that
shown in Table 1 with the added cost coming entirely from the
greater number of self-consistent iterations required to achieve
convergence. Our experience has further shown that in many
cases the M06-L functional will not converge in any number of
iterations when an initial guess of the wave function is not
provided. Thus, conducting an initial GGA calculation before
using the MO06-L functional is both faster and more reliable
than using MO6-L alone. In the case considered here, the
computational cost of using the M06-L functional is roughly 10
times larger than that for the use of the RPBE functional and a
factor of 4 more expensive than using the RPBE+U method.
While relative job timings will be different for each system, the
numbers given in Table 1 provide a useful illustration of the
orders of magnitude involved.

4.2. Thermodynamic Considerations. In comparing the
results of calculated reaction energies between DFT+U and
MO6-L, it is necessary to distinguish between results that are
affected by altering the value of U, and those that are not.
Results for the latter category are shown in Table 2 for four
reactions relevant to the chemistry discussed in Section 4.4.
The first entry in Table 2 confirms a well-known result, that the
PBE and RPBE functionals provide very poor descriptions of
the O—O bond strength in O,. The MO06-L functional improves
on these results substantially. Although it does not achieve
“chemical accuracy” (usually considered to mean agreement
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Table 2. Comparison of Thermochemical Accuracy for Different Functionals (kcal/mol)

reaction PBE
20— 0, ~1569
C,Hy » CH, + H 87.1
H, +1/2 0, » H,0 —58.0
C,Hg + O, » C;H,0 + H,0 -73.5
mean absolute error 11.43

with experimental values to within 1 kcal/mol), it does reduce
the error by a factor of 3 versus RPBE and a factor of 4 versus
PBE. All four functionals give “chemically accurate” results for
the homolytic dissociation of propene and for the formation of
water. For oxidation of propene to acrolein by oxygen, a
reaction catalyzed by Bi,M0;0,, and discussed in greater detail
in Section 4.4, chemical accuracy is not achieved by any
functional. The PBE and MO06-L functionals provide similar
performance, while the RPBE functional significantly over-
estimates the exothermicity of this reaction. From the results in
Table 2, it is evident that the MO06-L functional does not
provide perfectly accurate thermochemical results. However, it
has by far the lowest mean absolute error for the examples
considered here. This observation is in line with a previous,
much more extensive investigation''® in which the mean
absolute errors for the PBE, RPBE, and M06-L functionals were
found to be 7.8, 6.5, and 4.0 kcal/mol, respectively. It is difficult
to predict how accurate a density functional will be for any
particular reaction, as good agreement with experiment may
reflect a better description of the underlying physics, but may
also reflect a fortuitous cancelation of errors. However, the
improved average accuracy of the MO06-L functional compared
to the PBE and RPBE functionals over a set of reactions is
expected; because the M06-L functional is highly parametrized,
and the values used in its parametrization were fitted to
experimental data, the MO6-L functional has more “built-in
chemical knowledge” than PBE or RPBE.

For reactions involving transition metals, the thermochemical
results become dependent upon the value of Ug applied.
Several researchers have argued in favor of choosing a value of
U, based on the oxidation energy of the system of interest.>*>°
We have followed this approach in our previous work,*
wherein a value of Uy = 8.6 eV was chosen for Mo based on
the change in energy for the reaction MoO; + H, & MoO, +
H,0. The choice of this reaction reflects a desire to tune U,gin
order to accurately describe the thermodynamics of oxidation
and reduction on molybdenum. In principle, choosing the
reaction MoO, + O, & MoO; should provide the same result.
However, as Table 2 shows, the large error associated with the
formation energy of O, introduces an extra complication in
using the latter reaction.

Figure 1 shows the effect of the choice of Uy on the
calculated reaction energies for the reaction MoO; + H, —
MoO, + H,0 determined using the PBE and RPBE functionals.
Also shown are the energies for this reaction determined using
MO6-L functional, along with the experimental value. It is
notable that although the energies calculated using the PBE and
RPBE functionals differ significantly, the effect of U, on
calculations using these functionals is essentially identical.
Because the functional forms of the PBE and RPBE density
functionals are very similar (they differ only by a minor change
in the exchange enhancement function), it is not surprising that
the U, correction acts similarly on both functionals. Given the
essentially identical effect of the U correction on the PBE and

RPBE MO06-L experiment
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Figure 1. Reaction energy for the process MoO; + H, = MoO, +
H,O for different values of U,y in the PBE (lower line, blue) and
RPBE (upper line, green) density functionals. The experimental value
of —20.2 kcal/mol is shown as a dotted line. The M06-L functional
predicts a reaction energy of —24.3 kcal/mol (red mark).

RPBE functionals, only the RPBE+U functional was inves-
tigated in the present study. It can be readily anticipated that
results from PBE+U would follow the same trends.

