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Abstract 

Toward a Molecular Level Understanding of Mixed Metal Oxide Oxidation Catalysts 

by 

Andrew G. Getsoian 

Doctor of Philosophy in Chemical Engineering 

University of California Berkeley 

Professor Alexis T. Bell, Chair 

 

 The selective oxidation and ammoxidation of light olefins comprises a 5 million ton per 
year industry, and is responsible for making possible products from nitrile rubber to Plexiglas to 
acrylic paint. The industrial catalyst of choice for such reactions is based on bismuth molybdate, 
and was first patented in the 1950s. In the intervening decades, a significant body of research has 
been done on bismuth molybdate-based catalysts, and yet a surprising amount is still not known 
about how these catalysts work. This Thesis has focused primarily on developing new methods 
for studying bismuth molybdates and related catalysts in order to gain new insight into the means 
by which the physical and electronic structures of the active sites in these catalysts give rise to 
their catalytic activity. 

 The mechanism by which propene is oxidized on the (010) surface of Bi2Mo3O12 has 
been investigated using the RPBE+U variety of density functional theory (DFT). The location of 
the active site was determined, and the calculated barrier for the rate-determining step at this site 
found to be in good agreement with experimental results. Calculations revealed the essential 
roles of bismuth and molybdenum in providing the geometric and electronic structure 
responsible for catalytic activity at the active site, and suggested that catalytic activity could be 
further enhanced by substitution with a more reducible element. 

 In order to accurately model substitution of an additional reducible element in to 
Bi2Mo3O12 using DFT, more sophisticated approaches than RPBE+U were required. Two more 
advanced density functionals, M06-L and HSE, were examined. The HSE functional was found 
to be too expensive for practical use on extended systems like bismuth molybdate catalysts. The 
accuracy of the M06-L functional for lattice constants and geometries, reaction energies and 
barriers, electronic structures, and non-covalent interactions was investigated, and compared 
results from the RPBE+U method. The M06-L functional was found to be superior to RPBE+U 
for lattice constants, reaction energies, and non-covalent interactions, and as good as or better 
than RPBE+U for electronic structures. Use of the M06-L functional was therefore determined to 
be preferable to use of RPBE+U for use in the study of substituted bismuth molybdate catalysts. 

 Calculations employing the M06-L functional were combined with physical 
characterization using diffuse reflectance UV-VIS, x-ray photoelectron, and x-ray near edge 
absorption spectroscopies in order to understand the effect of substitution of vanadium for 
molybdenum on the activation energy for propene oxidation in catalysts of formula Bi1-x/3V1-
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xMoxO4. In these catalysts, substitution of vanadium for molybdenum has been observed to lower 
the apparent activation barrier for propene oxidation. It was found that the lower activation 
barrier for propene oxidation over mixed vanadate-molybdate catalysts is a consequence of the 
smaller difference between the catalyst conduction band edge energy and the energy level of the 
highest occupied molecular orbital in propene. The lower conduction band edge energy in mixed 
vanadate-molybdate catalysts is related to the energies of and degrees of mixing between the V 
3d and Mo 4d orbitals comprising the conduction band. Both of these observations suggest 
general principles that may be of relevance to a variety of mixed metal oxide catalyst systems. 

 An improved procedure for synthesizing bismuth molybdate and bismuth vanadate 
catalysts was also developed. This procedure involved a two step templating process: a 
structured mesoporous carbon was templated from KIT-6 or MCM-48 mesoporous silica, and the 
structured mesoporous carbon in turn used as a template during synthesis of the metal oxide 
catalyst. Catalysts produced by the double templating process had surface areas of 14-17 m²/g, a 
large improvement on the < 1 m²/g surface area produced by conventional synthesis techniques. 
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PREFACE 

 The American Heritage Dictionary, 5th Edition, defines a ‘catalyst’ in chemistry as “A 
substance, usually used in small amounts relative to the reactants, that modifies and increases 
the rate of a reaction without being consumed in the process.” This concept is so useful and 
powerful that it has led to the adoption of ‘catalyst’ as a more general English word, as in “one 
that precipitates a process or event, especially without being involved in or changed by the 
consequences: ‘A free press ... has remained ... a vital catalyst to an informed and responsible electorate ‘ 
(Robert O’Neal).” And just as a free press is vital to a modern democracy, chemical catalysts are 
vital to the production of a wide variety of modern goods and products. 

 The use of catalysts to drive chemical reactions actually long predates our modern 
understanding of chemistry: as early as 1746, the nitrates of sodium and potassium were being 
used to catalyze the conversion of elemental sulfur to sulfuric acid. The most familiar modern 
use of catalysts is probably in the “catalytic converters” in the tailpipes of automobiles, but 
catalysts also play a role in the manufacture of over 90% of consumer goods. From gasoline to 
plastics to finger paint to sugar-free sweetener, we are surrounded by the fruits of catalyst-
based manufacturing. 

 The particular catalysts considered in this thesis were first discovered in the early 
1950s, and patented by what was then the Standard Oil of Ohio company. While the name of 
the company involved has changed since then (to Amoco, then BP, and now INEOS), the same 
basic technology is still in use today. The heart of this catalyst is the mixed oxide of bismuth 
and molybdenum, though many other elements may also be added in small amounts to improve 
performance. These catalysts convert simple olefins, especially propene and butenes, into the 
precursor molecules used to make acrylics. Specifically, in the presence of oxygen, bismuth 
molybdate selectively converts propene to acrolein (propenaldehyde), isobutene to methacrolein 
(isobutenaldyde), and 1-butene or 2-butene to 1,3-butadiene. In the presence of both oxygen 
and ammonia, bismuth molybdate converts propene to acrylonitrile, and isobutene to 
methacrylonitrile. Acrolein is widely used as a powerful but short-acting fungicide, and when 
further converted to acrylic acid is used to make the superabsorbant polymer poly(acrylic acid). 
This polymer is most familiar in everyday life as the sorbant in baby diapers. Acrylonitrile is 
the key ingredient in acrylic paint, and when co-polymerized with butadiene, is used to make 
nitrile rubber. This latter product is most familiar to chemists as the material from which 
nitrile lab gloves are made. When acrylonitrile and butadiene are co-polymerized with styrene, 
the result is ABS plastic, a strong hard material used in everything from cell phones to racing 
helmets. Methacrolein is used to make poly(methyl methacrylate), better known by its trade 
names Plexiglass, Lucite, and Perspex. Altogether, 5 million tons per year of propene and 
butenes are converted into acrylic monomers each year, and the resulting acrylic monomers 
used to make a wide variety of products we encounter every day. 

 Given the long history of their use, and their crucial industrial importance in producing 
such widely used materials, it is surprising how little is known about how bismuth molybdate 
catalysts actually work. Some significant unanswered questions include: why do both bismuth 
and molybdenum both need to be present in the catalyst? What is each of these elements doing 
to make catalysis happen? What is the nature of the active site(s) on the bismuth molybdate 
surface? In addition, it is well known that incorporation of small amounts of other elements can 
greatly improve the reaction rates these catalysts provide. In particular, it has been shown that 
replacement of a fraction of the molybdenum with vanadium makes for a significantly more 
active catalyst. At the same time, if too much molybdenum is replaced with vanadium, the 
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reaction rate goes down again. It is not understood why vanadium is helpful in moderate 
amounts, nor why adding too much becomes counterproductive. 

 One goal of the work presented in this Thesis is to address some of these fundamental 
questions. A major advantage we have over those who first started studying these catalysts 
some 60 years ago is our access to density functional theory, a powerful tool set that allows us 
to use theoretical calculations to complement experimental investigation. Thus, Chapter 2 
focuses on using density functional theory to develop a better understanding of the basic 
mechanism by which propene oxidation takes place on a particular surface of Bi2Mo3O12 
catalysts. 

 In addition to developing a better understanding of bismuth molybdate catalysts 
specifically, second goal of this work has been to continue to develop new methods for 
investigating metal oxide catalysts in general. Chapter 3 addresses the question, which set of 
theoretical tools are best suited to investigating mixed metal oxide catalysts? Chapter 4 
combines theoretical and experimental investigation of mixed bismuth vanadate – bismuth 
molybdate catalysts to develop a new framework for understanding how changes in the 
composition of the catalyst lead to changes in its catalytic activity. And Chapter 5 discusses a 
new approach to synthesizing these catalysts, in a way that significantly improves upon the low 
surface areas that plague conventional synthesis of bismuth vanadates and molybdates. Each of 
these Chapters presents material useful to the better understanding of bismuth molybdate and 
bismuth vanadate catalysts. But the conclusions in Chapter 3, the model in Chapter 4, and the 
methods in Chapter 5 should each be of use to researchers studying other materials, even for 
applications outside catalysis. And as for the more immediate task of improving our 
understanding of catalysts that play a large, if hidden, role in our everyday lives, this Thesis 
represents a step forward — but there are many steps left to take.  
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pressure 1 atm at 400°C. 98 
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Chapter 1 
 
INTRODUCTION 
 The selective oxidation and ammoxidation of light alkenes underpins the 10 billion pound 
per year acrylics industry. [1] The catalysts of choice for selective oxidation of light alkenes are 
based on bismuth molybdate, and were first patented in the late 1950s. [2] Since that time, a 
great deal of study has gone into understanding the mechanism by which these catalysts carry out 
selective oxidation reactions. Yet despite 60 years of research, [3-11] there remain significant 
unanswered questions regarding the means by which the structure and composition of these 
catalysts dictate their activity and selectivity. 

 The simplest reaction relevant to oxidation and ammoxidation of light alkenes is the 
selective oxidation of propene to acrolein over un-modified bismuth molybdate. It is this reaction 
that has received the most attention in the literature, and which is the focus of the work reported 
here. The oxidation of propene over bismuth molybdate proceeds at temperatures between 370°C 
– 550°C, though since the autoignition temperature of propene in air is 460°C, reactions run 
above this temperature are not necessarily catalytic. The reaction exhibits a first-order 
dependence on the partial pressure of propene. The selective product is acrolein, and the intrinsic 
selectivity (i.e. extrapolated to zero conversion) is 65-75%, depending on catalyst preparation. 
The primary byproducts are CO and CO2, with small but detectable amounts of ethylene, 
acetaldehyde, and acetic acid also produced. Although oxygen must be co-fed with propene for 
the reaction to proceed at steady state, the reaction exhibits zero order dependence on oxygen 
partial pressure, and the oxygen atom in the acrolein product is known to come from the catalyst 
itself rather than from gas phase oxygen. The rate determining step is known to be abstraction of 
a hydrogen atom from the propene methyl group by catalyst lattice oxygen, producing an allyl 
radical intermediate which undergoes subsequent, kinetically fast steps to produce the final 
product. 
 While it is known that bismuth and molybdenum must both be present in the same phase 
to observe significant catalytic activity, the roles of bismuth and molybdenum in the catalytic 
process have not been previously explained. The geometric and electronic structures of the active 
site(s) on bismuth molybdate are likewise not known. Modern density functional theory (DFT) 
provides a powerful set of tools with which to address these questions. Chapter 2 presents a 
detailed density functional theory investigation of the mechanism by which propene is oxidized 
to acrolein on the (010) surface of Bi2Mo3O12. Several potential active sites were investigated; 
the most active was found to be an Mo=O oxygen weakly perturbed by a neighboring bismuth 
atom. The intrinsic barrier for activation of propene over this site is calculated at 25 kcal/mol, 
which when combined with an estimated heat of adsorption of propene between 3-7 kcal/mol 
gives excellent agreement with the experimentally measured range [2] of 17-21 kcal/mol. 
Hydrogen abstraction from the propene methyl group by an Mo=O oxygen produces a reduced 
Mo(+5) center and an allyl radical. This radical then attaches to a second Mo=O site, producing a 
second Mo(+5) center with a bound allyl alcohol-like intermediate. This intermediate then 
undergoes a second hydrogen abstraction to produce acrolein. Reduction takes place only at 
molybdenum. However, the presence of bismuth is shown to be essential in order to produce an 
energetically accessible route to propene activation. At the transition state for hydrogen 
abstraction, an Mo=O bond must move from a ground state Mo(+6)=O(-2) configuration to an 
excited di-radical Mo(+5)*—*O(-1) state. Perturbation of the active Mo=O site by lone pair 
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electrons on a neighboring Bi atom both destabilizes the ground state and stabilizes the excited 
state, thereby lowering the barrier for hydrogen abstraction. 
 While the RPBE+U density functional theory method used in Chapter 2 provided useful 
insight about the mechanism of propene abstraction, using DFT+U involves a trade-off between 
the accuracy of the thermochemical data provided by the calculation (e.g. the activation barrier 
for a reaction) and the accuracy of the description of the electronic structure of the catalyst. In 
order to explain trends in reaction barriers in terms of the electronic structure of the catalyst (as 
will be discussed in Chapter 4), it is necessary to obtain accurate information about both 
electronic structure and reaction energetics from a single set of calculations. Chapter 3 
investigates the ability of a more sophisticated density functional, the M06-L functional of Zhao 
and Truhlar [12], to accurately describe the reaction energetics and the electronic structures of 
bismuth molybdate. Additional calculations are also performed on the related molybdenum 
oxides MoO2 and MoO3 to more fully probe the limitations of the RPBE+U method and the 
ability of the M06-L method to overcome these limitations. It is found that the M06-L density 
functional is more accurate than RPBE+U for lattice constants and structural properties, reaction 
energies, and adsorption energies, while providing accuracy comparable to RPBE+U for 
electronic structures. 

 Chapter 4 addresses the experimental finding that when some molybdenum in bismuth 
molybdate is substituted by vanadium, a more active catalyst results. It has been shown that this 
higher activity can be explained by a lower activation barrier for propene activation over 
vanadium-rich sites on the catalyst surface [13], but a physical basis for this empirical 
observation has not been previously reported. Chapter 4 seeks to provide such an explanation by 
demonstrating how a model often used to describe photochemistry also provides significant 
insight into the role of vanadium in promoting catalytic activity in bismuth molybdates. The 
activation barrier for the rate determining step in propene oxidation over Bi1-x/3V1-xMoxO4 
catalysts is decomposed into contributions from C-H bond dissociation, O-H bond formation, 
metal-oxygen bond rearrangement on the catalyst surface, and electron transfer from the highest 
occupied molecular orbital of propene to the conduction band of the catalyst. Of these, the first 
three are found to be independent of catalyst composition in Bi1-x/3V1-xMoxO4, while the fourth is 
found to depend linearly on the catalyst conduction band edge energy. As a result, the overall 
activation barrier for propene activation also depends linearly on the catalyst conduction band 
edge energy. A combination of physical characterization by diffuse reflectance UV-Vis, x-ray 
photoelectron, and x-ray near edge absorption spectroscopies and density functional theory 
modeling was used to obtain information about the energy level of the conduction band in Bi1-

x/3V1-xMoxO4 materials. This energy level is found to be highest for bismuth molybdate, lower 
for bismuth vanadate, and lowest for Bi1-x/3V1-xMoxO4 containing roughly equal proportions of 
Mo and V. The energy level of the conduction band edge results from both the energy levels of, 
and the degree of mixing between, the V 3d and Mo 4d orbitals that comprise the conduction 
band. A combination of the greater degree of mixing provided by larger Mo 4d orbitals and the 
lower energy of the V 3d orbitals leads to an overall lowering of the conduction band edge 
energy when both elements are present. This finding establishes a basis for formulation of 
catalysts with lower conduction band edge energies, and therefore greater activities for propene 
oxidation. 

 A limitation of the synthetic methods conventionally used to prepare bismuth vanadate 
and bismuth molybdate materials is that these methods produce catalysts with surface areas < 1 
m²/g. Chapter 5 presents a synthetic method that enables the preparation of mixed metal oxides 
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with surface areas 15 – 20 m²/g through use of a double templating procedure. A structured 
mesoporous carbon template is synthesized by sucrose impregnation of a mesoporous silica 
support such as MCM-48 or KIT-6, followed by carbonization of the sucrose. The silica template 
is then dissolved, and the metal oxide precursors impregnated into the structured mesoporous 
carbon template. Calcination of the resulting material leads to combustion of the carbon 
template, and the formation of mixed metal oxide materials with surface areas higher than can be 
achieved in the absence of a template. The resulting catalysts are tested for catalytic activity in 
the oxidation of propene to acrolein, and are found to be far active on a per-mass basis than 
catalysts synthesized by conventional procedures. The selectivity of Bi0.85V0.55Mo0.45O4 and 
Bi2Mo3O12 catalysts prepared by double templating is similar to that of conventionally prepared 
catalysts, and the activity and selectivity are stable for at least 24 h on stream. The BiVO4 
catalyst prepared by double templating was found to contain V2O5 in addition to BiVO4, 
resulting in lower selectivity. While the double template synthetic approach reported in Chapter 
5 has not been fully optimized, initial investigation has demonstrated that use of an MCM-48 
silica template, carbonization under an argon atmosphere, and a heating rate of 1°C/min or less 
during calcination of the metal oxide precursors are each important to achieving a high surface 
area catalyst. 
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Chapter 2 
 

A DFT+U Investigation of Propene Oxidation over Bismuth Molybdate: 
Active Sites, Reaction Intermediates, and the Role of Bismuth 

 
ABSTRACT 
 

The mechanism by which propene is selectively oxidized to acrolein over bismuth 
molybdate has been investigated using the DFT+U variant of density functional theory. In 
agreement with experiment, the kinetically relevant step is found to be the initial abstraction of 
hydrogen by lattice oxygen. Several candidate lattice oxygen sites have been examined, the most 
active of which is found to be a bismuth-perturbed molybdenyl Mo=O oxygen. Hydrogen 
abstraction generates an allyl radical intermediate, which can diffuse freely across the catalyst 
surface and ultimately binds to a second molybdenyl oxygen to form an allyl alkoxy 
intermediate. A second hydrogen is abstracted from this intermediate to produce acrolein. 
Calculations suggest that only molybdenum centers are reduced during the reaction. However, 
presence of bismuth in the catalyst is essential for providing the requisite structural and 
electronic environment at the active site. 

 
 
1.0 INTRODUCTION 

Catalysts based on bismuth molybdate have been used industrially for over 60 years to 
carry out the selective oxidation and ammoxidation of propene to acrolein and acrylonitrile, 
respectively. While substantial research has been done to elucidate the mechanisms by which 
bismuth molybdate catalyzes these reactions [1-9], several significant open questions remain. 
These include the identity of the active site(s), the nature of the reaction intermediates, and the 
role of bismuth in enabling catalysis [10]. These questions have proven difficult to address using 
experimental approaches, but are amenable to investigation by quantum chemical modeling. The 
present work addresses these questions by modeling the oxidation of propene to acrolein over 
bismuth molybdate using density functional theory.  

Depending on the proportions of bismuth and molybdenum present, bismuth molybdate 
may exist in a variety of phases [11], of which three are commonly studied: the Bi2Mo3O12 or 
alpha phase [12], the Bi2Mo2O9 or beta phase [13], and the BiMoO6 or gamma phase [14]. All 
three phases are active for propene oxidation. Different researchers have reached different 
conclusions about which phase is most active, but there is universal agreement that both bismuth 
and molybdenum must be present for significant catalytic activity to be observed [15]. It is 
reasonable to conclude that bismuth and molybdenum must therefore both be present at 
catalytically active sites.  