4.3. Lattice Constants and Electronic Structures.
4.3.1. Molybdenum Dioxide (MoO,). MoO, has a monoclinic
crystal structure that can be derived from the tetragonal
structure of rutile by pairing Mo centers along the rutile c-axis
(which becomes the g-axis in the monoclinic cell definition) to
produce covalent Mo—Mo bonds. The instability of a
tetragonal (rutile) MoO, phase has been nicely demonstrated
by Eyert et al,,'** while the principles underlying the electronic
structure of this phase were clearly elucidated by Good-
enough''” more than 40 years ago. In brief, metal centers in
roughly octahedral coordination environments experience
crystal field effects that split their d orbitals into e, and t,,
sets. In rutile-based structures, the lower energy t,, set is further
split by the ability of d,, orbitals on neighboring centers to
overlap, forming o-bonding pairs, while such overlaps are not
possible for the d, and d,, orbitals. Overlap between
neighboring d,, orbitals is strengthened if pairs of metal
centers move toward each other along the rutile c-axis. The
resulting distortion doubles the unit cell, and in the case of
MoO,, locks one d electron per Mo center into a covalent Mo—
Mo bond. The other d electron from each Mo center occupies
one of the degenerate d,, and d,, orbitals; half-filling of this
degenerate band gives rise to the metallic conductivity of the
oxide. The effective mass of the conduction electrons in MoO,
is roughly three times that of a free electron, suggesting that
unpaired d electrons in MoO, are not strongly correlated.
Thus, the electronic structure of MoO, contains one strongly
localized and one strongly delocalized d electron per Mo
center. It should also be noted that MoO, is nonmagnetic at all
temperatures.'®'*° Consistent with this observation, it was
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Table 3. Lattice Constants for MoO, (Lengths in Angstrom; Volumes in Cubic Angstrom; U,y Values in eV)

RPBE
expt U = 0.0 Ug =20 Ug = 4.0 Ug = 6.3 Uy = 8.6 MO06-L
a 5.6109 5.6431 5.6421 5.6275 5.6383 5.6619 5.6025
b 4.8562 4.9523 4.9682 5.0000 5.0345 5.0618 4.8998
c 5.6285 5.7263 5.7434 5.7723 5.7900 5.8198 5.6596
p 120.95° 120.65° 120.65° 120.74° 120.67° 120.80° 121.52°
vol 131.53 137.67 138.50 139.60 141.36 143.27 132.43
% Error
a 0.57% 0.56% 0.30% 0.49% 0.91% —0.15%
b 1.98% 2.31% 2.96% 3.67% 4.23% 0.90%
c 1.74% 2.04% 2.56% 2.87% 3.40% 0.55%
vol 4.67% 5.30% 6.14% 7.48% 8.93% 0.69%
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Figure 2. Density of states in MoO, in the M06-L and RPBE(+U) functionals. U, in eV. The Fermi level (0 eV) is set to the energy of the highest

occupied state.

found that it was not necessary to perform spin-polarized
calculations on this phase.

The effects of the choice of functional and value of U, on
the lattice parameters of MoO, are shown in Table 3. The
RPBE functional alone provides a reasonable match to the
experimental lattice constants, but larger values of U lead to
increasing overestimation of the unit cell dimensions. On the
other hand, the M06-L functional gives reasonably good values
for lattice constants of MoO,.

The valence band structure’*'?* of MoO, determined
experimentally shows a primary O 2p bandwidth running from
roughly —3 to —10 eV relative to the Fermi level. Two higher
energy peaks also appear. Gulino et al.'*° place the first of these
features at 1.4 eV below Eg,,,; and the second feature at 0.4 eV
below Eg,.,.. Scanlon et al. find a similar result,"*" placing these
peaks at 1.6 and 0.6 eV below E,;, respectively. The first peak
is attributed to the Mo—Mo bond formed by c-overlap of d,,
orbitals, as discussed above. The second peak is assigned to the
singly occupied d,,—d,, state. On the basis of careful
investigation of high-resolution ultraviolet photoelectron spec-
troscopy (UPS), Gulino et al. have concluded that this latter
state should also have significant Mo—Mo z-bonding character.
The lowest unoccupied states are expected to appear roughly
2.5 eV above the top of the O 2p valence states.

25568

The effects of the choice of functional and the value of U4
on the density of states in MoO, are shown in Figure 2. All
calculations underestimate the width of the valence band, which
terminates at —8 eV versus Eg,, for the RPBE(+U)
calculations, and —8.5 eV for the MO06-L calculations. The
RPBE and MO6-L calculations both capture the features of the
experimentally observed MoO, valence band: the material is
metallic with two distinct features sitting between the main
valence band and the conduction states. RPBE places these
features at —1.4 and —0.5 €V relative to the Fermi level, while
MO06-L places the Mo—Mo bond orbital at —1.9 eV and the
d,,—d,, state at —0.6 eV. Switching on the Hubbard U term in
the RPBE calculation preserves these features initially; the Mo—
Mo bonding band shifts to slightly lower energy at U.; = 2 eV
but the material remains metallic. As U, increases to 4 eV, the
Mo—Mo bonding band begins to merge with the main valence
band. The occupied Mo d conduction states also shift to lower
energy, and begin to decouple from the conduction band.
When U, is increased to 6.3 eV, the Mo—Mo bonding band
vanishes completely into the valence states, and the remaining
occupied Mo d states shift below the Fermi level, opening up a
very arrow (~0.2 eV) band gap. The antibonding states in the
conduction band above the Fermi level also begin to narrow
and separate; of these, the one closest to the Fermi level is most
well-resolved. When U, is further increased to 8.6 eV, the
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Table 4. Lattice Constants for MoO; (Lengths in Angstrom; Volumes in Cubic Angstrom; U, Values in eV)

expt PBE Ug = 0.0 Ug =20
a 3.9628 3.9630 4.0883 4.0490
13.855 16.548 17.097 17.160

c 3.6964 3.7100 3.7014 3.7188
vol 202.95 243.29 258.71 258.39

a 0.01% 3.17% 2.18%

19.43% 23.40% 23.85%

c 0.37% 0.13% 0.61%

vol 19.88% 27.48% 27.32%

RPBE
Uy = 4.0 Uyg =63 Uy = 8.6 Mo06-L
4.0275 3.9971 3.9665 3.9317
17.118 17.102 17.094 13.028
3.7373 3.7655 3.7973 3.7037
257.66 257.41 257.47 189.72
% Error
1.63% 0.87% 0.09% —0.79%
23.55% 23.44% 23.38% —5.97%
1.11% 1.87% 2.73% 0.20%
26.96% 26.83% 26.87% —6.52%

states above the Fermi level continue to narrow and a 0.2 eV
band gap continues to be present between the highest occupied
and first unoccupied Mo d state. These results are consistent
with the expectation that for a sufficiently large value of U,
any metal oxide with partially occupied d orbitals will become a
Mott-Hubbard insulator. The results presented here suggest
that in order to achieve a qualitatively correct description of the
electronic structure of MoQ,, a value of Uy < 4 eV should be
employed with the RPBE functional.

4.3.2. Molybdenum Trioxide (MoOs). MoOj is a medium
band gap semiconductor. Although methods like PBE are
known to underestimate the band gap, the problem is one of
degree, not of kind: DFT does not erroneously predict metallic
behavior for this material. MoO; does, however, present a
different challenge for DFT in that its structure is comprised of
layers with strong iono-covalent bonds holding the material
together within each layer but only van der Waals forces
binding these layers to each other. As seen in Table 4, simple
density functionals such as PBE and RPBE are unable to
capture these dispersive interactions adequately, leading to
dramatic failures in the prediction of lattice constants. All lattice
constants are overestimated to some degree, but the errors
along the b-axis along which weakly bound layers are stacked
exceed 20%. Functionals that perform so poorly for van der
Waals interactions will also seriously underestimate the heats of
adsorption of molecules on surfaces, and the nature and degree
of surface reconstruction that surfaces experience upon being
cleaved from the bulk. They are also likely to underestimate the
strength of hydrogen bonds, which ultimately are more
dispersive than covalent in nature. If the strength of hydrogen
bonding interactions is underestimated, then for calculations on
surfaces reacting in an aqueous environment (e.g,, for a model
of an electrochemical process), even calculations including
explicit water layers above the surface may not properly capture
the nature of the interactions taking place between surface,
adsorbate, and solvent. Such interactions can be decisive in
determining operative mechanisms under electrochemical
conditions.' >

Table 4 also shows that the value of Uy has only a small
effect on lattice constants in MoOjs. Increasing the value of U,
lengthens the c-vector slightly at the expense of the a-vector,
reflecting changes in the degree of hybridization between
empty Mo d states and the empty Mo s and p states responsible
for Mo—O bonding interactions. The b-lattice constant is
almost totally unaffected by the value of U Since there are no
occupied d orbitals on MoO; on which a Hubbard U correction
could act directly, it is reasonable that the overall effects of U
on lattice constants in MoOj are small.
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Compared to PBE and RPBE(+U), the M06-L functional
yields a much more accurate estimate of the lattice constants
for MoO;. In fact, the MO6-L functional actually underestimates
the length of the b-vector. More detailed analysis reveals that
MO6-L accurately describes the axial Mo=0O bonds (1.693 A
experimentally; 1.695 A with M06-L), while overestimating the
iono-covalent Mo—O bond along the b-axis within each layer
(2258 A experimentally; 2.373 A with M06-L). Planes of
terminal oxygens in adjacent layers are too close together
(0478 A experimentally; 0.313 A with M06-L) but this only
shortens the nearest interlayer O—O contact from 2.77 A to
2.74 A. Tt is also noted that the MO06-L functional does not
contain empirical dispersion, and hence, its successful
description of van der Waals interactions is due entirely to
the parametrization of its exchange-correlation functional. The
relative success of the MO6-L functional in describing the
structure of MoQ; is consistent with the observation that this
functional provides improved descriptions of the structures of
graphite, hexagonal boron nitride, and MoS,, each of which
possesses a two-dimensional layered structure.'*

Band gaps calculated for MoOj using each functional are
given in Table 5. Figure 3 shows the corresponding densities of