Deuterium [1,16] and 13C labeling experiments [9] provide convincing experimental 
evidence that the rate determining step in propene oxidation is the abstraction of hydrogen from 
the propene methyl group by catalyst lattice oxygen, producing a symmetric allyl intermediate. It 
has been suggested that this intermediate has radical, rather than anionic or cationic, character 
based on observations that allyl radicals generated in-situ on the catalyst surface are converted to 
acrolein [5,17], and that the Hammett slope for substituent effects in a related reaction, 
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conversion of substituted phenylpropenes to phenylacroleins, is consistent with a radical 
mechanism [18].  Propene oxidation can occur in the absence of a gas phase oxidant, and pulsed 
reduction [19] and 18O labeling studies [6,16,20,21] have confirmed that a significant fraction of 
bulk oxygen in the catalyst can participate. 

The roles of bismuth and molybdenum in the rate-determining step have also been 
examined. Bismuth oxide has been shown to be capable of abstracting hydrogen from propene, 
albeit with a larger activation energy (27 kcal/mol) [22,23] than is observed over bismuth 
molybdates (17-21 kcal/mol) [21,24-27]. The primary product observed in propene oxidation 
over bismuth oxide is 1,5-hexadiene [28,29]; insertion of lattice oxygen from Bi2O3 into alkene 
reactants is not observed. Conversely, propene does not react appreciably with molybdenum 
oxide. However, when allyl radicals are generated over molybdenum oxide, they are selectively 
oxidized to acrolein [17] (albeit with lower selectivity than over bismuth molybdate). 
Consideration of these facts has led to a picture in which lattice oxygen associated with bismuth 
is responsible for the initial hydrogen abstraction, while a neighboring site associated with 
molybdenum is responsible for subsequent reaction steps [30] (Scheme 1). While this reaction 
scheme is plausible, it has not been confirmed by rigorous experimental evidence, nor has it been 
possible to distinguish between the multiple bismuth and molybdenum environments that can 
exist on the catalyst surface and their roles in the oxidation of propene. 

Because only the first step in the oxidation of propene is kinetically relevant, analysis of 
rate data provides little insight into which reaction intermediates are present along the path from 
allyl to acrolein. Once an allyl radical is formed, a second hydrogen abstraction and an oxygen 
insertion step are required to produce acrolein. It has been proposed that oxygen insertion can 
occur either before [18] or after [16] the second hydrogen abstraction (Scheme 2). The first of 
these two pathways is regarded as more likely, on the grounds that that the allyl alkoxy 
intermediate produced by oxygen insertion into an allyl radical is expected to be more 
energetically accessible than the di-radical species required by two consecutive hydrogen 
abstraction steps [31]. It should be noted, though, that there is no experimental evidence to 
support either view. 

As noted above, the prevailing hypothesis is that the initial hydrogen abstraction takes 
place at a site associated with bismuth. There is no agreement, however, as to the chemical 
consequences for the bismuth ion of participation in the reaction. In the most commonly cited 
picture [30], hydrogen abstraction leads to reduction of bismuth from Bi(+3) to Bi(+2). While 
this picture is consistent with the observed ability of Bi2O3 to initiate hydrogen abstraction, 
experimental evidence for a Bi(+2) species in reduced bismuth molybdate has not been reported. 
We note further that Bi(+2) is highly unusual, only one structure containing Bi(+2) linked to 
oxygen atoms having been reported previously [32], and the high reactivity and low thermal 
stability of Bi(+2) suggest that, were this cation formed, it would immediately disproportionate 
into Bi(+3) and Bi(0) metal. While Bi(0) has been observed in bismuth molybdate after extensive 
reduction [33], there is no evidence for its presence under working catalytic conditions. 

The other frequently proposed role for bismuth is as an oxygen dissociation site at which 
Bi(+5) oxo species are generated [34,35] and that the resulting bismuth oxo species are 
responsible for hydrogen abstraction. However, as with Bi(+2), Bi(+5) has never been observed 
experimentally in bismuth molybdates, and the requirement for a Bi(+5) species to initiate 
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hydrogen abstraction is difficult to reconcile with the observations that the reaction is zero order 
in gas phase oxygen, and that a significant fraction of bulk oxygen can participate in propene 
oxidation in the absence of a gas-phase reoxidant [19-21]. 

Only a limited number of theoretical studies have been reported aimed at addressing the 
issues discussed above. Goddard and co-workers have looked at the reactivity of propene on 
small clusters of bismuth oxide and molybdenum oxide [35-37]. High barriers were determined 
for propene activation on both bismuth(+3) oxide (41.6 kcal/mol) and molybdenum(+6) oxide 
(27.1 kcal/mol) clusters, and it was proposed that a bismuth(+5) oxo species is required to 
initiate hydrogen abstraction. It should be noted, though, that the structures of the clusters tested 
in their calculations are not representative of the structures present at the surface of bismuth 
molybdate, and none of the clusters studied contained both molybdenum and bismuth. Rappé has 
studied propene activation using Approximate Pair Theory followed by refinement with DFT 
[34]. This work proposes that hydrogen abstraction takes place at Bi-O-Mo oxygens with 
significant Bi=O character, by analogy with the 'ene' mechanism operative in selenium oxide. 
The 'ene' mechanism leads to formation of a Bi-C bond, which is broken in a subsequent step.  
Rappé found a barrier of 17 kcal/mol using the BPW91 functional and 21 kcal/mol using B3LYP, 
in excellent agreement with the experimentally observed barrier of 17-21 kcal/mol. However, the 
author notes that the mechanism investigated cannot account for the experimentally observed 
50/50 scrambling of the two ends of the allyl fragment. It should be noted that the shortest 
bismuth-oxygen distances in BiMoO6, Bi2Mo2O9, and Bi2Mo3O12 (2.19 Å, 2.13 Å, and 2.17 Å 
respectively) are consistent with Bi-O single bonds. Experimental evidence for the existence of 
Bi=O bonds, in bismuth molybdate or otherwise, has not been reported, and a recent substructure 
search of the Cambridge Structural Database returned no entries containing the Bi=O unit. It is 
therefore questionable whether a mechanism involving a Bi=O structure is operative on the 
surface of bismuth molybdate. 

In this work, we report a series of density functional calculations carried out with the aim of 
elucidating both the active site requirements and the intermediates formed in the oxidation of 
propene to acrolein over bismuth molybdate. We have concentrated on the alpha, or Bi2Mo3O12, 
phase, both for its catalytic relevance and because of its structural similarity to more complex 
phases such as Bi3FeMo2O12, Bi2-xCexMo3O12, and Bi1-x/3V1-xMoxO4 which each show improved 
activity or selectivity over Bi2Mo3O12 but are believed to operate by the same mechanism 
[19,21,38]. In order to determine site requirements for propene oxidation, three sites were 
considered for the initial hydrogen abstraction step, and two sites compared for the oxygen 
insertion and the second hydrogen abstraction steps. Comparison of the barriers for hydrogen 
abstraction and oxygen insertion at each site suggest a role for bismuth in facilitating these steps; 
this role was confirmed by performing additional calculations on a cluster model representative 
of the most active site. 

 

2.0 METHODS 

2.1 Slab calculations 

 Density functional calculations were carried out in VASP [39] version 4.6.36. Valence 
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electrons were described using a plane-wave basis set with a 500 eV cutoff energy. Core 
electrons were represented by projector augmented waves [40,41]. Electron exchange and 
correlation were treated using the RPBE functional [42], which was chosen based on its 
generally superior performance over PBE in predicting reaction thermochemistry [43] (see 
Supporting Information). A gamma-centered 4x2x3 k point mesh was sufficient to converge bulk 
energy with respect to k points to within 1 meV/atom. This mesh was reduced to 4x1x3 for slab 
calculations. 

 The alpha phase of bismuth molybdate, Bi2Mo3O12, was chosen for investigation. Atomic 
positions in the crystal structure taken from the literature [12] were allowed to relax at a series of 
volumes, and the resulting volume-vs-energy curve was used to determine the lowest energy 
geometry in the RPBE functional [44]. As shown in Table 2.1, the lattice constants predicted for 
Bi2Mo3O12 are 3-6% longer than experimental values. The unusually poor prediction of the b 
lattice vector is consistent with previous observations that the RPBE functional overestimates 
lattice constants, and performs particularly poorly in predicting the interlayer spacing in layered 
materials [45-47]. 

 Cleavage of Bi2Mo3O12 along the (010) plane exposes a charge-neutral surface presenting 
both Bi and Mo centers in the same 2:3 proportion found in the bulk. The present work confirms 
that this surface has the lowest surface energy of any low-index plane, consistent with the 
experimental observation that the (010) surface comprises a substantial fraction of the exposed 
surface of the crystal [48]. It was therefore chosen for investigation in this study. The Bi2Mo3O12 
unit cell contains 68 atoms in four layers perpendicular to the b lattice vector. Slabs were created 
by introducing 14 Å of vacuum space along this vector. The top two atomic layers were then 
fully relaxed, while the bottom two atomic layers were held fixed to RPBE-optimized bulk 
positions. 

 The oxidation of propene to acrolein requires a 4-electron reduction of the catalyst 
surface. Therefore, a proper representation of the reduced form of the catalyst is required for an 
accurate description of the catalytic mechanism. This was accomplished by using the DFT+U 
method described by Dudarev et al. [49,50], with a Ueffective of 8.6 eV. The rationale for choosing 
the value of Ueff is often not provided in the literature, and different values can lead to 
dramatically different results from otherwise identical calculations. In the calculations performed 
here, using Ueff = 0 instead of Ueff = 8.6 changes the thermochemistry of the initial hydrogen 
abstraction step by 25 kcal/mol (see Supporting Information). In this work, the choice of Ueff 
value is motivated by a desire to correctly describe reduction of molybdenum centers. As 
described elsewhere [51,52,53], this can be accomplished by tuning Ueff such that the calculated 
energy change for the reaction MoO3 + H2  MoO2 + H2O matches experimental data, resulting 
in the value Ueff = 8.6 eV used here. 

 Initial transition state searches were conducted using the nudged elastic band method 
[54]. For the binding of allyl to lattice oxygen and for the second hydrogen abstraction step, 
minimum energy reaction path estimates were derived by interpolating between the initial and 
final states of each reaction to derive guess images. These images were refined using the 
climbing image [55] nudged elastic band method until the maximum force on any free atom was 
reduced below 0.2 eV/Å. A transition state estimate was then derived by further refining the 
image with the highest energy using the dimer method [56,57] and a force tolerance of 0.05 
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eV/Å. For the first hydrogen abstraction, spin-crossing effects led to anomalous behavior in the 
climbing image and dimer methods (these methods cannot locate the crossing point between 
potential energy surfaces with different spin states, as this crossing point is not a saddle point on 
either energy surface). Therefore, transition states were located by running spin-relaxed nudged 
elastic band calculations with a large number of images included in the band, and refining until 
the maximum force on any free atom was < 0.1 eV/Å. The energies and forces of the resulting 
set of geometries were then separately recalculated with spins constrained to the singlet and 
triplet states. The energy and force data for each image were used to generate cubic splines 
representing the spin-singlet and spin-triplet potential energy surfaces [58]. The point of crossing 
between these potential energy surfaces was used to back-interpolate the geometry at which the 
singlet and triplet states cross; subsequent single point calculations at this geometry confirmed 
that both spin states give the same total energy. The spin-singlet and spin-triplet potential energy 
surfaces were then treated as adiabatic states in an avoided crossing formalism [59]. Spin 
crossing was assumed to result from spin-orbit coupling, and the probability of spin crossing was 
calculated using the Landau Zener equation [60,61]. The highest energy along the true diabatic 
(spin-orbit coupled) reaction path was estimated as the energy of the geometry at which spin 
crossing occurs minus the spin-orbit coupling energy; the latter value was taken from the 
literature [62,63]. 

Bader Charge Analysis [64,65] was conducted on reaction state, transition state, and 
product state structures to monitor changes in charge density during the reaction. Bader charges 
were correlated to formal oxidation states by comparing charges in bismuth molybdate to those 
calculated for a series of reference compounds. Bi2O3, MoO2, and MoO3 models were built using 
crystal structures from the literature [66-68], and optimized for the RPBE functional in the same 
manner as the Bi2Mo3O12 structure. The remaining structures were optimized in VASP using a 
1x1x1 k point grid, a 500 eV cutoff energy, and unit cells large enough to provide at least 9 Å of 
vacuum space around each molecular cluster. 

2.2 Cluster calculations 

Results from slab calculations provided initial indications as to the optimal geometric 
configuration of bismuth, molybdenum, and oxygen required to produce active sites for 
hydrogen abstraction and oxygen insertion. To better elucidate the electronic interactions 
between bismuth, oxygen, and molybdenum centers as a function of their relative positions, a 
series of calculations was performed on a cluster model representative of the geometry of the 
active site found to provide the lowest barriers in the slab calculations. Cluster calculations were 
carried out in Q-Chem [69] version 4.0.0.1, except for Energy Decomposition Analysis, which 
was carried out using a development version of Q-Chem 3.2 kindly provided by the group of 
Martin Head-Gordon at the University of California, Berkeley. The LANL08 and LANL2TZ 
effective core potentials and accompanying valence basis sets [70,71], obtained from the EMSL 
basis set exchange [72,73], were used for bismuth and molybdenum, respectively, while 6-
311++G(d,p) basis sets were used for hydrogen and oxygen. The M06-L [74,75] and BPW91 
[76,77] density functionals were used for all calculations. A Lebedev quadrature grid [78] with 
99 radial and 590 angular points was used to avoid integration grid errors associated with the 
M06 family of functionals [79]; for consistency, the same quadrature grid was used in BPW91 
calculations. The MoO2(OH)2(H2O) cluster was geometry-optimized in both the singlet and 
triplet states. The Bi(OH)3 cluster was separately optimized in the singlet state. The 
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MoO2(OH)2(H2O) and Bi(OH)3 clusters were then allowed to approach each other along a vector 
providing the same Mo=OEQ-Bi and OEQ-Bi-O angles present in bulk bismuth molybdate. The 
geometries of the interacting clusters were allowed to relax subject to these angular constraints at 
a series of fixed Bi-OEQ distances. Energy Decomposition Analysis [80,81] was used to 
determine the nature of the interactions between the MoO2(OH)2(H2O) and Bi(OH)3 clusters. An 
additional MoO(OH)4 cluster was also geometry-optimized in the singlet and triplet states for use 
in understanding the reaction mechanism observed at the OAX active site. Molecular orbitals 
were extracted using MolDen [82], and density plots prepared using VESTA [83]. Excited state 
energies for molybdate clusters were determined using time-dependent density functional theory 
[84]. 

 

3.0 RESULTS AND DISCUSSION 

3.1 Physisorption of propene 

The first step in the catalytic cycle is adsorption of propene to the bismuth molybdate 
surface. Several adsorption sites were tested. In all cases, adsorption energies (defined here as 
E(bare slab) + E(propene gas) – E(propene on slab) to yield positive values for favorable 
adsorption), were approximately 3 kcal/mol. A known limitation of GGA DFT is its failure to 
properly describe the dispersive interactions responsible for physisorption [85]. It is therefore 
expected that physisorption of propene will not be well described by the present calculations. 
The energy of adsorption of 3 kcal/mol found here is somewhat less than the heat of 
condensation of propene liquid (4.4 kcal/mol). The heat of adsorption of propene has been 
measured [86,87] to be 7-14 kcal/mol on BiMoO6 and at 8-12 kcal/mol on Bi2Mo2O9. While the 
heat of adsorption of propene on Bi2Mo3O12 does not appear to have been reported, it is expected 
to fall within the range for the other phases of bismuth molybdate. 

3.2 Assessment of possible active sites 

The first step in bismuth molybdate-catalyzed oxidation of propene is abstraction of a 
hydrogen from the propene methyl group. A multitude of sites on the catalyst surface can be 
envisioned as recipients of this hydrogen: in addition to bismuth and molybdenum sites, the 
(010) facet of Bi2Mo3O12 exposes 12 crystallographically distinct oxygen atoms, which can be 
grouped into six categories (Figure 2.1). These are: three-coordinate oxygens connecting bismuth 
and molybdenum in the surface layer to either a molybdenum (O3A) or bismuth (O3B) in the 
subsurface layer; two-coordinate oxygen bridging one bismuth and one molybdenum (OB); 
molybdenyl Mo=O oxygens oriented down into the surface (OD); equatorially oriented Mo=O 
oxygens weakly influenced by neighboring bismuth (OEQ); and axially oriented Mo=O oxygens 
projecting perpendicularly to the surface (OAX). Site OD is not sterically accessible to adsorbates. 
The other five sites, along with surface Bi and surface Mo, were tested for their propensity to 
bind an H atom. As shown in Table 2.2, the metal sites are poor adsorption sites for H, while all 
oxygen sites are comparatively favorable. Among these, the equatorial Mo=O oxygen is found to 
be the most favorable H adsorption site. It was therefore deemed reasonable to investigate the 
barrier to hydrogen abstraction at this site. The weak interaction between equatorial Mo=O and 
bismuth suggested that the role of bismuth in facilitating hydrogen abstraction could be 
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examined by investigation of two additional sites: axial Mo=O, which has no interaction with 
bismuth, and bridging OB, which has a strong interaction with bismuth.  

3.3.1 First hydrogen abstraction: OEQ 

The equatorial Mo=O site is the most favorable for H radical attachment. The activation 
barrier for H abstraction at this site was determined using the nudged elastic band method. The 
resulting energy profile and selected geometries are shown in Figure 2.2. The abstraction of 
hydrogen from the methyl group of propene produces a surface-bound hydrogen attached at OEQ 
and a physisorbed allyl radical. Notably, the highest energy state along the reaction path occurs 
prior to C-H bond cleavage (structure EQ3). Spin-polarized calculations reveal that the barrier to 
reaction occurs at the crossing of the closed-shell spin-singlet and open-shell spin-triplet 
potential energy surfaces (the blue and green curves, respectively, in Figure 2.2). As described in 
section 2.1, interpolation between cubic splines fit to the singlet and triplet potential energy 
surfaces was used to determine the crossing point. A chemical-bond-based interpretation of the 
spin-crossing event is that an electron in a lone pair orbital on OEQ is promoted into an Mo=O π* 
orbital, formally converting a closed-shell Mo(+6)=O(-2) configuration to a di-radical Mo(+5)-
O(-1) configuration that lengthens the Mo-O bond. The highly electrophilic O(-1) species then 
abstracts a hydrogen atom from the methyl group on propene, producing Mo(+5)-OH and an 
allyl radical. Bader charge analysis supports this interpretation (see section 3.6). Additional 
discussion of the significance of bond rehybridization at the transition state is presented in 
section 3.7. 

Because the reaction path for the initial hydrogen abstraction involves a change in spin 
multiplicity at the transition state, it is necessary to determine not only the activation energy 
needed to reach the crossing point between the singlet and triplet manifolds, but also the 
probability of moving off the singlet manifold onto the triplet manifold once the activation 
energy has been supplied. This probability can be determined using the Landau-Zener equation 
[60,61]. As seen in Equation 1, the probability PLZ of spin crossing depends on the strength of 
the coupling HSO 
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between the spin surfaces, the gradients of the potential energy surfaces ∇ES and ∇ET at the 
crossing, Planck’s constant h, and the velocity of the nuclei v along the reaction coordinate. 
Equation 1 assumes that the velocities v of the nuclei are thermal in origin, and the overall 
probability of spin-crossing is therefore determined from a Boltzmann-weighted averaging over 
all nuclear velocities [88]. (For completeness, we note that both v and ∇E are expressed in mass-
weighted coordinates.) Coupling between states of different spin multiplicity is enabled by spin-
orbit coupling: the change in spin angular momentum S is balanced by a change in orbital 
angular momentum L such that the total angular momentum J is conserved. The spin-orbit 
coupling element HSO is given by equation (2) 
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For the Mo5+ species formed at the transition state, S = 1/2, L = 2 for an occupied d orbital, J = S 
+ L = 3/2, and the coupling constant ζ is determined experimentally. Carducci et al. [62] report a 
value of ζ = 810 cm-1 from magnetic circular dichroism spectroscopy on [AsPh4][MoOCl4], 
while Dunn [63] gives ζ = 1030 cm-1 for Mo5+ based on unspecified spectral results. The gradient 
terms ∇E1 and ∇E3 are determined from the cubic spline interpolation of the nudged elastic band 
data; the gradient difference at the transition state is ~ 4 eV Å-1amu-½ in mass-weighted 
coordinates. Using the more conservative value of Carducci et al, the spin-crossing probability 
PLZ > 0.999 at catalytically relevant temperatures (613 K – 713 K). Thus, spin-crossing is not a 
limitation in hydrogen abstraction on bismuth molybdate. 

The energy at which the spin-singlet and spin-triplet manifolds cross in Figure 2.2 is 29.6 
kcal/mol above the energy of the physisorbed propene reactant state. Because the spin-crossing 
probability PLZ is nearly unity, the true reaction coordinate is along a diabatic path connecting 
the spin-singlet and spin-triplet adiabats (the red curve in Figure 2.2); the maximum energy along 
this path will be lower than the adiabatic crossing energy by an amount HSO = 4.6 kcal/mol, 
yielding a final intrinsic reaction barrier of 25.0 kcal/mol. Subtracting the calculated 
physisorption energy of 3.0 kcal/mol yields an apparent activation energy of 22.0 kcal/mol, 
which compares favorably with the experimentally measured 17-21 kcal/mol [19,24-27]. This 
close agreement suggests that the choice of active site and the mechanism of C-H bond 
activation proposed here are reasonable. 

3.3.2 First hydrogen abstraction: OB 

Both Grasselli and co-workers [30] and Rappe [34] have proposed that hydrogen 
abstraction from the methyl group of propene occurs at a bridging Bi-O-Mo oxygen. The results 
of the present investigation, shown in Figure 2.3, indicate that this oxygen is less active for 
hydrogen abstraction than OEQ. Notably, the details of the mechanism operative at OB suggest 
that the greater barrier to hydrogen abstraction at this site result in part from the energetic cost of 
reconfiguring the OB site to more closely resemble the OEQ site. As propene moves toward the 
surface, the OB-Bi bond lengthens from 2.28 Å in structure B1 to 2.46 Å in structure B2, while 
the distance between Bi and a neighboring Mo=O in the second layer (labeled OL in Figure 2.3) 
shrinks from 2.67 Å to 2.41 Å. Concurrently, the Mo-OB bond shortens from 1.85 Å to 1.81 Å. 
The overall effect is that a structure initially best described as Mo–OB–Bi- - -O=Mo begins to 
evolve toward a Mo≈OB- - -Bi–O–Mo structure analogous to the Mo≈OEQ- - -Bi–OB–Mo 
configuration responsible for hydrogen abstraction at OEQ (compare structures EQ2 and B2). The 
greater structural rigidity around OB limits the extent of this rearrangement: at OEQ, 
rehybridization of Mo(+6)=O(-2) to Mo(+5)–O(-1) is complete prior to the initiation of hydrogen 
abstraction, whereas at OB, rehybridization and hydrogen abstraction occur in concert (compare 
the C-H distances in EQ3 and B3). Since the lower flexibility of the OB site hinders formation of 
the electrophilic oxygen species responsible for hydrogen abstraction, the overall barrier to 
hydrogen abstraction is greater at OB (32.1 kcal/mol after inclusion of spin-orbit coupling 
effects) than at OEQ (25.0 kcal/mol). This difference is large enough that the OB site does not 
contribute significantly to the overall rate at catalytically relevant temperatures (<0.1% of 
turnovers are on OB at 713 K). However, the commonality in mechanism suggests that the 
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configuration Mo≈O- - -Bi–O–Mo is particularly favorable for production of an electrophilic 
oxygen site. This idea is discussed further in section 3.7. 

3.3.3 First Hydrogen Abstraction: OAX 

The commonality in mechanisms observed at OEQ and OB motivates investigation of 
hydrogen abstraction at OAX, where no coordinating bismuth is present. The results suggest that 
hydrogen abstraction at OAX occurs by a qualitatively different mechanism than that operative at 
OEQ and OB. Figure 2.4 shows results of a partially refined nudged elastic band calculation for 
hydrogen abstraction at OAX. Starting from the reactant state, the energy steadily climbs by ~ 25 
kcal/mol, then briefly levels off before increasing again by at least another 17 kcal/mol on the 
approach to the hydrogen abstraction barrier. The reason for the initial rise in energy can be 
understood by comparing structures AX1 and AX2: in order to activate OAX for hydrogen 
abstraction, the catalyst surface undergoes a substantial rearrangement. The Mo(=O)2(O)3

4- -like 
structure of the molybdate ion in AX1 is converted to an Mo(=O)(O)4

4- -like structure in AX2, 
followed by activation of the remaining Mo=O bond during hydrogen abstraction. That such 
restructuring is required suggests that the Mo=O bond in an Mo(=O)(O)4

4- environment is more 
easily activated than the axial Mo=O bond in the Mo(=O)2(O)3

4- environment. This was 
confirmed using the cluster model, as discussed in section 3.8 below. From the partially 
converged NEB results given in Figure 2.4, it is evident that the total barrier for hydrogen 
abstraction at OAX would be well over 42 kcal/mol, and therefore not experimentally relevant. 
Therefore, final refinement of this reaction path was not pursued. 

The differences in final state energies for Osurf-H + allyl radical for the three pathways Osurf 
= OAX, OEQ, and OB are exactly equal to the differences in energies for H atom attachment at 
these sites recorded in section 3.2. This equivalence suggests that the extent of stabilization of 
the allyl radical does not differ between different sites. Attempts to generate structures containing 
σ- or π-coordination of the allyl moiety to either bismuth or molybdenum centers were 
unsuccessful: the allyl unit invariably relaxed away from the surface to a distance consistent with 
non-specific physisorption. The allyl radical once formed can diffuse across the (010) surface of 
Bi2Mo3O12 with a barrier of less than 2 kcal/mol, suggesting that the subsequent reaction of the 
radical need not occur in the immediate proximity of the site where it was formed. 

3.4 Attachment of allyl; second hydrogen abstraction; desorption of acrolein 

Allyl attachment (and subsequent steps) has been investigated at OEQ and OAX. The results 
are presented in Figures 2.5 and 2.6 for attachment at OEQ and OAX, respectively, while the 
overall reaction scheme from propene to acrolein is presented in Figure 2.7. The site preference 
for allyl attachment mirrors that for H atom attachment, with allyl attachment at OEQ preferred 
over attachment at OAX by nearly 11 kcal/mol. The barriers for allyl attachment, while 
substantially lower than those for H-abstraction, show the same trend: the barrier at OEQ is 8.9 
kcal/mol, which is 4.1 kcal/mol lower than the barrier at OAX, 13.0 kcal/mol. Attachment of an 
allyl radical requires rehybridization of the Mo=O π bond, formation of an O-C σ bond, and 
rehybridization of the O-proximal C from sp2 to sp3. The larger barrier to attachment at OAX 
reflects the greater penalty for Mo=O π bond rehybridization at this site (see section 3.7). The 
existence of a barrier to allyl attachment guarantees the existence (albeit fleeting) of a well-
defined allyl radical intermediate, and thus explains isotopic labeling data indicative of a 
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symmetric intermediate [1,9,16]. The present calculations show no evidence that the allyl radical 
binds to either molybdenum or bismuth centers prior to its attachment to molybdenyl oxygen, in 
contradiction of previous suggestions that allyl radicals coordinate to molybdenum [30] prior to 
oxygen insertion. 

Formation of an allyl alkoxy intermediate is highly favorable energetically, and thus 
effectively kinetically irreversible. Once the allyl alkoxy is formed, abstraction of a second 
hydrogen onto a germinal molybdenyl oxygen produces acrolein. The barrier to this reaction is 
calculated to be 14.2 kcal/mol for abstraction of H onto OEQ from allyl attached to OAX, and 18.8 
kcal/mol for abstraction of H onto OAX from allyl attached to OEQ. In both cases, the highest 
energy on the minimum energy path occurs for a cyclic transition state (Figures 2.5d and 2.6d). 
Both barriers are lower than the lowest barrier for the first hydrogen abstraction (25.0 kcal/mol at 
OEQ), consistent with the experimental observation that the second hydrogen abstraction is not 
rate-limiting. 

A spin crossing from the triplet to the quintuplet state occurs during the second hydrogen 
abstraction. In contrast to the initial hydrogen abstraction, this spin-crossing occurs after, not at, 
the transition state. The lower barriers for the second hydrogen abstraction are reflective of the 
cyclic transition state, which facilitates redistribution of electron density. In both paths, acrolein 
weakly adsorbed to an oxygen vacancy site is produced directly from the transition state (Figures 
2.5e and 2.6e). The molybdenum center at which acrolein formation occurs, which has been 
formally reduced to Mo3+, then undergoes a relaxation downward, forming a bonding interaction 
with a molybdenyl oxygen in the first subsurface layer (Figure 2.5f; the same structure is 
achieved after loss of acrolein from the structures in both Figures 5e and 6e). This bonding 
interaction results in the transfer of an electron, such that Mo3+ + Mo6+  Mo4+ + Mo5+, as 
confirmed by Bader charge analysis. The barrier for this relaxation process is less than 3 
kcal/mol, suggesting that Mo3+ sites are rapidly extinguished under reaction conditions. 

3.5 Desorption of water 

Oxidation of propene to acrolein requires removal of two hydrogen atoms per propene. 
Ultimately, these hydrogens will combine with lattice oxygen to produce water, which then 
desorbs. In the mechanisms examined here, the two hydrogen-abstraction steps take place at 
different molybdenum sites, so production of water requires mobility of hydrogen across the 
surface of the partly reduced catalyst. No mechanism for the formation of water on bismuth 
molybdate has been proposed in literature.  However, it is known experimentally that production 
of water is not kinetically relevant, and that water is produced even in the absence of gas phase 
O2 [89]. The mechanism by which hydrogen migrates across the surface and ultimately produces 
water has not been pursued in the present work. 

3.6 Bader Charge Analysis 

Bader charge analysis was performed in order to determine the oxidation states of bismuth 
and molybdenum centers at each step of the reaction. Bader charges are assigned by dividing the 
charge density along surfaces of zero flux, and apportioning the integrated charge inside each 
closed surface to the nucleus contained therein. The resulting values are useful for observing 
redistribution of electron density during reactions. In addition, by comparing Bader charges in a 
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system of interest to those of appropriately chosen reference systems, it is possible to correlate 
Bader charges with formal oxidation states. Table 2.3 shows the formal oxidation states of Mo 
and Bi in bismuth molybdate at various key stages in the conversion of propene to acrolein, as 
determined by comparison with the reference compounds shown in Table 2.4. Notably, bismuth 
remains in the Bi(+3) state throughout the conversion, while molybdenum centers are reduced 
successively. For all active sites investigated, the initial hydrogen abstraction results in the 
reduction of molybdenum from Mo(+6) to Mo(+5). Attachment of the allyl fragment to a 
molybdenyl oxygen reduces a second molybdenum from Mo(+6) to Mo(+5). Subsequent 
hydrogen abstraction further reduces this site to Mo(+3). This Mo(+3) site then links to a 
subsurface oxygen, resulting in redistribution of electron density between the Mo(+3) site and a 
subsurface Mo(+6) site to produce an Mo(+4) and an Mo(+5) (Figure 2.5f). The presence of 
Mo(+5) and Mo(+4) has been observed by ESR [7,90] and XPS [91,92]. Mo(+4) has also been 
observed in XANES scans taken of bismuth molybdate reduced by propene in the absence of a 
gas phase reoxidant [27]. Mo(+3) has not been observed experimentally in bismuth molybdates. 
However, given the low barrier for the reaction Mo(+3) + Mo(+6)  Mo(+4) + Mo(+5), it is 
likely that Mo(+3) sites are consumed too rapidly to be experimentally detected. 

In section 3.3.1, it was suggested that for hydrogen abstraction to occur, an electrophilic 
oxygen center must first be generated, and that this occurs when a π-π* transition in the Mo=OEQ 
orbital converts Mo(+6)=O(-2) to Mo(+5)-O(-1). Bader charge analysis supports this 
interpretation: as the Bader charge on Mo decreases from +2.67 in the initial state to +2.47 in the 
transition state, the charge on oxygen increases from -0.91 to -0.68. The decrease in negative 
charge on oxygen corresponds to an increase in its electrophilic character sufficient to effect the 
abstraction of a hydrogen radical from the methyl group of propene. 

Bader charge analysis also confirms the radical nature of the allyl fragment produced by the 
initial hydrogen abstraction. The Bader charges on the terminal carbons of the allyl intermediate 
are nearly zero (-0.04), identical to the value calculated for a free allyl radical. (The greater 
electronegativity of carbon over hydrogen accounts for the slight negative charge on carbon in an 
overall charge-neutral species.) By contrast, the allyl cation in [C3H5]+[SbF6]– has Bader charges 
of +0.40 on each terminal carbon, while the terminal carbons in the allyl anion K+[C3H5]– have 
Bader charges of -0.39. 

3.7 The role of bismuth (OEQ, OB) 

Bader charge analysis confirms that bismuth is neither oxidized nor reduced at any point 
during the oxidation of propene to acrolein, but remains Bi(+3) throughout. This result is 
consistent with XANES data collected recently by our group, which indicate that bismuth 
remains in the +3 oxidation state even after 24 h of exposure to flowing propene gas at 713 K 
[27]. Bismuth also does not appear to play any role in adsorbing propene or in stabilizing the 
allyl radical intermediate. Nevertheless, the substantial differences in activation barriers for 
hydrogen abstraction at OEQ, OAX, and OB, and the known poor activity of MoO3 for propene 
conversion, suggest that bismuth plays a key role in enabling hydrogen abstraction at the active 
sites. 

Bi2Mo3O12 contains two crystallographically distinct bismuth centers in similar 
coordination environments: an inner coordination sphere of four shorter Bi-O bonds at 2.1 – 2.4 
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Å all directed to one side of the Bi center, and an outer coordination sphere of four longer Bi-O 
bonds at 2.6 – 3.0 Å directed to the opposite side of the Bi center. A “stereochemically active 
lone pair,” formed by hybridization of the filled Bi6s-O2p σ* orbital with an empty Bi6p orbital 
[93,94], is directed away from the shorter Bi-O bonds and toward the outer sphere oxygens. In 
Bi2Mo3O12, OB is an inner-sphere oxygen, OEQ is an outer-sphere oxygen, and OAX at the surface 
has no coordination to bismuth. The bond reorganization observed prior to the transition state for 
H abstraction at OB is consistent with the conversion of OB from an inner-sphere position to an 
outer sphere position (balanced by conversion of a second-layer oxygen from an outer-sphere 
position to an inner-sphere position). 

To better understand the role of bismuth coordination, a series of cluster calculations were 
carried out for an MoO2(OH)2(H2O) unit interacting with Bi(OH)3. As shown in Figure 2.8, the 
clusters were derived from the (010) surface of Bi2Mo3O12 and were aligned so that OAX, Mo, 
OEQ, Bi, and OBi lie in the same plane, with the Mo-OEQ-Bi and OEQ-Bi-OBi angles equal to those 
on the slab model surface. This alignment results in the Bi lone pair being directed toward OEQ, 
as in Bi2Mo3O12. The OEQ-Bi distance was then varied for clusters in both singlet and triplet spin 
states, and the overall energy of the combined cluster system relative to that of the two isolated 
clusters was examined. 

For the singlet state, the interaction between the two clusters as they approach each other is 
attractive initially, with the most energetically favorable configuration occurring at a Bi-OEQ 
distance of 3.3 Å. The interaction remains favorable at the Bi-OEQ distance found in Bi2Mo3O12 
(2.97 Å), indicating an energetic preference for OEQ to sit in an outer sphere position relative to 
bismuth. The total strength of this interaction is ~2.3 kcal/mol, on the order of a weak hydrogen 
bond and much weaker than the nominal Bi-O single bond strength of ~63 kcal/mol. As the Bi-O 
distance grows shorter, the bismuth lone pair begins to interact with lone pair electrons on OEQ, 
producing a repulsive interaction between filled orbitals. As the Bi-OEQ distance falls below 2.8 
Å, this repulsion dominates the interaction and makes further approach energetically 
unfavorable. 

For the isolated molybdate cluster, the triplet state is 59.9 kcal/mol higher in energy than 
the singlet ground state when the M06-L density functional is used. The curve for the triplet state 
shown in Figure 2.8 takes the energy of the isolated clusters to be zero and again follows the 
change in energy as the Bi(OH)3 cluster approaches the MoO2(OH2)(H2O) cluster. Again, the 
interaction is initially attractive. Notably, for distances below 3.6 Å, the gain in energy upon 
approach exceeds that in the singlet state, and the most favorable distance decreases to 2.1 Å, 
with a net energy gain of -14.4 kcal/mol, which is far greater than that seen in the singlet state. 
As shown in Figure 2.9, this difference can be understood by examining the redistribution of 
electron density among the frontier molecular orbitals upon excitation from the singlet to the 
triplet state. In the singlet state, the highest occupied molecular orbital (HOMO) is an oxygen 
lone pair state comprised of the OAX pz and OEQ py orbitals, and the lowest unoccupied molecular 
orbital (LUMO) is the Mo-OEQ π* orbital built from Mo dxz and OEQ px orbitals. An excitation 
from the singlet to the triplet state promotes an alpha spin electron from the HOMO to the 
LUMO. As seen in Figure 2.9, there is substantial overlap between the HOMO on the molybdate 
cluster and the lone pair on bismuth, and when the HOMO is fully occupied, both its electrons 
experience repulsive interactions with the electrons of the bismuth lone pair. Energy 
decomposition analysis (EDA) suggests that this repulsive interaction becomes important for Bi-
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OEQ distances less than 3.1 Å. The Bi-OEQ distance at the transition state for H abstraction at OEQ 
is 2.9 Å (structure EQ3). For this distance, the repulsive interaction between the molybdate 
HOMO and the bismuth lone pair is destabilizing by 1.8 kcal/mol. Removing an alpha-spin 
electron from the HOMO removes half of these repulsive interactions, reducing the energetic 
penalty for closer approach between bismuth and OEQ. Moreover, once an alpha-spin electron has 
been removed from the O 2p orbital, the alpha-spin electron in the Bi lone pair orbital can donate 
electron density into the half-empty O 2p orbital. EDA indicates that for a Bi-OEQ distance of 2.9 
Å, roughly 7% of the alpha-spin Bi lone pair electron density is donated into the half-empty O 2p 
orbital; this interaction is energetically favorable by 3.2 kcal/mol. 

The molybdate LUMO (Figure 2.9) is oriented perpendicular to the bismuth lone pair, so an 
electron added to this orbital will not experience significant repulsive interactions with the lone 
pair electrons on bismuth. In addition, the Mo-OEQ π* orbital comprising the LUMO is of correct 
symmetry to overlap with an empty px orbital on bismuth. EDA reveals that overlap between the 
partly occupied Mo-OEQ π* orbital and an empty Bi px orbital creates a bonding interaction 
between Bi and OEQ, and simultaneously delocalizes electron density out of the antibonding 
overlap between Mo dxz and OEQ px. For the Bi-OEQ distance of 2.9 Å in EQ3, this delocalization 
is favorable by 0.8 kcal/mol. Adding to this the 3.2 kcal/mol stabilization from overlap between 
the half-empty O 2p orbital and the Bi lone pair produces the 4.0 kcal/mol stabilization of the 
triplet state relative to the singlet state seen in Figure 2.8. The more closely Bi and OEQ approach, 
the stronger these interactions become. Importantly, this means that as bismuth approaches OEQ, 
the energy gap between the singlet and triplet states is reduced. 