Table 5. Band Gaps for MoO;

functional band gap (eV)
PBE 1.79
RPBE 2.19
RPBE+U (2.0 ¢V) 2.09
RPBE+U (4.0 eV) 2.14
RPBE+U (63 eV) 219
RPBE+U (8.6 &V) 238
MO06-L 2.15
experiment 2.98

states. To facilitate comparisons among band gaps and valence
band widths, the Fermi level in Figure 3 has been set to the top
of the valence band, rather than to the center of the band gap as
would be conventional for a semiconductor. As expected, the
PBE and RPBE functionals underestimate the band gap, the
PBE functional in particular erring by ~40%. Unexpectedly,
small values of U, reduce the band gap to values even lower
than those obtained for U, = 0 though the effect is small.
Larger values of U, do have the expected effect of widening the
band gap, but again the effect is small. Even at the largest value
examined here, the band gap is still well short of the
experimental value. Since there are no occupied d orbitals in
this system for which the energies can be examined, and since
even large values of Uy do not reproduce the experimental
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Figure 3. Density of states in MoOj5 in the M06-L and RPBE(+U) functionals. U, in eV. The Fermi level (0 eV) is set to the energy of the highest

occupied state.

band gap, it is not obvious how to choose an appropriate value
of U on the basis of the densities of states in Figure 3. Indeed,
the relative insensitivity of the results in Tables 3 and 4 and
Figure 3 to the value of U, suggest that a +U correction is
neither harmful nor helpful for achieving more accurate lattice
constants or densities of states for MoO;. However, the total
energy of the system as calculated within VASP does vary with
the value of U, (as seen in Figure 1). Larger values of U, also
lead to stronger Mo—O bonds, visible in Figure 4 as a shift in
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Figure 4. Mechanism for propene activation over Bi,Mo0;0,.

the bottom of the valence band to lower energies. The M06-L
functional also underestimates the band gap as compared to
experiment; its performance is on par with that of RPBE.
4.3.3. Bismuth Molybdate (Bi;M030;,). The alpha phase of
bismuth molybdate, Bi,Mo0;0,,, is an active catalyst for the
selective oxidation of hydrocarbons.*>7#'%12¢ Tts crystal
structure can be derived from the scheelite (CaWO,) structure
by (1) creating an ordered array of cation vacancies at one-third

of the Ca®" sites, while placing Bi** ions at the other two-thirds
of the Ca®" sites; and (2) rotating pairs of tetrahedral MoO,*

i

ons toward each other to create Mo,Og*~ dimers containing

five-coordinate Mo®" ions. The presence of many cation
vacancies and Mo=0 double bonds gives Bi,M0;0,, a layered
structure with few covalent bonds connecting layers along the
crystallographic b-axis. Thus, as in MoOj;, dispersive
interactions play an important role in determining the overall
lattice constants and atomic positions within the structure.

Table 6 compares the experimentally measured lattice

constants of Bi;Mo;0,, to those calculated using the RPBE

Table 6. Lattice Constants for Bi,Mo0;0;, (Lengths in

Angstrom; Volumes in Cubic Angstrom; U = 8.6 €V)
expt RPBE+U MO06-L

a 7.7104 8.0186 7.7426
b 11.5313 12.2491 11.7374
c 11.972 12.308 12.065
p 115.276° 114.029° 116.057°
vol 962.53 1103.75 984.99
% Error
a 4.00% 0.42%
b 6.22% 1.79%
c 2.81% 0.78%
vol 11.47% 2.33%
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functional with U, = 8.6 eV and those calculated using M06-L.
As with MoQ;, the value of Uy chosen had little effect on
lattice constants for a material containing no occupied d
orbitals (not shown). The tendency of the RPBE functional to
overestimate lattice constants is evident from Table 6. As noted
above, the particularly large error for the b-lattice vector is a
result of the importance of dispersive forces along this axis. By
contrast, the MO6-L functional yields much better agreement
with the experimentally determined lattice constants for
Bi,Mo;0,,.

The band gaps calculated for Bi,Mo;0,, using RPBE+U and
MO6-L are given in Table 7. As for MoOj3, the RPBE functional
significantly underestimates the band gap. Here, however,
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Table 7. Band Gaps for Bi,Mo;0,,

functional band gap (eV)
RPBE 2.55
RPBE+U (2.0 ¢V) 2.60
RPBE+U (4.0 eV) 2.70
RPBE+U (63 eV) 2.85
RPBE+U (8.6 eV) 3.05
MO6-L 2.72
experiment 2.95

increasing the value of U, does have a significant 1mpact on the
estimated band gap with the largest value tested, U = 8.6 eV,
actually leading to an overestimation with respect to
experimental values. The experimental gap of 2.95 eV could
be matched by using Uy = 7.5 eV. The MO06-L functional
improves significantly on the RPBE functional but still falls
short of the experimental value.