Now consider hydrogen abstraction at OEQ. For the reaction to proceed, an electron must be 
promoted out of an oxygen p orbital into an Mo-O π* orbital, formally converting Mo(+6)=O(-2) 
to Mo(+5)—O(-1). The resulting electrophilic oxygen species carries out hydrogen abstraction 
by pairing the now-unpaired oxygen p electron with a hydrogen s electron to form an O-H 
bonding pair, formally yielding Mo(+5)-O(-2)-H(+1). In an isolated molybdate cluster, the full 
cost of promoting an electron from an OEQ p orbital to the Mo-OEQ π* orbital must be paid. But 
when the molybdate cluster interacts with a neighboring bismuth cluster, destabilization of a 
fully occupied O p orbital in the singlet state, and stabilization of a half-empty O p orbital by the 
Bi lone pair combined with stabilization of a half-occupied Mo-OEQ π* orbital by a vacant Bi p 
orbital in the triplet state, all serve to reduce the energetic cost of promoting an electron, thereby 
facilitating the electronic rearrangement necessary to produce the electrophilic O center that 
carries out H abstraction. 

The less favorable abstraction of hydrogen at OB relative to OEQ, despite the stronger Bi-O 
interaction in Bi-OB, can also be explained by molecular orbital considerations. The 
destabilization of the oyxgen p orbital due to repulsive interactions with the bismuth lone pair 
found in the OEQ case is not present in the OB case, as the bismuth lone pair is oriented to the 
opposite side of Bi from OB. The Bi-OB distance in structure B1, 2.28 Å, suggests a sigma 
bonding interaction. In addition, the longer Mo-OB bond (initially 1.85 Å in B1) has less pi 
character than the Mo=OEQ bond (1.76 Å in EQ1); in the molybdate cluster defined by two OB 
atoms, two OD atoms, and a central molybdenum, it is the Mo=OD bonds that have both σ and π 
character (making them comparable to OAX and OEQ), while the Mo-OB bonds have primarily 
only σ character. Thus, both the local HOMO (and first several orbitals below it) and the LUMO 
(and first several orbitals above it) are localized primarily on the Mo and OD atoms, with little 
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contribution from the OB centers. The p orbital on OB from which an electron would be excited is 
lower in energy than the p orbitals on OEQ, and the unoccupied Mo-OB* orbital higher in energy 
than the Mo=O π* orbitals available on OEQ. Thus, the energy cost of promoting an electron from 
an occupied OB p orbital into an available unoccupied orbital is higher than at OEQ. Since an 
electron must be displaced from the OB p orbital for this orbital to then participate in bond 
formation with a hydrogen s orbital, a greater cost to displace this electron results in a larger 
activation barrier for hydrogen abstraction. The partial rehybridization of the molybdate unit 
containing OB prior to hydrogen abstraction at an OB site in structure B2 has the effect of 
creating greater Mo=OB character at the expense of Mo=OD and OB–Bi character, thereby raising 
the energy of the occupied OB p orbitals, lowering the energy of the vacant Mo-OB* orbitals, and 
reducing the energy needed to promote an electron from HOMO to LUMO in order to create an 
electrophilic O(-1) site at OB.  

3.8. The role of structural rearrangement (OAX) 

As observed in section 3.4, hydrogen abstraction at OAX proceeds by a qualitatively 
different mechanism than at OEQ and OB, with substantial rearrangement of the catalyst structure 
occurring prior to initiation of hydrogen abstraction. The reason that significant structural 
arrangement is required in order to activate OAX for hydrogen abstraction can be understood 
from additional calculations carried out using the cluster model. As noted in section 3.7, for the 
Mo(=O)2(OH)2(H2O) cluster, the energy required to excite one electron from the HOMO to the 
LUMO is 59.9 kcal/mol using the M06-L density functional, or 63.7 kcal/mol using BPW91. The 
lowest energy excited state is best described as Mo*(=OAX)(—OEQ*)(OH)2(H2O), with the OEQ 
site activated for hydrogen abstraction. Activating OAX for hydrogen abstraction requires exciting 
an electron into the higher lying Mo*(—OAX*)(=OEQ)(OH)2(H2O) configuration. Time-
dependent density functional theory calculations suggest that this excited state lies an additional 
45.3 kcal/mol above the first excited state in the BPW91 functional. (TDDFT calculations were 
not possible using the M06-L functional due to limitations in Q-Chem.) This result suggests that 
creation of an electrophilic O(-1) species at OAX requires on the order of 45 kcal/mol more 
energy than creating the equivalent species at OEQ, discounting any additional effects at OEQ due 
to the presence of bismuth. Thus, a total energy input of ~60 + 45 = 105 kcal/mol is required to 
produce an electronic configuration that activates OAX to abstract hydrogen. 

Cluster calculations suggest that the ground state singlet structure Mo(=O)(OH)4 is 18.8 
kcal/mol (M06-L) or 16.1 kcal/mol (BPW91) uphill in energy from the ground state singlet 
structure Mo(=O)2(OH)2(H2O), consistent with the ~ 25 kcal/mol barrier observed for 
rearrangement of the molybdate ion in the slab calculations. (The cluster model energy 
difference is lower than the difference found in the slab model due to the additional geometric 
distortion of surrounding atoms required to achieve an Mo(=O)(OH)4-like environment in the 
slab.) Once formed, the Mo(=O)(OH)4-like structure must also undergo activation at the 
remaining molybdenyl oxygen, to form an Mo*(–O*)(OH)4-like species with an electrophilic O(-
1) center capable of carrying out hydrogen abstraction. Calculations on the Mo(=O)(OH)4 cluster 
suggest that the triplet Mo*(–O*)(OH)4 state lies 50.1 kcal/mol (M06-L) or 50.3 kcal/mol 
(BWP91) above the Mo(=O)(OH)4 ground state. As shown in Figure 2.10, the pathway 
Mo(=O)2(OH)2(H2O)  Mo(=O)(OH)4  Mo*(—O*)(OH)4 requires a total input of 18 + 50 = 
68 kcal/mol, significantly lower than the 105 kcal/mol required for the  Mo(=O)2(OH)2(H2O)  
Mo*(—OAX*)(=OEQ)(OH)2(H2O) pathway as determined by TDDFT. Thus, structural 

17 



rearrangement of the molybdate ion provides a lower-energy means of producing an electrophilic 
O(-1) species at OAX. 

Even with structural arrangement, the barrier to hydrogen abstraction at OAX remains 
significantly higher than the barriers at OEQ and OB, so the OAX site does not contribute to the 
overall rate of propene oxidation on Bi2Mo3O12. However, these results suggest that in a catalyst 
in which structures analogous to Mo(=O)(OH)4 are already present without additional structural 
rearrangement, activation of the Mo=O bond would require less energy than is required to 
activate OEQ in the absence of bismuth, and comparable energy to that required to activate OEQ 
with when bismuth is present at a Bi-OEQ distance of ~ 2.7 Å. 

 

4.0 CONCLUSIONS 

Density functional theory calculations have been performed to study the conversion of 
propene to acrolein over alpha bismuth molybdate. The most active site for the initial, rate-
determining hydrogen abstraction on the most abundant exposed surface is found to be a 
molybdenyl oxygen weakly coordinated to a proximal bismuth atom. The role of this bismuth 
center is to provide orbital interactions that destabilize the HOMO and stabilize the LUMO on 
the molybdate unit, thereby facilitating the promotion of an electron into an Mo-O �* orbital 
that must accompany the abstraction of hydrogen from propene. Subsequent catalytic steps 
involve free migration of an allyl radical intermediate across the surface, attachment of this 
radical to a molybdenyl oxygen, a second hydrogen abstraction by a geminal molybdenyl 
oxygen, and desorption of the acrolein product. All reduction takes place at molybdenum, with 
the formation of acrolein ultimately resulting in reduction of three Mo(+6) centers, producing 
one Mo(+4) and two Mo(+5) centers.  The results of this work agree with data from experimental 
studies, and provide new insight into the nature of the active site, the structure and behavior of 
reaction intermediates, and the unique role of bismuth in facilitating the rate-limiting step of 
hydrogen abstraction from the methyl group of propene. 
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6.0 SUPPORTING INFORMATION 

 Bismuth molybdate (Bi2Mo3O12) was synthesized using a sol gel complexation method 
described elsewhere [27]. Briefly, an equimolar ratio of Bi(NO3)3•5H2O (99.99%, Sigma 
Aldrich) and citric acid monohydrate (98-102%, Sigma Aldrich) were dissolved in 2 M nitric 
acid. A second solution comprising NH4VO3 (99%, Sigma Aldrich) and a sevenfold excess of 
citric acid was combined with the first solution to produce a 2:3 Bi:Mo ratio. The solution was 
then evaporated at 60°C until a gel formed. This gel was further dried at 120°C for 2 h, then 
calcined in air for 6 h at 600°C. 

 A quartz reactor was loaded with 0.25 g of bismuth molybdate and placed in a vertical 
tube furnace. The catalyst was pretreated at 420°C under flowing air (99%, Praxair) for 1 h. Flow 
through the catalyst bed was then switched to helium (99.99%, Praxair) for 5 min, then switched 
to propene (99%, Praxair) for 10 min. Total gas flow rate was always 50±2 mL/min. Products 
were analyzed by mass spectrometry (MKS Instruments). 

 As shown in Figure 2.S1, while the catalyst is exposed to air at 420°C, the mass 
spectrometer measures a strong signal at m/z=32 corresponding to O2

+, and a weak signal at 
m/z=18 which results from 18O in the oxygen feed (18O natural abundance 0.2%; signal intensity 
for O+ in O2 is ~ 20% of signal intensity for O2

+; the signal at m/z=18 should thus be roughly 
log10(0.04%) = 3E-3 of that at m/z=32, consistent with the data shown). The feed is then 
switched to 99.99% helium to flush oxygen from the reactor prior to the introduction of propene. 
The mass spectrum is dominated during this time by a signal at m/z=4 corresponding to He+. The 
lower intensity of the m/z=4 signal in 99.99% He compared to the m/z=32 signal in 99% O2 is a 
consequence of the lower propensity of He to ionize relative to O2 at the chosen ionizer electron 
energy. 

 After 5 min under flowing He, the O2 concentration in the reactor effluent is reduced to < 
500 ppm. The gas feed is then switched to 99% propene. The strong signal at m/z=41 results 
from the C3H5

+ ion, which is the primary fragment produced upon ionization of propene. The 
signal at m/z=56 arises from the C3H4O+ ion, which is the primary fragment produced upon 
ionization of acrolein. The intensity of this signal relative to the propene signal indicates that 
under these reaction conditions, propene conversion to acrolein is roughly 0.5%, as expected for 
this catalyst loading, temperature, and space velocity (see again ref. 27, where similar 
conversions were achieved using similar conditions). Consistent with the findings of 
previous investigators, acrolein is readily produced even in the absence of gas phase oxygen, 
confirming oxidation through a Mars van-Krevelin mechanism. Also notable is the increase in 
intensity at m/z=18 upon introduction of propene to the reactor feed. This signal is attributable 
entirely to the production of water as a co-product of propene oxidation. This finding confirms 
that a mechanism for production of water exists on the surface of the catalyst under reducing 
conditions. It is, however, notable that the intensity of the signal at m/z=18 is much lower than 
that at m/z=56, suggesting sub-stoichiometric production of water relative to acrolein. These two 
signals become equal in intensity when the gas mixture fed to the reactor contains equal 
concentrations of propene and oxygen (not shown), suggesting the mechanism for water 
production in the presence of gas phase oxygen may differ from the mechanism for water 
production under reducing conditions. These mechanisms were not, however, explored in the 
present study. 
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Table 2.1: lattice parameters for Bi2Mo3O12 
  RPBE experimental error 
a 8.0176 7.7104 3.98% 
b 12.2491 11.5353 6.19% 
c 12.314 11.972 2.86% 
β 112.601° 115.276°  
 
 
Table 2.2: H atom attachment energies 
Site Energy (kcal/mol) 
Mo +1.2 
Bi -1.2 
O3B -33.2 
O3A -36.1 
OB -37.3 
OAX -43.7 
OEQ -49.5 
 
 
Table 2.3: Formal oxidation states by Bader charge analysis 
Bismuth Bader Charge Formal Oxidation State 
Pristine surface +1.87 +3 
Transition state for H abstraction   
    at OEQ +1.87 +3 
    at OB +1.86 +3 
After first H abstraction   
    at OEQ +1.85 +3 
    at OB +1.88 +3 
   
On Molybdenum Bader Charge Formal Oxidation State 
Pristine surface +2.67 +6 
Transition state for H abstraction   
    at OEQ +2.47 +5 
    at OB +2.49 +5 
After first H abstraction   
    at OEQ +2.49 +5 
    at OB +2.50 +5 
   
On Oxygen OEQ Bader Charge Formal Oxidation State 
Pristine Surface -0.91 -2 
Transition state for H abstraction -0.68 -1 
After first H abstraction (as OH) -1.23 -2 
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Table 2.4: Reference Compounds for Bader Analysis 
For Bismuth Bader Charge Formal Oxidation State 
Bi2(O2CCF3)4 +1.31 +2 
α-Bi2O3 +1.71 +3 
Bi(O2CCF3)4 +1.99 +4 
Bi(OH)5 +2.22 +5 
   
For Molybdenum Bader Charge Formal Oxidation State 
Mo(OH)3(H2O) +1.89 +3 
MoO2 (distorted rutile) +2.16 +4 
Mo(OH)4(H2O) +2.32 +4 
Mo(=O)(OH)3(H2O) +2.47 +5 
Mo(=O)2(OH)2(H2O) +2.65 +6 
α-MoO3 +2.71 +6 
   
For Oxygen Bader Charge Formal Oxidation State 
Η2Ο -1.16 -2 
α-Bi2O3 -1.14 -2 
MoO2 (distorted rutile) -1.08 -2 
(CH3)2O -0.96 -2 
(CH3)2O2 -0.67 -1 
H2O2 -0.66 -1 
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 Figure 2.1: The six distinct oxygen environments on the (010) surface of Bi2Mo3O12. 
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Figure 2.2: Energy profile and selected geometries for initial hydrogen abstraction at OEQ. The energy zero refers to 
propene physisorbed above the active site. Distances are in Å. 
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Figure 2.3: Energy profile and selected geometries for initial hydrogen abstraction at OB. The energy zero refers to 
propene physisorbed above the active site. Distances are in Å. 
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 AX1   AX2 
Figure 2.4: Energy profile and selected structures for hydrogen abstraction at OAX. The propene molecule has been 
removed for clarity. The energy zero refers to propene physisorbed above the active site. Distances are in Å. 
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 (a)  (b)  (c) 
 

     
 (d)  (e)  (f) 
Figure 2.5: Allyl radical insertion at OEQ followed by second hydrogen abstraction at OAX. (a) Structure EQ5 
(reverse view compared to Figure 2). (b) Transition state for allyl insertion at OEQ. (c) Allyl alcohol intermediate 
attached at OEQ. (d) Transition state for second hydrogen abstraction at OAX. (e) Acrolein product physisorbed at the 
OEQ vacancy. (f) Relaxed structure of the reduced catalyst after desorption of acrolein. All distances in Å. 
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 (a)  (b)  (c) 
 

   
  (d)  (e) 
Figure 2.6: Allyl radical insertion at OAX followed by second hydrogen abstraction at OEQ. (a) Allyl radical 
physisorbed near OAX. (b) Transition state for allyl insertion at OAX. (c) Allyl alcohol intermediate attached at OAX. 
(d) Transition state for second hydrogen abstraction at OEQ. (e) Acrolein product adsorbed at the OAX vacancy. All 
distances in Å. 
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Figure 2.7: Overall energy profile for the conversion of propene to acrolein over Bi2Mo3O12. 
 
 
 

 
Figure 2.8: (a) Relationship between the cluster and slab models. The Bi-OEQ distance was varied while holding the 
O-Bi-OEQ and Bi-OEQ-Mo angles fixed. (b) Interaction energy between Bi(OH)3 and MoO2(OH)2(H2O) clusters as a 
function of Bi-OEQ distance. The energy zero is that of the isolated MoO2(OH)2(H2O) cluster in the singlet or triplet 
spin state. The red line denotes the Bi-OEQ distance in structure EQ3 of Figure 2. 
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Figure 2.9: Frontier orbitals on the Bi(OH)3 and MoO2(OH)2(H2O) clusters. The interactions are repulsive in the 
singlet spin state but attractive in the triplet spin state. 
 
 
 
 
 

 
Figure 2.10: Energies of the excited state structures involved activating OAX for hydrogen abstraction.  
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Figure 2.S1: Mass spectrometer output during sequential exposure of the catalyst to oxygen, helium, and propene. 
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Chapter 3 
 

An analysis of the challenge for carrying out DFT calculations on reducible transition metal 
oxide catalysts 

 

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 M06-L 
density functional, which has been shown to be broadly accurate for calculations of gas phase 
clusters, has recently become available 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 investigate the performance of the M06-L functional for describing the 
structural and electronic properties of a family of RTMOs: MoO2, MoO3, and Bi2Mo3O12. Lattice 
constants, band gaps, and densities of states calculated using the M06-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 Bi2Mo3O12, 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 hydrocarbons1 and alcohols,2,3 the reduction of nitric oxide,4,5 the oxidation of 
sulfur dioxide,6 the photochemical and electrochemical splitting of water to produce hydrogen 
and oxygen,7,8 and the metathesis of olefins.9,10 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 co-catalyst. For 
example, the high CO oxidation activity of 2-3 nm gold particles supported on TiO2 and CeO2 
has been found to depend, in part, on the formation of oxygen vacancies on the TiO2 or CeO2 
support.11,12,13 Electron transfer from oxygen vacancies in the support layer to the metal particle 
produces anionic gold, which efficiently activates dioxygen.14,15 

 Given the importance of RTMOs in catalysis, it is highly desirable to analyze the 
energetic of reaction pathways occurring on the surface of such materials with the aim of 
identifying the elementary processes governing reaction rates and product selectivities. To date, 
the most promising theoretical approach for analyzing the energetic of catalyzed processes has 
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been density functional theory (DFT). 16,17,18  Extensive application of DFT has shown that 
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 zeolites19.  
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 delocalized20. 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. 

 Over-delocalization 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 RuO2, accurate results from 
DFT have been attained.21,22,23 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 TiO2. While wavefunction-based methods 
predict, and experiments confirm, that removal of an O atom from TiO2 generates two localized 
Ti3+ states adjacent to the vacancy, standard DFT calculations distribute the two excess electrons 
over the entire TiO2 crystal. As a result, DFT gives both inaccurate O vacancy formation 
energies and inaccurate geometries at O vacancy sites24. Vacancy formation in other systems 
suffers the same pathology,25 a subject recently reviewed by Ganduglia-Pirovano et al.26 

 Inaccuracies due to electron SIE are not restricted to calculations of vacancy formation. A 
well-recognized failure of DFT 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 
eV27, or even no band gap at all.28 Again, over-delocalization 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 SIE29. The SIE also leads to poor 
descriptions of transition states,30 and the strength and structure of adsorbates bound to 
surfaces.31,32 

 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 O2 
molecule. Popular density functionals like PBE, RPBE, and PW91 exhibit errors of 32%, 26%, 
and 21% respectively for the formation energy of O2 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 O2 further complicates calculations on the 
surfaces of RTMOs involving the adsorption, reaction, or evolution of O2 molecules, processes 
which are involved in both oxidation chemistry and water electrolysis. While workarounds exist 
for the O2 molecule specifically,33 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 over-delocalization 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 inter-electron repulsion term (Ueff) is introduced, the 
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effect of which is to drive electron re-localization and thereby mitigate the effects of the SIE. 
Methods for determining the value of the inter-electron repulsion from first principles have been 
proposed,34 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.35,36,37 The DFT+U method has been applied successfully to the analysis of elementary 
processes on many RTMOs, including oxygen vacancy formation energies in TiO2 ,38 V2O5,37 
MoO3,39 and CeO2,40,41  activation of propene by Bi2Mo3O12,42 oxidation of methanol catalyzed 
by TiO2-supported VOx,43 band bending and charge redistribution for TiO2-supported Au,44 and 
adsorbate binding in iron heme complexes.45 

 However, as presently used, the DFT+U method suffers from two limitations. The first is 
that values of Ueff determined from self-consistent calculations are often at variance with the 
values found empirically to provide the best agreement between theory and experiment.40 This 
limits the applicability of DFT+U to systems in which experimental data are already available. 
Second, the value of Ueff that provides the best agreement with experimental results typically 
depends on the experimental property of interest. A value of Ueff 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 Ueff differs for the same element in different 
oxidation states or coordination environments.46 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,47 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 functionals 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 gaps48,49 and oxygen 
vacancy formation energies26. The results of calculations carried out with hybrid functionals are 
also often used to determine a value of Ueff for subsequent DFT+U calculations.39,50 However, 
due to the long range nature of the Hartree Fock exchange interaction, incorporating Hartree 
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,51 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.52 Ultimately, the 
fraction of exact exchange used in a hybrid calculation is much like the value of Ueff 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, and 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 
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adsorption energies, including physisorption and van der Waals interactions; (5) 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 development of new 
density functionals is an active field of research.53,54,55 

 A functional that shows particular promise towards meeting the criteria listed above is the 
M06-L functional of Zhao and Truhlar.56 This functional has been well benchmarked in 
molecular chemistry,57,58,59 and has seen application to a variety of systems involving reducible 
transition metals in molecular complexes60,61,62,63 and cluster representations of extended solid 
surfaces.64 The M06-L functional has recently been incorporated into the popular solid-state 
chemistry code VASP, and shown to provide good performance in the calculation of band gaps 
for semiconductors65 and the heat of adsorption of CO adsorption on metals.66 The M06-L 
functional has also been implemented in the code GPAW, and a few reports of the application of 
M06-L to solid-state calculations using this code have also been published.67,68 Given the need 
for reliable density functional methods for performing calculations on RTMOs, and the initial 
success of M06-L in related systems, it is timely to investigate the performance of M06-L for 
calculations on RTMOs. 

 The purpose of this study is to investigate the performance of the M06-L functional for 
calculations on RTMOs, in order to determine how well it meets the “ideal functional” criteria 
listed above. Results obtained using the M06L functional are compared with those obtained from 
DFT+U and with experimentally measured properties. Three prototypical RTMOs were 
examined. The first is MoO2, 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). MoO2 is also a catalyst for the isomerization of alkanes,69 and plays an 
active role in promoting the activity of MoO2-supported Cu for the water gas shift reaction.70 
The second material is MoO3, 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,39 so MoO3 
provides a useful test for criteria (1) and (4). MoO3 is catalytically active for the oxidative 
dehydrogenation of alkanes71,72 including methane.73  The energy for the reaction H2 + MoO3  
MoO2 + H2O was used to choose the value of Ueff in previous DFT+U calculations on 
molybdates;42 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 Bi2Mo3O12 was examined, and 
compared to results from earlier work using DFT+U42. Propene oxidation over Bi2Mo3O12 is a 
well-studied model for the selective oxidation and ammoxidation of light olefins over  
multicomponent bismuth molybdate-based catalysts, a process conducted industrially at the scale 
of 5 million ton per year.74 

 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 M06-L for lattice constants and electronic structures, 
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addressing criteria (1), (2), and (4). A detailed comparison of the mechanism by which propene 
is activated during oxidation over Bi2Mo3O12 is presented in Section 4.4. Finally, our conclusions 
are given in Section 5. 

 

2.0 AN INTRODUCTION TO DFT+U AND M06-L 
 In the simplified, rotationally invariant formulation of DFT+U applied here,27 the self-

consistent density functional energy is modified by imposing a penalty function: 

( ) ( )21
2DFT U DFT lms lms

lms
E E U J n n+ = + − −∑  

In principle, U is the coulomb potential, J is the exact exchange potential, and n is the occupation 
value of an atomic orbital with quantum numbers l, m, and s. (Since 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 – J is exactly the degree of un-
cancelled electron self-interaction, and acts as a weight for a penalty function n-n² that drives the 
occupation value of n 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 J from first 
principles have been suggested in the literature,34,45,75,76 in practice, most researchers choose the 
value of the difference Ueff = U – J empirically to match a known experimental constraint on the 
system of interest. Although in principle, a different value of Ueff 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 77 and 78 for an example 
in which a Ueff correction was applied to O 2p orbitals). In the present study, a Ueff term was 
applied only to the 4d orbitals on molybdenum. 

  In order to systematically examine the effect of the value of Ueff on lattice parameters, 
electronic structures, and reaction barriers, a range of Ueff values was investigated. We have used 
a Ueff value of 8.6 eV for Mo in previous RPBE+U calculations.42 This value was chosen on 
thermochemical grounds: at Ueff = 8.6 eV, the RPBE+U method gives -84 kJ/mol for the energy 
change in the reaction MoO3 + H2 ↔ MoO2 + H2O, in agreement with experiment (see 
references 36  and 42 for more details). Coquet and Willock39 have used a value of Ueff = 6.3 eV 
to calculate vacancy formation energies on MoO3(010) by matching the spin density on reduced 
Mo centers in PBE+U calculations to the value obtained from a PBE0 reference calculation. The 
same value of Ueff has been adopted by Lei and Chen79 in a subsequent investigation of H2 
adsorption on MoO3(010). Values of Ueff = 2 and 4 eV have also been tested to provide a more 
complete examination of the Ueff 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 
approximation. 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,80 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 second derivative of density). Such functionals are called 

40 
 



“meta-GGA”. As Becke has nicely shown81, a significant amount of chemical information is 
embedded in the kinetic energy density, i.e., the shapes of σ, π, and lone pair orbitals can be 
visualized directly from kinetic energy density maps. Becke82 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 uniform 
electron gas (UEG) with the same local density:  where electrons are strongly localized, these 
two densities are similar, whereas the UEG kinetic energy density becomes much smaller than 
the Kohn Sham kinetic energy density in regions of electron delocalization. By calculating and 
comparing both types of kinetic energy density, a properly constructed meta-GGA functional can 
detect and correct for electron over-delocalization without including non-local HF-like exchange. 
Indeed, the M06-L functional contains a kinetic energy density-based term in its correlation 
functional which exactly removes the self-interaction error for a one-electron system.83 In 
addition, the M06-L functional is semi-empirical, 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 M06-L 
functional should therefore provide superior accuracy over PBE and RPBE, which contains no 
such empirical parameters. Notably, one of these test sets measures the ability of a density 
functional to capture non-covalent interactions, which are known to be poorly described in PBE 
and RPBE. The inclusion of non-covalent interactions in the training set for M06-L should 
improve its accuracy in describing systems in which non-covalent interactions are important. 

 The hybrid density functional scheme proposed by Heyd, Scuseria, and Ernzerhof84,94 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.26,52,53 The HSE functional85 is constructed by (1) adding 25%86 of Hartree Fock-like87 
exchange to the PBE density functional (producing the hybrid commonly referred to as PBE088), 
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 PBE0 in periodic systems.89 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 PBE0. Interestingly, HSE 
actually out-performs both its PBE and PBE0 parents for band gap calculations and geometries, 
though it is not as good as PBE0 for reaction barriers or atomization energies.90 Since Hartree 
Fock theory does not capture dispersive, non-covalent 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 VASP91 version 5.3.2. DFT calculations were 
carried out using the PBE,92 RPBE,93 and M06-L56,57 functionals. Hybrid DFT calculations were 
carried out using the HSE functional.84,94 DFT+U calculations were carried out by applying the 
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rotationally invariant, simplified formalism due to Dudarev et al.27,95 Plate wave basis sets96 were 
used to represent valence electrons, while core electrons were modeled using projector 
augmented waves97,98 containing extra terms to allow calculation of the kinetic energy density 
contributions from core electrons.99 The projector augmented wave cores used were designed for 
plane wave cutoff 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 MoO2 and 
MoO3 structures) were converged with respect to cutoff energy in the M06-L functional already 
at 400 eV. A larger cutoff energy of 500 eV was used for RPBE(+U) calculations for consistency 
with previous work.42 

 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 1x1x1, 2x1x1, 3x1x1, 4x1x1, etc. 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 8x9x8 k point grid was used for 
MoO2, and a 6x2x6 k point grid was used for MoO3. For Bi2Mo3O12, a 4x2x3 k point grid was 
used for RPBE(+U) calculations, while a 3x2x2 k point grid was found to be sufficient when 
using M06-L. For density of states calculations, k point grids were doubled: 16x18x16 for MoO2, 
12x4x12 for MoO3, and 6x2x4 for Bi2Mo3O12. Timing comparison calculations on the RPBE, 
RPBE+U, M06-L, and HSE approaches were performed on MoO2 using the same 6x8x6 k point 
mesh. Energies were converged using first-order Methfessel-Paxton energy smearing100 for 
MoO2 and Gaussian energy smearing for MoO3 and Bi2Mo3O12. 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 Blöchl corrections.101 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 literature102,103,104 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 state105,106 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 Bi2Mo3O12, the Bi8Mo12O48 unit cell was first 
cleaved along the crystallographic b axis and a vacuum space of 12 Å introduced. The 
Bi8Mo12O48 unit cell can be decomposed into four Bi2Mo3O12 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 the active site42 
on the relaxed surface, and the mechanism for hydrogen abstraction observed in previous work 
using RPBE+U was re-investigated in the M06-L functional. The reaction path was determined 
by the nudged elastic band method107 using the fast inertial relaxation engine algorithm 
developed in the Henkelman group.108 The transition state for H abstraction from propene on 
Bi2Mo3O12 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/Å. The spin crossing point was then located 
using an algorithm described in detail elsewhere.42 
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 Additional discussion is merited concerning use of the M06-L functional as implemented 
in VASP. The Minnesota family of functionals is known to require fine integration grids in order 
to provide accurate energies109 (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 MoO2 with lattice 
vectors 5.60 x 4.90 x 5.66 Å, 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 
M06-L functional in systems containing significant vacuum space is a consequence of the way 
the exchange energy density functional in M06-L is constructed.110 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-behaved: 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 wavefunction. The use of random numbers leads to a very 
poor initial guess of the Kohn-Sham orbital kinetic energy density. As a result, the M06-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 wavefunction. 

 

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 computational expense is of primary importance for a density functional to be of 
practical use.  Table 3.1 shows the relative lengths of time required to conduct identical 
calculations using the RPBE, RPBE+U (U = 8.6 eV), M06-L, and HSE functionals. The very 
high cost of the HSE functional renders it infeasible for use on large, extended systems such as 
catalyst surfaces.  For this reason, further calculations employing the HSE functional were not 
attempted in the present study. The HSE functional has been well benchmarked elsewhere. 
84,111,112,113,114  
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 Although far less expensive than HSE, the M06-L functional is roughly an order of 
magnitude more expensive than the RPBE functional. 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 wavefunction prior to carrying out an M06-
L calculation. Attempting to converge an M06-L calculation without first reading in an initial 
guess for the charge density and wavefunction typically doubles the computational cost from that 
shown in Table 3.1, 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 wavefunction is not provided. Thus, conducting an initial GGA calculation before 
using the M06-L functional is both faster and more reliable than using M06-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 times more expensive than using 
the RPBE+U method. While relative job timings will be different for each system, the numbers 
given in Table 3.1 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 M06-L, it is 
necessary to distinguish between results that are affected by altering the value of Ueff, and those 
that are not. Results for the latter category are shown in Table 3.2 for four reactions relevant to 
the chemistry discussed in Section 4.4. The first entry in Table 3.2 confirms a well-known result, 
that the PBE and RPBE functionals provide very poor descriptions of the O-O bond strength in 
O2. The M06-L functional improves on these results substantially. Although it does not achieve 
“chemical accuracy” (usually considered to be agreement with experimental values to within 2 
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 Bi2Mo3O12, and discussed in greater detail in section 4.4, chemical accuracy is not 
achieved by any functional. The PBE and M06-L functionals provide similar performance, while 
the RPBE functional significantly overestimates the exothermicity of this reaction. From the 
results in Table 3.2, it is evident that the M06-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 
investigation115 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 M06-L functional compared to the 
PBE and RPBE functionals over a set of reactions is expected: since the M06-L functional is 
highly parameterized, and the values used in its parameterization were fitted to experimental 
data, the M06-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 Ueff applied. Several researchers have argued in favor of choosing a value of 
Ueff based on the oxidation energy of the system of interest.35,36  We have followed this approach 
in our previous work, wherein a value of Ueff = 8.6 eV was chosen for Mo based on the change in 
energy for the reaction MoO3 + H2  MoO2 + H2O. The choice of this reaction reflects a desire 
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to tune Ueff in order to accurately describe the thermodynamics of oxidation and reduction on 
molybdenum. In principle, choosing the reaction MoO2 + O2  MoO3 should provide the same 
result. However, as Table 3.2 shows, the large error associated with the formation energy of O2 
introduces an extra complication in using the latter reaction. 

 Figure 1 shows the effect of the choice of Ueff on the calculated reaction energies for the 
reaction MoO3 + H2  MoO2 + H2O determined using the PBE and RPBE functionals. Also 
shown are the energies for this reaction determined using M06-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 Ueff on calculations using these functionals is 
essentially identical. Since 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 Ueff correction acts similarly on both functionals. Given the essentially 
identical effect of the Ueff correction on the PBE and RPBE functionals, only the RPBE+U 
functional was investigated 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 (MoO2) 
MoO2 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 a axis in the 
monoclinic cell definition) to produce covalent Mo-Mo bonds. The instability of a tetragonal 
(rutile) MoO2 phase has been nicely demonstrated by Eyert et al.102, while the principles 
underlying the electronic structure of this phase were clearly elucidated by Goodenough116  more 
than 40 years ago. In brief, metal centers in roughly octahedral coordination environments 
experience crystal field effects that split their d orbitals into eg and t2g sets. In rutile-based 
structures, the lower energy t2g set is further split by the ability of dxy orbitals on neighboring 
centers to overlap, forming σ bonding pairs, while such overlaps are not possible for the dyz and 
dxz orbitals. Overlap between neighboring dxy 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 MoO2, 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 dxz and dyz orbitals; half-filling of 
this degenerate band gives rise to the metallic conductivity of the oxide. The effective mass of 
the conduction electrons in MoO2 is roughly three times that of a free electron, suggesting that 
unpaired d electrons in MoO2 are not strongly correlated. Thus, the electronic structure of MoO2 
contains one strongly localized and one strongly delocalized d electron per Mo center. It should 
also be noted that MoO2 is non-magnetic at all temperatures.102,117 Consistent with this 
observation, it was found that it was not necessary to perform spin-polarized calculations on this 
phase. 

The effects of the choice of functional and value of Ueff on the lattice parameters of MoO2 
are shown in Table 3.3. As shown in Table 3.3, the RPBE functional alone provides a reasonable 
match to the experimental lattice constants, but larger values of Ueff lead to increasing 
overestimation of the unit cell dimensions. On the other hand, the M06-L functional gives quite 
good values for lattice constants of MoO2. 

 The valence band structure118,119  of MoO2 determined experimentally shows a primary O 
2p band width running from roughly -3 eV to -10 eV relative to the Fermi level. Two higher 
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energy peaks also appear: Gulino et al.118 place the first of these features at 1.4 eV below Efermi 
and the second feature at 0.4 eV below Efermi. Scanlon et al. find a similar result,119  placing these 
peaks at 1.6 eV and 0.6 eV below Efermi, respectively. The first peak is attributed to the Mo-Mo 
bond formed by σ overlap of dxy orbitals, as discussed above. The second peak is assigned to the 
singly occupied dxz-dyz state. Based on careful investigation of high resolution ultraviolet 
photoelectron spectroscopy (UPS), Gulino et al. have concluded that this latter state should also 
have significant Mo-Mo π bonding character. The lowest unoccupied states are expected to 
appear roughly 2.5 eV above the top of the O 2p valence states. 

 The effects of the choice of functional and the value of Ueff on the density of states in 
MoO2 are shown in Figure 2. All calculations underestimate the width of the valence band, 
which terminates at -8 eV versus Efermi for the RPBE(+U) calculations, and -8.5 eV for the M06-
L calculations. The RPBE and M06-L calculations both capture the features of the 
experimentally observed MoO2 valence band: the material is metallic, with two distinct features 
sitting between the main valence band and the conduction states. Switching on the Hubbard U 
term preserves these features initially: the Mo-Mo bonding band shifts to slightly lower energy at 
Ueff = 2 eV, but the material remains metallic. As Ueff 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 Ueff  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 Ueff is further 
increased to 8.6 eV, the 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 Ueff 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 MoO2, a value of Ueff < 4 eV should be employed with the RPBE functional. 

4.3.2 Molybdenum Trioxide (MoO3) 
 MoO3 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. MoO3 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 3.4, 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 including 
explicit water layers above the surface may be insufficient to properly capture the nature of the 
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interactions taking place between surface, adsorbate, and solvent. Such interactions can be 
decisive in determining operative mechanisms under electrochemical conditions.120 

 Table 3.4 also shows that the value of Ueff has only a small effect on lattice constants in 
MoO3. Increasing the value of Ueff 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 Ueff. Since there are no occupied d orbitals on MoO3 on which a 
Hubbard U correction could act directly, it is reasonable that the overall effects of Ueff on lattice 
constants in MoO3 are small. 