The densities of states for Bi,Mo;0,, calculated using the
RPBE+U and MO06-L functionals are available in the Supporting
Information. They differ from the spectra shown in Figure §
(discussed below) only in that the states marked (%) and ()
do not appear in the spectra for Bi;Mo;0,. To the best of our
knowledge, an experimental investigation of the valence or
conduction band states in Bi,Mo0;0,, has not been reported.

4.4. Propene Activation by Bismuth Molybdate. We
have recently reported an analysis of the mechanism by which
propene is oxidized to acrolein on the surface of Bi,Mo;0;,
carried out using DFT and the RPBE+U method.*® The
principle objectives of that work were to investigate the
energetics of the mechanism deduced from experiments and to
define the active site requirements for propene activation. As
discussed in Section 2, a value of U, = 8.6 eV was used in order
to obtain accurate thermochemical results for catalytic steps
over Bi,Mo;0,, that involved reduction at Mo centers.

As shown in Figure 3, the rate-determining step in the
conversion of propene to acrolein is abstraction of a hydrogen

atom from the methyl group of propene by a lattice oxygen
atom. At the transition state, the double bond of an Mo=0
group is broken, producing a reduced Mo®* center and an
electrophilic O™ center. The electrophilic O~ then abstracts H
from propene, producing an allyl radical and converting the
Mo®"=0 active site to Mo**—OH. The most active Mo®"'=0
site was found to be one with a Bi neighbor 2.7-2.8 A from O,
and additional calculations suggested that further decreasing
this Bi—O distance would decrease the propene activation
barrier. The intrinsic activation barrier for propene activation
determined using RPBE+U is 25.0 kcal/mol at the most active
Mo=0 site. When combined with an experimentally measured
heat of adsorption of 7—8 kcal/mol,"*”'** this yields an
apparent activation barrier of 17—18 kcal/mol, in excellent
agreement with the experimentally measured range of 17—-21
kcal/mol. 24123

While the activation barriers found in ref 45 are in good
agreement with experimental values, the analysis in Section
4.3.1 demonstrates that for at least one phase containing
reduced molybdenum centers, a U value of 8.6 eV introduces
significant distortions into the calculated electronic structure of
the material. Since propene activation over Bi,Mo;0;, leads to
the creation of reduced molybdenum centers, it was of interest
to determine the effect the value of U on the density of states
of reduced Bi;Mo;0;,. Figure 5 shows the majority spin density
of states for the Bi,Mo;0,, slab after activation of propene. On
the catalyst surface, one Mo®*=O active site has been
converted to Mo>*—OH, while the propene molecule has
been converted to an allyl radical physisorbed nonspecifically
over the slab. For clarity, the states attributable to the allyl
radical in Figure S have been removed; the energies of those
states are not affected by changes in the value of Uy The
Fermi level in Figure S has been set to the energy of the highest
doubly occupied state (i.e., excluding the unpaired electron on
Mo®*) to facilitate comparison among the spectra.

When U, = 0 eV, the occupied Mo d state (marked with a %
in Figure S) sits at the top of the band gap. As the value of U,
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Figure 5. Majority spin density of states in Bi,Mo;Oy, with one surface Mo**=0 group replaced by Mo>*—~OH. The Fermi level (0 eV) has been
set to the energy of the highest occupied minority spin state, that is, to the highest occupied state excluding the unpaired d electron on Mo**. The
state occupied by the unpaired d electron is marked with a blue star. The state marked with a black square in the M06-L, U = 6.3, and U = 8.6 spectra
represents the O—H bond. For U = 0.0, U = 2.0, and U = 4.0, this state occurs in the O 2s region at —22 €V, and is therefore not visible in the figure.
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is increased, the energy of this state decreases, such that it
moves into the middle of the band gap for U.s = 2—4 eV. The
character of this state also changes with the value of Ug: for Ug
= 0—2 eV, it has essentially pure Mo d character but by U = 4
eV it begins to take on some O p character. This effect becomes
pronounced as U rises to 6.3 eV; the state has now decreased
in energy to nearly the bottom of the band gap, and now has
principally O p character. As U, rises further to 8.6 eV, the
singly occupied state becomes purely O 2p in character. The
occupied Mo 4d state has instead emerged below the valence
band at an energy near —5.5 eV. A similar effect has been
observed® in calculations on reduced V,0Oq with Uy = 6 eV.
Also marked in Figure 5 for the M06-L, U = 6.3, and U = 8.6
eV spectra is a state having a mixture of O 2p and H 1s
character. This state represents the O—H bond formed by
attachment of H to the surface during the activation of propene
(see Figure 4). When U, is 4 eV or less, no H 1s character can
be detected in any state in the valence region. Instead, the H 1s
state appears among the O 2s states near —22 eV (not shown in
Figure S). Thus, the value of U, affects not only the energy of
the Mo 4d orbitals but also the energy and position of the O—
H bond proximal to the reduced Mo atom. The spectrum for
MO06-L shown in Figure 5 also shows an O 2p—H 1s bonding
state, near —6 eV. The occupied Mo 4d state appears in the
band gap at ~1.8 eV above the bottom of the valence band.
The results in Figure 5 show that in reduced Bi,M030,,, as
in MoO,, the value of U, has a significant effect on the
calculated electronic structure. In the case of MoO, it was
possible to compare the calculated electronic structures to
experimental results in order to determine which calculations
were most accurate. Ideally, the same procedure would be
followed for reduced Bi,Mo;0,,. However, to our knowledge
the electronic structure of slightly reduced Bi,Mo;0,, has not
been measured. Experimental studies on the reduction of
related materials, such those of Grzybowska et al.'*® for
Bi,MoOg4 and MoQj, typically reveal the emergence of a pair of
states at ~1 and ~2 eV above the valence states, and the
presence of Mo*". Such studies suggest that the features seen in
the electronic structure of MoO, are general to molybdates
containing the Mo*" oxidation state. If it can be assumed that
the properties of Mo>" sites are also similar across different
molybdate phases, then the results of Irfan et al.'** are
informative. These researchers conducted ultraviolet photo-
electron spectroscopy (UPS) on MoO; films prepared by a
vapor phase deposition procedure known to create slightly
oxygen deficient MoO;. UPS analysis of these films revealed a
single occupied state ~2 eV above the oxygen valence edge, and
no evidence for a state 1 eV above the valence edge. Kanai et
al.®! also observed the appearance of a single state ~2 eV
above the valence band in MoO; films partially reduced by an
electron-donating organic molecule in a model organic
electroluminescent device and confirmed by X-ray photo-
electron spectroscopy that this state was due to the presence of
Mo®". If the energy level of an occupied d orbital on an Mo®*
center in reduced Bi,Mo;0;, is similar to that observed on
Mo®" centers in reduced MoO,, then the spectra in Figure S
produced using the M06-L functional and the RPBE functional
with Ug < 2 eV are likely to be most accurate, in agreement
with the findings of Section 4.3.1 for MoO,. In any case, the
placement of the occupied Mo 4d state below the valence band
when Uy = 8.6 €V is almost certainly not correct; if Mo 4d
states existed at energies below those of the O 2p states, then in
materials like Bi,Mo0;0,,, electrons would spontaneously shift

from O 2p states to Mo 4d states, reducing the material and
releasing O,, an effect that is not observed experimentally.
Thus, it can be concluded that while RPBE+U calculations with
U = 8.6 eV can accurately describe the energetics of propene
activation over Bi,Mo;0,, they cannot accurately describe the
electronic state of the partially reduced catalyst produced by
this reaction. As a result, processes like adsorption of O, over a
reduced Mo site in the catalyst, a process not examined in ref
45 but likely involved in the reoxidation of the catalyst after
propene oxidation, may not be accurately described by RPBE
+U calculations.

In addition to altering the energy of the occupied Mo 4d
state significantly, the value of Ug used also has a dramatic
effect on the calculated activation barrier for the rate limiting
step in propene oxidations (see Figure 4). Table 8 shows that

Table 8. Effect of U, (in eV) in RPBE+U Calculations on
the Activation Barrier and Final State Energies (in kcal/mol)
for Hydrogen Abstraction from Propene over Bi,Mo;0,,

U barrier final state
0.0 54.6 372
2.0 52.9 30.2
4.0 46.8 219
6.3 38.9 11.0
8.6 25.0 0.7

turning off the +U correction drives the reaction barrier for
propene activation to >S50 kcal/mol, far beyond the
experimentally measured range. The energy of the final state
after hydrogen abstraction (Mo**—OH + allyl radical) relative
to the initial state (Mo®*=0 + physisorbed propene) is given
as well in Table 8. This column underscores the dramatic
impact of the value of U, on the overall energy of reaction: the
final state structure is identical in each case, and the energy of
the allyl radical is unaffected by the +U correction on
molybdenum. Thus, the difference in final state energies at
different values of Uy directly reflects the relative degree of
stabilization of the occupied Mo d orbital. For small values of
U, the final state energies grow significantly larger than the
experimentally measured activation barrier. Thus, a comparison
of the initial and final state energies determined using the
uncorrected RPBE functional could lead to the incorrect
conclusion that Bi,Mo;0;, is not a competent catalyst for
performing the oxidation of propene, in contradiction to
experimental evidence. On the other hand, for a U as large as
8.6 eV, the abstraction of hydrogen from propene becomes a
nearly thermoneutral process — a surprising result given that a
free radical is generated by this reaction. What Table 8 makes
clear is that applying a +U correction to RPBE calculations on
Bi,Mo;0,, allows one to obtain a reaction barrier consistent
with experimental findings, but only by introducing one error
to cancel another. Overstabilization of an occupied Mo d orbital
energetically compensates for an otherwise under-predicted
reduction energy (as seen in Figure 1), but at the cost of
yielding an inaccurate description of the resulting electronic
structure (as seen in Figure S). In this system, no value of Uy is
capable of providing chemically sensible results for both the
reaction thermochemistry and the electronic structure of the
reduced catalyst.