 Compared to PBE and RPBE(+U), the M06-L functional yields a much more accurate 
estimate of the lattice constants for MoO3. In fact, the M06-L functional actually underestimates 
the length of the b vector. More detailed analysis reveals that M06-L accurately describes the 
axial Mo=O bonds (1.693 Å experimentally; 1.695 Å with M06-L), while overestimating the 
iono-covalent Mo-O bond along the b axis within each layer (2.258 Å experimentally; 2.373 Å 
with M06-L). Planes of terminal oxygens on adjacent layers are too close together (0.478 Å 
experimentally; 0.313 Å with M06-L), but this only shortens the nearest interlayer O-O contact 
from 2.77 Å to 2.74 Å. It is also noted that the M06-L functional does not contain empirical 
dispersion, and hence, its successful description of van der Waals interactions is due entirely to 
the parameterization of its exchange-correlation functional. The relative success of the M06-L 
functional in describing the structure of MoO3 is consistent with the observation that this 
functional provides improved descriptions of the structures of graphite, hexagonal boron nitride, 
and MoS2, each of which possesses a two-dimensional layered structure.121 

 Band gaps calculated for MoO3 using each functional are given in Table 3.5. Figure 3.3 
shows the corresponding densities of states. To facilitate comparisons among band gaps and 
valence band widths, the Fermi level in Figure 3.3 has been set to the top of the valence band, 
rather than to the center of the band gap as would be conventional for semiconductors. As 
expected, the PBE and RPBE functionals underestimate the band gap, the PBE functional in 
particular erring by ~ 40%. Unexpectedly, small values of Ueff reduce the band gap to values 
even lower than those obtained for Ueff = 0, though the effect is small. Larger values of Ueff 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 Ueff do not reproduce the experimental band gap, it is not obvious how to 
choose an appropriate value of Ueff on the basis of the densities of states in Figure 3.3. Indeed, 
the relative insensitivity of the results in Tables 3.3 and 3.4 and Figure 3.3 to the value of Ueff 
suggest that a +U correction is neither harmful nor helpful for achieving more accurate lattice 
constants or densities of states. However, the total energy of the system as calculated within 
VASP does vary with the value of Ueff (as seen in Figure 3.1). Larger values of Ueff also lead to 
stronger Mo-O bonds, visible in Figure 3.4 as a shift in 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 (Bi2Mo3O12) 
 The alpha phase of bismuth molybdate, Bi2Mo3O12, is an active catalyst for the selective 
oxidation of hydrocarbons. Its crystal structure can be derived from the scheelite (CaWO4) 
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structure by (1) creating an ordered array of cation vacancies at 1/3 of the Ca2+ sites, while 
placing Bi3+ ions at the other 2/3 of the Ca2+ sites; and (2) rotating pairs of tetrahedral MoO4

2- 
ions toward each other to create Mo2O8

4- dimers containing five-coordinate Mo6+ ions. The 
presence of many cation vacancies and Mo=O double bonds give Bi2Mo3O12 a layered structure, 
with few covalent bonds connecting layers along the crystallographic b axis. Thus, as in MoO3, 
dispersive interactions play an important role in determining the overall lattice constants and 
atomic positions within the structure. 

 Table 3.6 compares the experimentally measured lattice constants of Bi2Mo3O12 to those 
calculated using the RPBE functional with Ueff = 8.6 eV and those calculated using M06-L. As 
with MoO3, the value of Ueff 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 3.6. 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 M06-L 
functional yields much better agreement with the experimentally determined lattice constants for 
Bi2Mo3O12. 

 The band gaps calculated for Bi2Mo3O12 using RPBE+U and M06-L are given in Table 
3.7. As for MoO3, the RPBE functional significantly underestimates the band gap. Here, 
however, increasing the value of Ueff does have a significant impact on the estimated band gap, 
with the largest value tested, Ueff = 8.6 eV, actually leading to an over-estimation with respect to 
experimental values. The experimental gap of 2.95 eV could be matched by using Ueff = 7.5 eV. 
The M06-L functional improves significantly on the RPBE functional, but still falls short of the 
experimental value. 

 The densities of states for Bi2Mo3O12 calculated using the RPBE+U and M06-L 
functionals are available in the Supporting Information. They differ from the spectra shown in 
Figure 3.5 only in that the states marked () and (▪) do not appear in the spectra for Bi2Mo3O12. 
To the best of our knowledge, an experimental investigation of the valence or conduction band 
states in Bi2Mo3O12 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 Bi2Mo3O12 carried out using DFT and the RPBE+U method.42 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 Ueff = 8.6 eV was used in order to obtain accurate thermochemical results 
for catalytic steps over Bi2Mo3O12 that involved reduction at Mo centers. 

 As shown in Figure 3.4, 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=O group is broken, producing a reduced 
Mo5+ center and an electrophilic O– center. The electrophilic O– then abstracts H from propene, 
producing an allyl radical and converting the Mo6+=O active site to Mo5+–OH. The most active 
Mo6+=O site was found to be one with a Bi neighbor 2.7-2.8 Å 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=O site. When combined with an experimentally 
measured heat of adsorption of 7-8 kcal/mol,122,123 this yields an apparent activation barrier of 
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17-18 kcal/mol, in excellent agreement with the experimentally measured range of 17-21 
kcal/mol.124,125 

 While the activation barriers found in ref 42 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 Ueff value of 8.6 eV introduces significant distortions into the calculated 
electronic structure of the material. Since propene activation over Bi2Mo3O12 leads to the 
creation of reduced molybdenum centers, it was of interest to determine the effect the value of 
Ueff on the density of states of reduced Bi2Mo3O12. Figure 3.5 shows the majority spin density of 
states for the Bi2Mo3O12 slab after activation of propene. On the catalyst surface, one Mo6+=O 
active site has been converted to Mo5+–OH, while the propene molecule has been converted to an 
allyl radical physisorbed non-specifically over the slab. For clarity, the states attributable to the 
allyl radical in Figure 5 have been removed; the energies of these states are not affected by 
changes in the value of Ueff. The Fermi level in Figure 3.5 has been set to the energy of the 
highest doubly occupied state (i.e., excluding the unpaired electron on Mo5+) to facilitate 
comparison among the spectra. When Ueff = 0 eV, the occupied Mo d state (marked with a  in 
Figure 3.5) sits at the top of the band gap. As the value of Ueff is increased, the energy of this 
state decreases, such that it moves into the middle of the band gap for Ueff = 2 – 4 eV. The 
character of this state also changes with the value of Ueff: for Ueff = 0 – 2 eV, it has essentially 
pure Mo d character, but by Ueff = 4 eV it begins to take on some O p character. This effect 
becomes pronounced as Ueff 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 Ueff 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 
observed37 in calculations on reduced V2O5 with Ueff = 6 eV. Also marked in Figure 3.5 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 3.4). When Ueff 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 3.5). Thus, the value of Ueff 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 M06-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 3.5 show that in reduced Bi2Mo3O12, as in MoO2, the value of Ueff 
has a significant effect on the calculated electronic structure. In the case of MoO2, 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 Bi2Mo3O12. However, to our knowledge, the electronic structure of slightly reduced 
Bi2Mo3O12 has not been measured. Experimental studies on the reduction of related materials, 
such those of Grzybowska et al.126 for Bi2MoO6 and MoO3, typically reveal the emergence of a 
pair of states at ~ 1 eV and ~ 2 eV above the valence states, and the presence of Mo4+. Such 
studies suggest that the features seen in the electronic structure of MoO2 are general to 
molybdates containing the Mo4+ oxidation state. If it can be assumed that the properties of Mo5+ 
sites are also similar for different molybdate phases, then the results of Irfan et al.127 are 
informative. These researchers conducted ultraviolet photoelectron spectroscopy (UPS) on MoO3 
films prepared by a vapor phase deposition procedure known to create slightly oxygen deficient 
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MoO3. 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.128 also 
observed the appearance of a single state ~ 2 eV above the valence band in MoO3 films partially 
reduced by an electron-donating organic molecule in a model organic electroluminescent device, 
and confirmed by x-ray photoelectron spectroscopy that this state was due to the presence of 
Mo5+.  If the energy level of an occupied d orbital on an Mo5+ center in reduced Bi2Mo3O12 is 
similar to that observed on Mo5+ centers in reduced MoO3, then the spectra in Figure 3.5 
produced using the M06-L functional and the RPBE functional with Ueff ≤ 2 eV are likely to be 
most accurate, in agreement with the findings of section 4.3.1 for MoO2 In any case, the 
placement of the occupied Mo 4d state below the valence band when Ueff = 8.6 eV is almost 
certainly not correct: if Mo 4d states existed at energies below those of the O 2p states, then in 
materials like Bi2Mo3O12, electrons would spontaneously shift from O 2p states to Mo 4d states, 
reducing the material and releasing O2 — an effect that is not observed experimentally. Thus, it 
can be concluded that while RPBE+U calculations with Ueff = 8.6 eV can accurately describe the 
energetics of propene activation over Bi2Mo3O12, they cannot accurately describe the electronic 
state of the partially reduced catalyst produced by this reaction As a result, processes like 
adsorption of O2 over a reduced Mo site in the catalyst, a process not examined in ref 42 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 
Ueff used also has a dramatic effect on the calculated activation barrier for the rate limiting step 
in propene oxidations (see Figure 3.4). Table 3.8 shows that turning off the +U correction drives 
the reaction barrier for propene activation to > 50 kcal/mol, far beyond the experimentally 
measured range. The energy of the final state after hydrogen abstraction (Mo5+–OH + allyl 
radical) relative to the initial state (Mo6+=O + physisorbed propene) is given as well in Table 3.8. 
This column underscores the dramatic impact of the value of Ueff 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 Ueff directly reflects the relative degree of stabilization of the occupied Mo d 
orbital. For small values of Ueff, 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 Bi2Mo3O12 is not a competent catalyst for performing the oxidation of propene, 
in contradiction to experimental evidence. On the other hand, for a Ueff 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 3.8 makes clear is that 
applying a +U correction to RPBE calculations on Bi2Mo3O12 allows one to get a reaction barrier 
consistent with experimental findings, but only by introducing one error to cancel another. Over-
stabilization of an occupied Mo d orbital energetically compensates for an otherwise under-
predicted reduction energy (as seen in Figure 3.1), but at the cost of yielding an inaccurate 
description of the resulting electronic structure (as seen in Figure 3.5). In this system, no value of 
Ueff is capable of providing chemically sensible results for both the reaction thermochemistry and 
the electronic structure of the reduced catalyst. 

 Figure 3.6 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 in this figure is the sum of the energies of the bare catalyst surface and gas phase propene. 
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The energy in each case starts below zero, reflecting physisorption of propene onto the catalyst 
surface. The M06-L physisorption energy is 4.4 kcal/mol, as compared to only 1.8 kcal/mol with 
RPBE(+U). This difference reflects the better ability of M06-L to capture the dispersive 
interactions responsible for physisorption. The experimental value for the heat of adsorption of 
propene is 7-8 kcal/mol.132,133 

 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 Ueff = 8.6 eV, the singlet-triplet transition arises from a rehybridization of a 
closed shell Mo(+6)=O(-2) bond to form an Mo(+5)*—*O(-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 3.7a (reproduced here from ref 42 / Figure 2.2), the C-H 
bond has only barely stretched from its initial length of 1.10 Å, while the O-H distance of 1.51 Å 
indicates that formation of the O-H bond has only just begun. The Mo-O bond distance at the 
transition state, however, is 2.03 Å, significantly longer than the value of 1.76 Å prior to reaction 
and nearly equal to its final length of 2.05 Å. This distance is characteristic of a Mo-O single 
bond. Refer back to Chapter 2 for additional mechanistic details. 

 As shown in Figure 3.7b, when the calculation is conducted instead using the M06-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 Å in the transition state: stretched significantly from the initial value 
of 1.71 Å for the Mo=O double bond, and near to the value of a 2.00 Å Mo—O in the final bond 
final state. Unlike the results obtained using RPBE+U, however, the C-H distance is stretched 
from 1.09 Å before reaction to 1.60 Å 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 Å, close to its final value of 0.96 Å. Thus, the M06-L results predict that Mo=O 
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 M06-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 re-hybridization of an Mo=O 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 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 
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oxidation of propene, 1-butene, 2-butene, and isobutene over bismuth molybdate differ 
significantly from each other.129 Furthermore, the apparent activation energies for these olefins 
have been shown to correlate with their homolytic C-H bond dissociation energies.130 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 M06-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 M06-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 under-estimated heat of propene 
adsorption. In considering just the intrinsic activation energy, a Ueff 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 
M06-L functional give a barrier far closer to the experimental result (see Table 3.7). 

 Also notable is the energy of the final state in the M06-L calculation. The effect of the 
+Ueff 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 Ueff. By contrast, 
the final state energy in the M06-L calculation is closer to 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 M06-L are higher than those obtained from experiment, 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 M06-L functional matches or exceeds that of RPBE(+U) for 
every criterion except computational cost, for which it exceeds RPBE+U by a factor of 4-5. 
These results are particularly impressive in the context of the systems investigated here: 
reducible transition metal oxides containing un-paired 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 MoO2, adding a Ueff 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 vs. RPBE(+U), and an electronic structure in agreement with experimental 
data. For MoO3, a Ueff 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 Ueff. The M06-L functional provides far better 
agreement with experimentally measured lattice constants, while providing an underestimate of 
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the band gap similar to that seen in RPBE. For Bi2Mo3O12, M06-L again provides more accurate 
lattice constants than RPBE(+U). For Bi2Mo3O12, 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 Ueff. However, no single value of Ueff provides accurate results for all of 
these properties. A Ueff value of 7.5 eV is required to match the experimentally observed band 
gap, and a Ueff value of 8.6 eV 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 Ueff = 8.6 eV suggests that olefin activation should be 
independent of the C-H bond strength of the activated bond, in contradiction of experimental 
results. Furthermore, Ueff 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 Bi2Mo3O12. The M06-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 over-
estimated compared to experiment; however, the geometric structure of the transition state 
predicted by M06-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 DFT+U requires, the 
M06-L functional has been shown to provide reasonable geometries, reasonable electronic 
structures, and reasonable reaction thermochemistry – without requiring a user-provided ad hoc 
tuning parameter. Significantly, for researchers studying chemistry 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; e.g. for aqueous electrochemical systems. 
Although further testing in other RTMO systems 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 in 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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Table 3.1: Relative computational cost of calculations on MoO2 
Functional Relative Time SCF Cycles 
RPBE 1.0 14 
RPBE+U (8.6 eV) 2.7 24 
M06-L 9.7 14 
HSE 3248 31 
 
 
Table 3.2: Comparison of thermochemical accuracy for different functionals (kcal/mol) 
Reaction PBE RPBE M06-L Experiment 
2 O → O2 -156.9 -149.3 -127.1 -119.0 
C3H6 → C3H5 + H 87.1 87.1 90.7 88.8 
H2 + ½ O2 → H2O -58.0 -57.8 -57.3 -57.8 
C3H6 + O2 → C3H4O + H2O -73.5 -109.2 -71.1 -79.4 
Mean Absolute Error 11.43 15.45 4.70  
 
Table 3.3: Lattice constants for MoO2 (Lengths in angstrom; volumes in cubic angstrom; Ueff values in eV) 
 Expt   RPBE   M06-L 
  Ueff = 0.0 Ueff = 2.0 Ueff = 4.0 Ueff = 6.3 Ueff = 8.6  

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 
β 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% 
 
Table 3.4: Lattice constants for MoO3 (Lengths in angstrom; volumes in cubic angstrom; Ueff values in eV) 
 Expt PBE   RPBE   M06-L 
   Ueff = 0.0 Ueff = 2.0 Ueff = 4.0 Ueff = 6.3 Ueff = 8.6  
a 3.9628 3.9630 4.0883 4.0490 4.0275 3.9971 3.9665 3.9317 
b 13.855 16.548 17.097 17.160 17.118 17.102 17.094 13.028 
c 3.6964 3.7100 3.7014 3.7188 3.7373 3.7655 3.7973 3.7037 
Vol 202.95 243.29 258.71 258.39 257.66 257.41 257.47 189.72 
 % ERROR 
a - 0.01% 3.17% 2.18% 1.63% 0.87% 0.09% -0.79% 
b - 19.43% 23.40% 23.85% 23.55% 23.44% 23.38% -5.97% 
c - 0.37% 0.13% 0.61% 1.11% 1.87% 2.73% 0.20% 
Vol - 19.88% 27.48% 27.32% 26.96% 26.83% 26.87% -6.52% 
 
Table 3.5: Band gaps for MoO3 
Functional band gap (eV) 
PBE 1.79 
RPBE 2.19 
RPBE+U (2.0 eV) 2.09 
RPBE+U (4.0 eV) 2.14 
RPBE+U (6.3 eV) 2.19 
RPBE+U (8.6 eV) 2.38 
M06-L 2.15 
Experiment 2.98 
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Table 3.6: Lattice constants for Bi2Mo3O12 (Lengths in angstrom; volumes in cubic angstrom; Ueff = 8.6 eV) 
 Expt RPBE+U M06-L 

a 7.7104 8.0186 7.7426 
b 11.5313 12.2491 11.7374 
c 11.972 12.308 12.065 
β 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% 
 
 
Table 3.7: Band gaps for Bi2Mo3O12 
Functional band gap (eV) 
RPBE 2.55 
RPBE+U (2.0 eV) 2.60 
RPBE+U (4.0 eV) 2.70 
RPBE+U (6.3 eV) 2.85 
RPBE+U (8.6 eV) 3.05 
M06-L 2.72 
Experiment 2.95 
 
  
Table 3.8: Effect of Ueff (in eV) in RPBE+U calculations on the activation barrier and final state energies (in 
kcal/mol) for hydrogen abstraction from propene over Bi2Mo3O12. 

Ueff Barrier Final state 
0.0 54.6 37.2 
2.0 52.9 30.2 
4.0 46.8 21.9 
6.3 38.9 11.0 
8.6 25.0 0.7 

 
 

 
Figure 3.1: Reaction energy for the process MoO3 + H2 → MoO2 + H2O for different values of Ueff 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). 
 

60 
 



 
Figure 3.2: Density of states in MoO2 in the M06-L and RPBE(+U) functionals. Ueff in eV. The Fermi level (0 eV) 
is set to the energy of the highest occupied state. 
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Figure 3.3: Density of states in MoO3 in the M06-L and RPBE(+U) functionals. Ueff in eV. The Fermi level (0 eV) 
is set to the energy of the highest occupied state. 
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Figure 3.4: Mechanism for propene activation over Bi2Mo3O12. 
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Figure 3.5: Majority spin density of states in Bi2Mo3O12 with one surface Mo6+=O group replaced by Mo5+–OH. 
The Fermi level (0 eV) has been set to the energy of the highest occupied minority spin state, i.e. to the highest 
occupied state excluding the unpaired d electron on Mo5+. The state occupied by the unpaired d electron is marked 
with (). The state marked () 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 eV, and is therefore not visible in the figure. 
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Figure 3.6: Activation barriers for hydrogen abstraction from propene over Bi2Mo3O12 calculated using RPBE+U 
(8.6 eV), RPBE, and M06-L. 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. 
 
 
 
a) b) 

  
Figure 3.7: Transition states for hydrogen abstraction from propene calculated using RPBE+U (Ueff = 8.6 eV) (a) 
and M06-L (b). Distances are in Å. For clarity, atoms in the catalyst surface not directly involved in the chemistry 
are not pictured.  
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Figure S3.1: Density of states in Bi2Mo3O12 in the M06-L and RPBE(+U) functionals. Ueff in eV. The Fermi level 
(0 eV) is set to the energy of the highest occupied state. 
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Chapter 4 
 

Conduction Band Edge Energy as a Descriptor of Catalytic Activity for Propene Oxidation by 
Bi1-x/3V1-xMoxO4 Catalysts 

 
ABSTRACT 
 The development of descriptors relating the activity or selectivity of catalysts to their 
material properties is a major objective of catalysis research. We present a model that relates the 
activation energy for oxidation of propene to acrolein over Bi1-x/3V1-xMoxO4 catalysts to the 
energy difference between the highest occupied molecular orbital in propene and the conduction 
band edge energy of Bi1-x/3V1-xMoxO4. We demonstrate that the conduction band edge energy 
shifts systematically with composition in this series of catalysts, and that these shifts in edge 
energy are responsible for observed changes in the activation energy for propene activation with 
composition. We further show that changes in the conduction band edge energy with 
composition arise from the interplay between the sizes and energies of the V 3d and Mo 4d 
orbitals that comprise the conduction band. Both the role of the conduction band edge energy as 
a descriptor for catalytic activity and the role of orbital overlap in determining the position of the 
conduction band edge energy are likely to be general features in mixed metal oxide oxidation 
catalysts, enabling the rational design of catalysts with greater activity for oxidation reactions. 