Figure 6 compares the reaction paths for the first hydrogen
abstraction step determined from calculations carried out using
the RPBE, RPBE+U (8.6 eV), and M06-L functionals. The zero
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Figure 6. Activation barriers for hydrogen abstraction from propene over Bi,Mo;0,, calculated using M06-L, RPBE, and RPBE+U (8.6 eV). The
singlet spin states are indicated by long dashes, the triplet spin states by short dots, and the spin-coupled reaction paths by solid lines. The zero of
energy (gray line) is set by the energy of the bare slab and gas phase propene taken separately.

in this figure is the sum of the energies of the bare catalyst
surface and gas phase propene. The energy in each case starts
below zero, reflecting physisorption of propene onto the
catalyst surface. The MO6-L physisorption energy is 4.4 kcal/
mo), as compared to only 1.8 kcal/mol with RPBE(+U). This
difference reflects the better ability of MO6-L to capture the
dispersive interactions responsible for physisorption. The
experimental value for the heat of adsorption of propene is
7—8 kcal/mol."?71?®

Following propene adsorption, the energy rises steeply and
reaches a maximum at the transition state for hydrogen
abstraction. This transition state occurs at the crossing between
the spin-singlet and spin-triplet configurations of the system. In
the transition state as calculated using RPBE+U with U,¢ = 8.6
eV, the singlet—triplet transition arises from a rehybridization
of a closed shell Mo(+6)=0(—2) bond to form an
Mo(+5)*—*0O(—1) diradical. This bond breaking step is the
rate-determining event in the RPBE+U calculations, and occurs
prior to the hydrogen abstraction step. As shown in Figure 7a
(reproduced here from ref 45), the C—H bond has only barely
stretched from its initial length of 1.10 A, while the O—H
distance of 1.58 A indicates that formation of the O—H bond
has only just begun. The Mo—O bond distance at the transition

a) b)
J J
18 St 60
1.58 \ '
2.03 1.94
2. 89
i RPBE+U MO06-L

Figure 7. Transition states for hydrogen abstraction from propene
calculated using RPBE+U (U, = 8.6 eV) (a) and M06-L (b).
Distances are in angstroms. For clarity, atoms in the catalyst surface
not directly involved in the chemistry are not pictured.
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state, however, is 2.03 A, significantly longer than the value of
1.76 A prior to reaction and nearly equal to its final length of
2.05 A. This distance is characteristic of a2 Mo—O single bond.

As shown in Figure 7b, when the calculation is conducted
instead using the MO6-L functional, a rather different picture of
the transition state emerges. As in the cases where calculations
were carried out using the RPBE+U functional, the M06-L
functional predicts an Mo—O bond length of 1.94 A in the
transition state: stretched significantly from the initial value of
1.71 A for the Mo=0 double bond, and near to the value of a
2.00 A Mo—O in the final state. Unlike the results obtained
using RPBE+U, however, the C—H distance is stretched from
1.09 A before reaction to 1.60 A at the transition state,
indicating that C—H bond dissociation is nearly complete when
the transition state is reached. Conversely, the O—H distance is
only 1.05 A, close to its final value of 0.96 A. Thus, the M06-L
results predict that Mo=0O bond rehybridization, O—H bond
formation, and C—H bond dissociation all occur in concert
along the approach to the transition state energy, and that H
atom transfer is nearly complete by the time the barrier energy
is reached. A final difference between the transition states
determined using the RPBE+U and MO06-L functionals is visible
in the orientation of the reacting propene molecule. M06-L
predicts stronger attractive interactions between the propene
reactant and the catalyst, particularly with the bismuth atom
adjacent to the active site. Thus, in the M06-L reaction path,
the propene molecule sits more squarely over the adjacent
bismuth atom. The RPBE+U calculation captures essentially no
dispersive interactions and thus orients the propene into a
sterically uncrowded site with no specific surface—adsorbate
interactions.

Although it is not possible at present to investigate the
geometric structure of a transition state in a heterogeneous
catalyst experimentally, there exists sufficient experimental
evidence to determine which transition state structure is more
likely to represent the real chemistry in this particular system.
In the RPBE+U calculation, the entirety of the activation
energy supplied goes into rehybridization of an Mo=0 bond;
once this is accomplished, the hydrogen abstraction step is
energetically downhill. If this were true in reality, then the
homolytic bond dissociation energy of the C—H bond in
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propene would play no role in determining the activation
barrier. In that case, any hydrocarbon with a homolytic C—H
bond dissociation energy less than or equal to that of propene
would react over this catalyst with the same intrinsic activation
energy. This prediction is contradicted by experimental
evidence demonstrating that the apparent activation energies
for oxidation of propene, 1-butene, 2-butene, and isobutene
over bismuth molybdate differ significantly from each other."**
Furthermore, the apparent activation energies for these olefins
have been shown to correlate with their homolytic C—H bond
dissociation energies.'”> The existence of such a correlation
suggests that C—H bond dissociation must begin during the
approach to the transition state, in line with the prediction from
the MO6-L functional. Thus, the transition state structure
predicted by the M06-L functional provides better agreement
with experimental trends than the transition state structure
predicted by the RPBE+U functional.