 
1.0 INTRODUCTION 
 In the study of catalysis, there has been a long-standing interest in identifying descriptors 
that relate observed catalytic activity and selectivity to physico-chemical properties of the 
catalyst. Having such descriptors should enable the rational design of catalysts with superior 
catalytic performance by specifying the material properties responsible for such performance, 
and thereby guiding the development of materials with the requisite properties. Insights from 
theory have proven particularly fruitful in developing such descriptors. For example, Hammer 
and Nørskov and co-workers have developed the “d-band model” to describe the adsorption of 
reactants and intermediates on metal surfaces.1 This model relates the strength of adsorption of a 
molecule on a metal surface to the energy of the center of the d band of electronic states in the 
metal. This model has been refined and extended by a number of researchers,2,3,4,5,6 and has 
proven useful for predicting the catalytic activity of alloys7 and metal-overlayers8,9 for a number 
of different reactions, such as CO oxidation, Fischer-Tropsch synthesis, and the electrochemical 
evolution of oxygen evolution.10 

 While the d-band model has proven successful for metallic systems, there does not yet 
exist a comparable set of descriptors for the catalytic properties of oxides. Metal oxides comprise 
a large family of catalysts that are used for selective oxidation of alkanes,11,12,13,14 olefins,15 
alcohols,16,17 and aromatics,18 selective reduction of nitrogen oxides,19,20,21 and oxidation of 
hydrogen sulfide.22 Moreover, the most active and selective metal oxides involve successful 
mixtures of multiple metal oxides (e.g., BiMoO,23 USbO,24 VMoNbTeO,25 VMoO,26 FeSbO,27 
and FeMoO28); and the performance of such systems is typically quite different from that of the 
component oxides taken separately. In such mixed oxide systems, both the stoichiometry and the 
surface structure of the working catalyst may determine the catalytic activity.29,30 While a great 

66 
 



deal is known about the chemical reactivity of individual oxide systems,31 and rationales have 
been proposed for changes in reactivity with composition in the case of a few mixed metal oxide 
systems,32,33,34 there is at present no general model by which the effects of composition on 
catalyst performance in mixed metal oxide systems can be rationalized. 

 The desire to establish such a model has led to a fruitful body of research. A promising 
approach recently presented by Rossmeisl and coworkers35 links trends in the strength of 
adsorption of oxygen-containing species O, OH, and OOH on transition metal oxides to the 
number of outer sphere electrons on the transition metal center. The authors examined 
substitution of transition metal oxides into cubic MO and perovskite AMO3 structures, where A 
= Sr2+, Ba2+, La3+, or Y3+, and M is any first row transition metal Sc – Cu. Using density 
functional theory, found linear correlations between the number of electrons occupying d orbitals 
on the transition metal and the strength of adsorption of O, OH, and OOH species, in which 
could be attributed to the number of electrons available to participate in bonding between the 
metal center and the adsorbate. This model represents a significant leap forward in understanding 
the reactivity of oxygen species on transition metal oxide surfaces. A challenge that remains is to 
develop a model that encompasses the reactivity of species other than oxygen. Especially 
valuable would be a model that allows the prediction of reactivity for species that are not 
chemisorbed on a surface prior to reaction, as is the case in the oxidation of hydrocarbons.  

 In attempting to develop new models in one field, it is often of use to adapt models that 
have already proven successful in other fields. A notable example of such an attempt directed at 
providing a set of descriptors for metal oxide catalysts has been made by Bordes-Richard and 
Courtine.36,37,38 These researchers used the concept of “optical basicity,” first developed by 
Duffy39 in the 1970s for rationalizing the glass-forming properties of main group oxides, and 
attempted to adapt it to catalysis. They showed that for a variety of catalysts, the optical basicity 
of the catalyst correlates with the product selectivity for the oxidation reactions of alkanes, 
alkenes, and alcohols. However, there are challenges in applying the optical basicity concept to 
metal oxide catalysts. Optical basicity, Λ, is derived by experimentally measuring the energy of 
the 6s → 6p excitation on Pb2+ or Bi3+ ions doped in low concentration into the oxide of interest. 
Unfortunately, this measurement cannot be conducted in transition metal oxides, as light 
absorption from the transition metal overwhelms the signal from the probe ion. This necessitates 
the use of scaling relationships to determine optical basicity values. Unfortunately, major 
contradictions arise in such scaling relationships for catalytically important ions such as V5+: the 
optical basicity value assigned using band gap correlations40 is Λ = 1.04 (more basic than Ca2+); 
using the iono-covalent parameter41 yields Λ = 0.63-0.69 (more basic than Al3+); and using 
Brønsted acidity42 implies Λ = 0.49 (as acidic as P5+). The value of optical basicity is also likely 
limited to systems in which acid-base properties are important for catalysis. Therefore, the 
concept of optical basicity is not applicable to systems like bismuth molybdates, which are 
known to oxidize olefins via radical mechanisms. 

 Idress and Seebauer43 have proposed that the catalytic reactivity of oxides is related to the 
polarisability of oxygen. They showed that the rates of ethanol dehydrogenation to acetaldehyde 
and isopropanol oxidation to acetone over a series of binary oxides correlate very closely with 
the polarisability of the oxygen atoms in each oxide lattice. A similar trend was found for the rate 
of the Tishchenko reaction over alkali earth oxides. Since lattice oxygen is involved in the rate 
determining steps of these reactions, it is physically sensible to connect catalyst reactivity to a 
physical characteristic of the reacting oxygen atoms. However, this work has not been extended 
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to mixed metal oxide systems, so it is not possible to comment on the utility of oxygen 
polarisability as a predictive descriptor for rational catalyst design. 

 Another model that has shown substantial explanatory power is the band edge model 
widely used in semiconductor physics and photocatalysis. In the design of semiconductor 
systems such as light-harvesting diodes, the band edge model provides key information about the 
electronic properties produced by the interface between materials of differing composition.44 In 
photocatalysis, the same model provides information about the electronic properties (and 
therefore catalytic properties) of the interface between a semiconducting catalyst and an aqueous 
reactant.45 Whether a material is a potentially suitable catalyst for photo(electro)chemical 
hydrogen production, for example, can be determined directly from an inspection of the 
material’s conduction band edge energy.46,47 

 Although it has not traditionally been used in this fashion, the band edge model may also 
prove useful for explaining the catalytic performance of conventional thermal oxidation 
catalysts.48 In its simplest interpretation, the band edge model identifies the energy levels of the 
highest occupied and lowest unoccupied orbitals available in a solid material. The relative 
energies of frontier molecular orbitals have long been used to rationalize reactivity in molecular 
systems.49,50 If the band edge energies are interpreted in terms of frontier molecular orbitals, it 
should be possible to explain the reactivity of an adsorbate molecule and a catalyst surface in the 
same fashion, and thereby interpret the reactivity of the catalyst toward the adsorbate in terms of 
a fundamental catalyst property. The band edge model is relevant to any system in which the 
interaction between an adsorbate and the catalyst surface involves the formal transfer of 
electrons. Chemisorption and redox reactions fall within this class.  

 The utility of catalyst band edge energies as descriptors of catalytic activity becomes 
especially clear in multicomponent catalyst systems for which the reactivity of the catalyst varies 
systematically with changes in composition. If the mechanism of a reaction is the same across a 
family of catalysts, but the band edge energies of the catalysts change with composition, then a 
resulting change in the reactivity of the catalysts should be attributable directly to the change in 
band edge energies. Such effects are already well known in the photocatalytic literature,51,52 but 
have been little explored for thermally driven oxidation reactions. 

 The objective of the present work is to determine to what extent it is possible to interpret 
trends in activation energy with composition in a family of oxidation catalysts via application of 
the band edge model. The catalysts discussed here are of composition Bi1-x/3V1-xMoxO4, where 0 
≤ x ≤ 1, and are active and selective for the conversion of propene to acrolein. It has been 
shown53,54 that the activity of these catalysts increases initially as Mo is substituted into BiVO4 
(x = 0), passes through a maximum near x = 0.45 and then decreases again as the composition 
moves toward Bi0.67MoO4 (commonly written Bi2Mo3O12, x = 1). The mechanism for activation 
of propene over Bi2Mo3O12 is well known,55,56 and the recent work of Zhai et al.57 has supported 
the hypothesis that the mechanism is the same across the entire composition range. Zhai and 
coworkers have proposed a model in which the activity of Bi1-x/3V1-xMoxO4 catalysts is 
successfully explained in terms of a distribution of three types of sites (called V-V, V-Mo, and 
Mo-Mo) with apparent activation energies following the pattern E(V-V) < E(V-Mo) < E(Mo-
Mo). While this model provides an excellent fit for the observed catalytic activity, it provides no 
fundamental insight into what physical property of the catalyst gives rise to the observed change 
in the apparent activation energy with composition. The premise of the present work is that the 
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composition dependence of the apparent activation energy in Bi1-x/3V1-xMoxO4 catalysts can be 
directly attributed to the composition dependence of the conduction band edge energy. 

 The remainder of this paper is organized as follows. Section 2 presents an overview of 
the band edge model and its adaptation from photochemistry to thermal oxidation chemistry. 
Section 3 details the experimental and theoretical methods applied to the present study, the 
results of which are given in Section 4. These results are then interpreted in the context of the 
band edge model in Section 5. Finally, Section 6 contains a brief summary of our conclusions. 

 

2.0 THEORY 
 In the chemistry of molecules, much of chemical reactivity can be understood by 
focusing on the frontier molecular orbitals: the highest occupied molecular orbital (HOMO) and 
the lowest unoccupied molecular orbital (LUMO). The energy required to take an electron from 
the HOMO and remove it to infinity is the first ionization potential (IP) of the molecule, while 
the energy released upon adding an electron from infinity to the LUMO of the molecule is the 
electron affinity (EA). Both IP and EA can be measured experimentally. In addition, Koopman’s 
theorem states that the IP and EA are well approximated respectively by the HOMO and LUMO 
energies obtained from Hartree Fock calculations.58 Hoffmann and others have argued59 that the 
HOMO and LUMO energies derived from Kohn Sham DFT calculations can be used in a similar 
fashion. 

 In solid state physics, the electronic structures of a material is usually described in terms 
of band structure and densities of states, rather than in terms of molecular orbitals. But while the 
terminology differs, both perspectives ultimately provide the same information. A solid crystal 
can be treated as the limit of an (effectively) infinitely large molecule, and the band structure of 
the crystal can be constructed from knowledge of the molecular orbitals involved in the structural 
motifs that make up the unit cell. Hoffmann and others have written extensively on this topic; see 
especially references 60 and 61 for a thorough treatment. In crystals, the equivalent of the 
HOMO and LUMO are the valence band (VB) edge and the conduction band (CB) edge, 
respectively. When the vacuum state (i.e., separated nuclei and electrons at infinity) is taken as 
the zero energy reference, as is conventional in molecular chemistry, then the energy required to 
remove an electron from the VB edge state to infinity is the IP of the crystal, and the energy 
gained upon adding an electron to the state at the CB edge is the EA of the crystal. 

 In solid state physics, a third energy level, the Fermi level, is also often discussed. For a 
metal, the Fermi energy is the value of the derivative ∂G/∂ne, the change in the free energy upon 
addition or removal of an electron from the metal; equivalently, it is the energy level of the 
highest occupied state. For a semiconductor, the value of ∂G/∂ne depends on whether an electron 
is added or removed from the system: for electron addition, ∂G/∂ne = EA, while for electron 
removal, ∂G/∂ne = IP. As a result, the Fermi level for a semiconductor (in the limit of no doping 
effects and zero temperature) is usually defined as ½(IP+EA). 

 When the same concepts are applied to individual atoms, the value ½(IP+EA) defines the 
Mulliken electronegativity. Thus, the Fermi level of a composite material can also be interpreted 
as the material’s electronegativity. All that is required to calculate the Fermi level of a composite 
material is a rule for calculating the electronegativity of a material from the electronegativities of 
its constituent atoms. Such rules have been developed from evaluation of the redistribution of 
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electrons among atoms upon formation of chemical bonds between elements with differing 
electronegativities. The result of these rules is that the Fermi level of a semiconductor can be 
estimated as the geometric62 or harmonic63 mean of the Mulliken electronegativities of its 
constituent elements.64,65,66  

 In electrochemical cells, the Fermi level can be determined by measuring the flat band 
potential of the material.67 Combining this result with a band gap measurement allows the 
positions of the VB and CB edges to be determined experimentally, and the positions of these 
band edges have been measured for many materials.47 As will be shown below, it is also possible 
to calculate the positions of the VB and CB edges using density functional theory. 

 A commonly investigated process which illustrates the importance of the VB and CB 
edge energies is the photochemically driven dissociation of water to produce hydrogen and 
oxygen gases. This process is thermodynamically favorable when the free energy for the reaction 
H+ + e–  ½ H2 is lower than the CB edge energy, and the free energy for the reaction H2O  2 
H+ + 2 e– + ½ O2 is higher (less negative) than the VB edge energy. The convention in the 
photo(electro)chemical literature is to set the free energy of the first reaction to zero, thereby 
referencing all energies to the standard hydrogen electrode (SHE), and to refer to energies in 
terms of potentials relative to the SHE. In these terms, the CB edge should be at more negative 
potential than the SHE, and the VB edge should be at a potential greater than +1.23 V relative to 
the SHE (typically by an additional +0.6 V or more, in order to supply sufficient overpotential to 
drive the kinetically challenging oxygen evolution reaction). Since the present analysis will 
ultimately discuss gas phase chemistry in the absence of applied potential, it is convenient to 
reference all energies to the vacuum energy state. The “absolute potential” for the reaction H+ + 
e–  ½ H2 is approximately -4.44 eV,68 so the free energy for the reaction H2O  2 H+ + 2 e– + 
½ O2 is -5.67 eV, and an ideal photocatalyst will have a CB edge energy less negative than -4.44 
eV (equivalent to an EA less than 4.44 eV) and a VB edge energy more negative than -5.67 eV 
(equivalent to an IP greater than 5.73 eV). 

 An illustration of the involvement of the VB and CB in the first few steps in 
photocatalytic water splitting is provided in Figure 4.1. As discussed above, the energy scale in 
Figure 4.1 has been referenced to the vacuum state energy. In this figure, the lower set of states 
(shaded in green) are the occupied valence band states; the VB edge is at -6.74 eV. The upper set 
of states (outlined in red) are the unoccupied conduction band states; the CB edge is at -4.18 eV. 
The first step in the photocatalytic splitting of water is absorption of a photon by the catalyst. In 
this particular example, only light with wavelengths < 460 nm will have sufficient energy to 
initiate catalysis. Upon absorption of such a photon, an electron is excited from the VB to the CB 
(Figure 4.1b). This creates an occupied CB state and a VB hole. Because the CB edge is at 
higher energy than the equilibrium potential for H2 formation from H+ and e–, an electron 
occupying the CB can flow energetically downhill towards an H+ cation bound to the catalyst 
surface (Figure 4.1c). At the same time, the VB hole is at lower energy than the HOMO orbital 
on H2O, and thus water bound to the catalyst surface will oxidize and supply an electron to fill 
the VB hole. The results of these steps are formation of a surface-bound H atom, a surface-bound 
OH group, and a filled valence band and empty conduction band in the catalyst. Three additional 
photon adsorption and electron transfer steps are required to complete the stoichiometric 
conversion of 2 H2O  2 H2 + O2. 

 Figure 4.1 provides several pieces of information relevant to understanding the influence 
of properties of a photocatalyst to its effectiveness. The higher the energy of the CB edge relative 
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to the equilibrium energy for H2 formation, the greater the overpotential available to drive H2 
evolution. Likewise, the lower the energy of the VB edge relative to the equilibrium energy for 
O2 formation, the greater the overpotential available to drive O2 evolution. A larger band gap 
between the VB and CB edges yields greater overpotentials to drive both reactions. However, 
increasing the band gap also decreases the fraction of the solar spectrum that provides enough 
energy to drive photocatalysis. Finally, if the CB edge energy is not intrinsically positioned 
above the equilibrium energy for H2 formation, or the VB edge energy is not intrinsically 
positioned below the equilibrium energy for O2 formation, then a bias can be applied to the 
system to shift the electron electrochemical potential, and thus also the reaction equilibrium 
energies. This is the principle behind photoelectrocatalysis. 

 It is the premise of the present work is that diagrams such as that shown in Figure 4.1 can 
also be used to interpret the performance of semiconductors as thermal catalysts. The manner in 
which this can be done is shown in Figure 4.2. The reaction considered here is the oxidation of 
propene to acrolein, a selective oxidation reaction driven by the reduction of O2 to form water. 
Although O2 reduction to form H2O is the reverse of the oxygen evolution reaction in Figure 4.1, 
the equilibrium energy for the reaction remains the same. In the initial, rate-determining step for 
propene oxidation, lattice oxygen in the catalyst abstracts hydrogen from the propene methyl 
group56,69. During this reaction step, an electron is transferred from the propene HOMO to the 
catalyst conduction band (Figure 4.2b). In Figure 4.1b, this energy was supplied by adsorption of 
a photon; in Figure 4.2b, this energy is supplied thermally. Hydrogen radical abstraction from 
propene leaves an allyl radical behind; this radical will undergo subsequent reaction steps to 
yield the final product acrolein. It is also energetically favorable for the electron populating the 
catalyst CB to flow to an O2 molecule bound to the catalyst surface. This is the first step in the 
production of water. Although several additional steps are required to convert the allyl radical to 
acrolein and O2 to H2O, experimental evidence suggests these steps are not kinetically 
limiting56,69. Figure 4.2 suggests that the rate of the hydrogen abstraction from the methyl group 
of propene will depend in part upon the energy required to promote an electron from the propene 
HOMO to the catalyst CB. If the position of the catalyst CB were to change relative to the 
propene HOMO energy, a consequent change in the energy required to drive hydrogen 
abstraction (i.e., the intrinsic activation barrier) should be expected. It is the premise of the 
present work that in the oxidation of propene to acrolein over Bi1-x/3V1-xMoxO4 catalysts, changes 
observed in the activation barrier with x can be attributed to changes in the CB edge energy. 

 

3.0 METHODS 
3.1 Experimental Methods 

 Catalysts were prepared using a citric acid complexation procedure described in more 
detail elsewhere.57 Briefly, solutions containing 1:1 molar ratios of citric acid and one of bismuth 
nitrate, ammonium metavanadate, or ammonium heptamolybdate were combined in appropriate 
proportions, dried at 80°C to form a gel, further heated to 150°C for 3 h to initiate decomposition 
of the citric acid, then ground and calcined at 600°C for 6 h in flowing air. 

 X-ray photoelectron spectra were acquired using a Phi 550 XPS instrument at the 
Molecular Foundry at Lawrence Berkeley National Laboratory. The instrument is equipped with 
a non-monochromatic Al Kα anode operating at 1486.7 eV and 350 W. Powdered samples were 
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pressed into pellets and calcined at 400°C in oxygen prior to XPS analysis. Shirley background 
subtraction70 was carried out using FitYK software.71 

 Diffuse reflectance UV-VIS-NIR spectra were acquired using a Fischer Scientific EVO 
300 spectrometer equipped with a Praying Mantis reflectance chamber and an in situ high 
pressure cell (Harrick Scientific, Inc), with quartz windows. Spectra were referenced to the 
diffuse reflectance spectrum of a Teflon reference tile. 