The MO06-L functional predicts an intrinsic reaction barrier of
32.3 kcal/mol, which when combined with a calculated heat of
adsorption of 4.4 kcal/mol would lead to an apparent barrier of
~27.9 kcal/mol. This result is higher than the experimentally
reported values of 17—21 kcal/mol, though about half the
difference results from the underestimated heat of propene
adsorption. In considering just the intrinsic activation energy, a
U, value near 7.5 eV would be required to yield an intrinsic
barrier as low as 32.3 kcal/mol via RPBE+U calculations.
Compared to the results obtained using the uncorrected RPBE,
calculations performed using the MO6-L functional give a
barrier far closer to the experimental result (see Table 7).

Also notable is the energy of the final state in the M06-L
calculation. The effect of the +U, 4 correction on the final state
energy in RPBE+U calculations is similar to (actually slightly
greater than) the effect on the barrier height; as a result, the
energy of the final state is 17—24 kcal/mol lower than the
highest energy along the reaction path for all values of U, By
contrast, the final state energy in the MO6-L calculation is
approximately 7 kcal/mol lower than the barrier energy. Given
that the final state produced by hydrogen abstraction involves a
free allyl radical, it is reasonable that this final state should be
relatively high in energy. Thus, while the energies predicted by
MO6-L are higher than those obtained from experiment, the
relative energy of the transition state versus the final state is
chemically sensible.

5.0. CONCLUSIONS

This work has shown that the structure and electronic
properties of RTMOs determined by DFT are very sensitive
to the functional used for the calculations. A large part of this
error arises from the self-interaction error and failure to capture
properly the effects of van der Waals interactions between the
adsorbate and the adsorbent. The results of the present
investigation show that the performance of the MO06-L
functional matches or exceeds that of RPBE(+U) for every
“ideal density functional” criterion except computational cost
for which it exceeds RPBE+U by a factor of 4—S5. These results
are particularly impressive in the context of the systems
investigated here: reducible transition metal oxides containing
unpaired d electrons, which are particularly challenging to
model using DFT due to the potentially large electron self-
interaction errors such systems produce.

For calculations on MoO, adding a U correction to RPBE
calculations worsens the agreement between the calculated and
experimentally measured electronic structures and also slightly

worsens the predicted lattice constants. The M06-L functional
provides superior results for lattice constants versus RPBE(+U)
and an electronic structure in agreement with experimental
data. For MoO;, a U correction has little effect on the
geometry or electronic structure; however, the inability of
RPBE(+U) to capture dispersive interactions leads to very
significant errors in the lattice constants for all values of U
The MO6-L functional provides far better agreement with
experimentally measured lattice constants, while providing an
underestimate of the band gap similar to that seen in RPBE.
For Bi,Mo03;0,,, M06-L again provides more accurate lattice
constants than RPBE(+U). For Bi,Mo0;0,,, the band gap, the
electronic structure of the hydrogen-reduced surface, and the
calculated barriers for propene activation are all strong
functions of the value of U, However, no single value of
U4 provides accurate results for all of these properties. A U.g
value of 7.5 eV is required to match the experimentally
observed band gap, and a U, value of 8.6 eV is required to
provide good agreement with experiment for the observed
activation barrier in propene oxidation over this material. At the
same time, the transition-state structure produced when U =
8.6 €V suggests that olefin activation should be independent of
the C—H bond strength of the activated bond, which is in
contradiction of experimental results. Furthermore, U, values
above 4.0 eV provide increasingly poor descriptions of the
electronic structure of the partially reduced catalyst. RPBE(+U)
also dramatically underestimates the heat of adsorption of
propene on the (010) surface of Bi,Mo;0;,. The MO06-L
functional also underestimates the band gap and the heat of
adsorption of propene but in both cases produces far better
values than RPBE functional. The activation barrier for propene
oxidation is overestimated compared to experiment; however,
the geometric structure of the transition state predicted by
MO6-L is in better agreement with experimentally observed
olefin oxidation trends. The electronic structure of the partially
reduced catalyst surface is also consistent with expectations
based on available experimental data.

In conclusion, for moderately greater computational expense
than that required for DFT+U, the M06-L functional provides
reasonable geometries, electronic structures, and energies of
reaction without requiring a user-provided tuning parameter.
Significantly, for studies of chemical reactions occurring on
surfaces of RTMOs, the M06-L functional provides not only
reasonable reaction barriers but also reasonable heats of
adsorption. Its ability to capture dispersive interactions may
also recommend it for applications in which hydrogen bonding
plays an important role, for example, for aqueous electro-
chemical systems. Although further testing for other RTMOs is
required, this work shows that M06-L is capable of providing
reliable, chemically insightful results on at least one family of
RTMOs. Given the importance of these materials in catalysis
and the challenges in describing them encountered using
conventional DFT, the prospect of an improved method for
obtaining accurate computational results in such systems
provides significant incentive for further investigation.
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A plot of the electronic density of states in Bi,Mo;O;,
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