 XANES scans were taken at the Mo and V K edges and Bi L3 edge at beamline 10-BM at 
the Advanced Photon Source at Argonne National Laboratory. Samples were prepared by 
diluting catalyst with an appropriate quantity of boron nitride, then pressing a pellet into a 
specially designed sample holder and loading the holder into an in situ reactor cell. A target post-
edge absorbance of 2.5 and edge step of 1.0 absorbance units (a.u.) were sought; however, the 
large absorption cross-section for Bi limited the edge step at the V K edge to ~ 0.2 a.u. Energies 
were calibrated against reference foils: the edge energy for V metal foil was set to 5465 eV, and 
that for Mo metal foil set to 20000 eV. Data analysis was carried out using the Ifeffit software 
suite.72 

3.2 Theoretical Methods 

Bulk and slab density functional theory calculations were carried out using VASP73 5.3.3. 
Projector augmented wave cores74,75 containing kinetic energy density information were used to 
represent core electrons, while plane wave basis sets76 with cutoff energies of 450 eV were used 
to represent valence electrons. Electron exchange and correlation was modeled using the M06-L 
density functional.77,78 Because the kinetic energy density component of the M06-L functional 
requires evaluation of the second derivative of electron density, a fine integration grid is required 
to achieve accurate results79 (and in many cases, required to achieve convergence at all). In 
VASP 5.3.3, this was achieved by using the “Accurate” precision setting, such that forces and 
kinetic energies were evaluated on an integration grid twice as fine as that used for the electron 
density. In addition, the energy density grid was explicitly set to include 30-50% more points in 
each lattice direction than VASP uses by default (accomplished by setting NGX, NGY, and NGZ 
explicitly in the INCAR file). It was found that scaling the integration grid to provide 10 points 
per angstrom of lattice vector length proved sufficient to achieve good results, so e.g. for 
Bi4V4O16 where a = 5.147 and c = 11.722, we used NGX = NGY = 52 and NGZ = 120. We also 
note that initial convergence of the M06-L functional was greatly facilitated by first converging 
the energy of a structure using the PBE80 functional, then reading the resulting PBE charge 
density and wavefunction as initial guesses in M06-L calculations. Bulk calculations performed 
with M06-L starting from a PBE initial guess typically converged within 20 iterations. Slab 
calculations were much more challenging, requiring as many as 500 iterations to achieve 
convergence. Pulay mixing is not implemented in VASP for the M06-L functional, so the all-
band simultaneous minimization algorithm was used. 

 The minimum energy structures in the M06-L functional were obtained by allowing 
atomic positions to relax from their reported crystallographic positions in a set of calculations 
with fixed, differing unit cell volumes; the structure obtained at the minimum of the volume-vs-
energy curve was used for subsequent calculations.81 Geometry optimizations were carried out at 
4x4x2 k points for Bi4V4O16, 3x3x2 k points for Bi7V5Mo3O32, and 3x3x2 k points for 
Bi8Mo12O48.  In the Bi4V4O32 and Bi8Mo12O48 models, the lattice constants thus obtained differed 
from crystallographic values by < 0.5%. The smallest possible mixed vanadate-molybdate 
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structure, of formula Bi7V5Mo3O32, was obtained from a three step procedure. (1) A Bi8V8O32 
supercell was built from two Bi4V4O16 unit cells by lengthening the basal lattice vectors by √2 
and rotating the basal lattice axes by 45°. The resulting supercell contained two Bi and two V in 
each of four layers stacked along the c lattice direction. This same Bi8V8O32 supercell was used 
for slab calculations on the BiVO4 phase. (2) One V from each of the top three layers was 
replaced by Mo, and a Bi from the middle of these three layers removed to form a cation 
vacancy. The symmetry of this minimal cell ensured that removing either Bi from this layer 
produced an identical structure once periodic boundary conditions were applied. (3) The atomic 
positions in the resulting structure were allowed to relax at a series of fixed volumes to determine 
the optimal lattice constants and atomic positions for the Bi7V5Mo3O32 structure. 

 Site-projected density of states calculations were carried out on the resulting structures 
for Bi4V4O16, Bi7V5Mo3O32, and Bi8Mo12O48 using 8x8x2, 6x6x2, and 6x2x4 k point grids, 
respectively. By default, the zero of energy in a VASP-generated density of states calculation is 
the energy of the highest occupied state. In this work, it was desirable to instead choose the 
reference zero energy to be the energy of the vacuum state (i.e. the energy of electrons and nuclei 
separated at infinity). With this choice of reference state, Koopmans' theorem58,59 allows that the 
energy of the highest occupied state is an approximation of the first ionization energy (IE) of the 
material, and the energy of the lowest unoccupied state is an approximation of the electron 
affinity (EA). The following procedure was used to shift the reference energy in the density of 
states calculations carried out here. First, density of states calculations were carried out in VASP 
on bulk catalyst models. Next, bulk structures were converted to slab surface models by 
introducing 11 Å of vacuum space between layers. The top two atomic layers of the slab were 
allowed to relax, while the bottom two layers were held fixed to bulk positions. Propene was 
then introduced above the slab and allowed to relax. A density of states calculation was carried 
out on the adsorbed propene model, and a site-projection scheme used to extract the energies of 
states involving carbon and hydrogen atoms. These states comprise the molecular orbitals in the 
adsorbed propene. (Note that k point grids were reduced to 6x6x1 (Bi8V8O32 and Bi7V5Mo3O32), 
and 6x1x4 (Bi8Mo12O48) for slab calculations.) Separately, a cluster calculation on propene was 
carried out in Q-Chem82.  Since Q-Chem takes the vacuum state as the zero energy reference by 
default, the energies of the molecular orbitals determined in Q-Chem are relative to the vacuum 
energy. The energy abscissae in the slab projected density of states calculations were shifted so 
as to align the energies of the propene states in the slab calculations with the energies of the 
propene states from the cluster calculation. The densities of states from the bulk calculations 
were then aligned with their corresponding slab calculations. The procedure is illustrated in 
Figure 4.3 for the case of BiVO4. Although the densities of individual states varied somewhat 
between bulk and slab calculations (due in part to loss of symmetry and in part to surface 
relaxation in the slab), the overall band widths and relative band positions were in excellent 
agreement. This method was found to be more reliable than attempting to calculate the vacuum 
state energy directly in slab calculations, since the result of the latter calculation depends 
unphysically on the dipole correction scheme used to converge energies in slab calculations with 
periodic boundary conditions. 

 Cluster calculations were carried out using Q-Chem 4.0.1. The M06-L density functional 
was used in with an extra-large Lebedev quadrature grid83 with 99 radial points and 590 angular 
points to ensure accurate energies and forces. For calculations on propene, the G3Large basis set 
was employed. For determination of V-O and Mo-O bond energies as a function of metal-oxygen 
distance (discussed in the Supporting Information), the LANL2DZ effective core potentials84 and 
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corresponding basis sets were used. Energies as a function of M-O bond distance were 
determined by constrained optimization: the M-O bond of interest was constrained to a fixed 
distance, while all remaining degrees of freedom were allowed to relax. 

 
4.0 RESULTS 
4.1 Catalyst Characterization 

 In order to relate the activity of Bi1-x/3V1-xMoxO4 catalysts for propene activation to the 
edge energies of their conduction bands, these edge energies must be determined. A combination 
of theoretical and experimental approaches was used to obtain information about the electronic 
structures of Bi1-x/3V1-xMoxO4. 

4.1.1 X-ray Photoelectron Spectroscopy 

 Figure 4.4 shows XPS spectra for the O 1s absorption peak of  Bi1-x/3V1-xMoxO4. For each 
catalyst, only a single O 1s absorption peak is observed, the position of which shifts almost 
linearly from roughly 530.3 eV for BiVO4 (x = 0) to 531.1 eV for Bi2Mo3O12 (x = 1). The 
position of the O 1s peak is sensitive to chemical environment: the energetic cost to remove an 
electron from oxygen is smaller for oxygen in electron-rich environments, such as the O2--like 
environment provided by Na2O (O 1s binding energy 527.1 eV), and larger for oxygen in less 
electron-rich environments, such as the covalent C-O-C bonds in polycarbonate plastic (O 1s 
binding energy 533.3 eV).85,86 In Bi1-x/3V1-xMoxO4, the shift in the O 1s peak position with 
increasing Mo content reflects the smaller concentration of negative charge on oxygen in MoO4

2- 
as compared to VO4

3-. 

4.1.2 Diffuse Reflectance UV-VIS-NIR Spectroscopy 

 The band gap energy EG provides a direct measure of the difference between the valence 
and conduction band edge energies. Figure 4.5a shows the absorption edges for a series of solid 
solutions obeying the stoichiometry Bi1-x/3V1-xMoxO4. Each material exhibits only a single 
absorption edge, with the position of the edge shifting in a monotonic function with the relative 
proportions of vanadium and molybdenum (Figure 4.5b). The edge position for direct band gap 
semiconductors is determined by plotting (absorbance times energy) squared vs. energy, and 
extrapolating to zero absorbance (see Supporting Information) By contrast, a physical mixture of 
the two powders produces an absorption spectrum with two clearly defined edges: one 
corresponding to absorption by the bismuth vanadate component of the mixture, and one 
corresponding to absorption by the bismuth molybdate component (see Supporting Information). 
This confirms that, as expected, when vanadate and molybdate sites are chemically isolated from 
each other in a mixture, they show independent absorption behavior. The absorption edges 
determined for bismuth vanadate and bismuth molybdate are consistent with those seen by 
previous investigators.87,88 

 When Bi1-x/3V1-xMoxO4 is heated in a non-reducing atmospheres (e.g. Air, 99% O2, or 
99% Ar), the absorption edges shifts to lower energies (See Supporting Information). This shift 
in band gap is primarily caused by strong coupling between electronic states and lattice 
vibrations (phonons), together with a smaller effect resulting from thermal expansion of the 
lattice itself. The relationship between band gap and temperature is almost perfectly linear across 
the temperature range studied (25°-440°C), as expected from theory. The magnitude of thermal 
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effects on band gaps is similar across all catalysts studied, and amounts to a decrease in the band 
gap of ~ 0.1 eV upon heating from ambient conditions to 400°C. 

 When Bi1-x/3V1-xMoxO4 is heated to 400°C in a non-reducing atmospheres is subsequently 
exposed in situ to a reducing atmosphere (4% propene in helium), a time-dependent shift in the 
baseline absorbance (e.g. the absorbance at all energies below the edge) is observed, indicating 
reduction of the catalyst. The absorbance at a wavelength below the absorption edge was plotted 
as a function of time of exposure to reducing conditions, and the initial rate of reduction upon 
exposure to propene determined (see Supporting Information). When the rates of reduction of 
Bi1-x/3V1-xMoxO4 catalysts in their fully oxidized states are plotted as a function of Mo-V content 
Figure 4.6, it is evident that the simultaneous presence of Mo and V in the catalyst leads to more 
rapid rates of reduction than are observed when only Mo or only V is present. Also shown in 
Figure 4.6 are the steady state rates of propene oxidation at the same temperature (400°C) as 
measured by our group and reported elsewhere.57 The apparent correlation between rate of 
reduction of the catalyst and steady state rate of propene oxidation is consistent with a propene 
oxidation mechanism involving reduction of the catalyst in the rate-determining step. 

4.1.3 X-ray Absorption Near Edge Spectroscopy 

 As noted in Section 3.1, upon exposure to propene, the pre-edge or baseline absorbance 
of the catalyst as observed in diffuse reflectance UV-VIS-NIR spectroscopy grows steadily with 
time. While this result is indicative of catalyst reduction, it does not indicate which elements 
undergo reduction. In order to determine the oxidation states of Bi, Mo, and V in the reduced 
catalysts, XANES experiments were conducted. As reported elsewhere [Zheng], when Bi1-x/3V1-

xMoxO4 catalysts are exposed to 100 mL/min of 99% propene at 440°C for 24h and then 
subsequently investigated by transmission XANES, it was found that V5+ was reduced to V4+, 
Mo6+ was reduced to Mo4+, and Bi3+ did not undergo reduction. This finding does not, however, 
show that V and Mo are reduced simultaneously, since the same result could have potentially 
been obtained by sequential reduction of V5+ cations followed by Mo6+ cations. To ascertain 
whether V and Mo cations udergo reduction together or in sequence, in situ XANES spectra 
were collected during reduction of Bi0.85V0.55Mo0.45O4 at 400°C under propene flowing at 100 
mL/min. These results of this experiment are shown in Figures 7 and 8. The V K edge XANES 
in Figure 4.7a show that under reducing conditions, a decrease in pre-edge peak intensity and an 
edge shift to lower energy begin immediately upon exposure to reducing conditions. Both 
changes are consistent with reduction of vanadium. Figure 4.7b shows that the initial pre-edge 
peak height and edge position are consistent with tetrahedrally coordinated V5+, as expected from 
the stoichiometry and known crystal structure of the material. After 5 min exposure to propene, 
reduction is essentially complete. Figure 4.7c shows that after reduction, the V K edge position is 
consistent with vanadium in the +4 oxidation state; however, the pre-edge peak height is much 
larger than in the VO2 reference. The pre-edge feature arises from a 1s  3d transition, which is 
formally prohibited by the selection rule for photon absorption (ΔL = ±1). It is therefore only 
observed for coordination environments in which mixing of 3d and 4p orbitals is allowed by 
symmetry. Such mixing is strong in tetrahedral coordination such as that in NH4VO3 and the as-
prepared x = 0.45 catalyst, but becomes weaker as the coordination environment becomes more 
octahedral. Vanadium in VO2 sits in a distorted octahedral environment with weak 3d-4p mixing, 
resulting in a weak pre-edge peak. The much greater pre-edge peak height in the reduced x = 
0.45 catalyst indicates that the vanadium centers in the reduced catalyst retain their nearly 
tetrahedral coordination. 
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 The Mo K edge XANES shown in Figure 4.8a show trends in qualitative agreement with 
those seen in the V K edge XANES in Figure 4.7a: a decrease in pre-edge peak intensity and a 
shift of the absorption edge to lower energies. Although the reduction conditions (100 mL/min 
99% propene at 400°C) are the same as in the vanadium case, the catalyst loading required to 
obtain good XANES signal is different, resulting in a different timescale for reduction. 
Nevertheless, these results show that Mo reduction begins immediately upon exposure to 
reducing conditions, identical to the case for vanadium. As shown in Figure 4.8b, the as-prepared 
x = 0.45 catalyst contains tetrahedrally coordinated Mo6+ sites similar to those in the CaMoO4 
reference. Exposure to reducing conditions leads to a pre-edge feature height and an edge 
position midway between those expected for Mo6+ and Mo4+. This result is consistent with 
formation of either Mo5+ sites or with a reduced catalyst having significant populations of both 
Mo4+ and Mo6+ sites. No stoichiometric Mo5+ oxide phase is known, and in mixed-valence 
oxides like Mo4O11, integral oxidation states cannot meaningfully be assigned to individual 
molybdenum centers. Investigations using XPS and EPR have detected both Mo4+ and Mo5+ in 
reduced bismuth molybdate.89,90,91 Previous XANES work in our group57 has shown that more 
aggressive reduction (24 h at 440° in 100 mL/min of 99% propene) converts essentially all of the 
Mo6+ to Mo4+. 

 L3 edge XANES scans on bismuth conducted in a previous study are reproduced in 
Figure 4.9. Because no change in the bismuth spectrum was observed even after 24 h of exposure 
to propene at 440°C, it was concluded that Bi3+ sites are not reduced by propene under 
catalytically relevant conditions. An in situ examination of the Bi L3 edge was not deemed 
necessary in the present study. 

4.2 Density Functional Theory Calculations 

4.2.1 Density of States Calculations 

To obtain a more complete understanding of the electronic structure of Bi1-x/3V1-xMoxO4 
catalysts, density functional theory calculations were carried out on three representative 
structures: Bi4V4O16 (x = 0), Bi7V5Mo3O32 (x = 0.375), and Bi8Mo12O48 (x = 1.0). The results for 
Bi4V4O16 are presented in the top spectrum in Figure 4.3. A detail of the valence and conduction 
band states in Bi7V5Mo3O32 is given in Figure 4.10, and will be discussed further below. The 
complete spectra for Bi7V5Mo3O32 and Bi8Mo12O48 are qualitatively similar to that for Bi4V4O16, 
and are presented in the Supporting Information. As compiled in Table 4.1, the density of states 
calculations yield band gaps in excellent agreement with those measured experimentally. 

 Figure 4.3 also illustrates the procedure used to reference the energy axis in the VASP 
density of states calculation to the vacuum energy. The bottom spectrum in Figure 4.3 was 
generated from an all-electron calculation on propene within Q-Chem, which reports all energies 
relative to the vacuum state. The orbital energies of the valence orbitals in propene were 
extracted from this calculation. The middle spectrum in Figure 4.3 was produced by a site-
projected density of states calculation within VASP on a catalyst slab with propene adsorbed 
over the surface. The energy axis in the resulting density of states calculation was shifted until 
the propene states in this calculation were aligned with the energies produced in Q-Chem. 
Isolating the states with carbon character in the site projection scheme (light blue in Figure 4.3) 
allowed even those propene states hidden under the catalyst valence band to be used in the 
alignment procedure. The top spectrum in Figure 4.3 was produced by a density of states 
calculation within VASP on the bulk Bi4V4O16 unit cell. The energy axis in this spectrum has 
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been aligned by matching the Bi, V, and O states in the bulk calculation to those in in the slab 
calculation. Note that the lower symmetry of the slab calculation results in a more cluttered 
looking set of states seen in the middle line of Figure 4.3. However, the band widths of both the 
valence band and the Bi 6s band are identical in the bulk and slab calculations, allowing the band 
edges to be aligned. 

 In the density of states shown in Figure 4.3, the bands centered near -26 eV and -16 eV 
correspond to O 2s and Bi 6s electrons, respectively. (Bi 5d core states, not explicitly modeled in 
these calculations, would appear below -28 eV; they have been shown to play no role in bonding 
in bismuth oxides92). Although O 2s and Bi 6s orbitals are treated here as valence orbitals, the 
narrow width of these bands and the lack of mixing with other states suggests these bands are 
essentially core-like and ionic in character. The valence states run from -12.5 eV to -6.8 eV, and 
the conduction band states begin near -4.5 eV and run up to the Fermi level. 

 An expanded view of the valence and conduction band states for Bi7V5Mo3O32 is 
presented in Figure 4.10. The valence states can loosely be decomposed into four regions. The 
region from -12.5 to -11 eV is comprised primarily of Mo-O σ and π bonding states built from 
Mo 4d and O 2p orbitals. This region also contains a smaller contribution from Bi 6p orbitals, 
which mix with O 2p orbitals to produce Bi-O σ bonds. The region from -11 eV to -9 eV is 
composed of V-O σ and π bonds built from V 3d and O 2p orbitals. The region from -9 to -7.5 
eV has primarily O 2p character, and is attributed to lone-pair-like states on oxygen. The narrow 
region from -7.3 eV to the valence band edge at -7.0 eV remains predominantly O 2p in 
character, but also contains an important contribution from Bi 6s states. These states have Bi-O 
σ* character, and are responsible for the existence of the “stereochemically active lone pair” on 
bismuth.93,94 We have shown elsewhere that these lone pairs play an instrumental role in creating 
catalytically active sites on the surface of the Bi2Mo3O12 catalyst.56 

 The conduction band states can also be categorized according to the dominant character 
of the states in each energy region. The V 3d and Mo 4d states on tetrahedrally coordinated 
vanadate and molybdate ions are split by the local crystal field into lower energy e states (dz² and 
dx²-y² orbitals) and higher energy t states (dxy, dyz, and dxz orbitals). In Bi7V5Mo3O32, the e states 
run from the conduction band edge at -4.60 eV to -3.26 eV, while the t states begin at -3.26 eV 
and run up to roughly -1.4 eV. The states above this energy are primarily derived from the empty 
Bi 6p orbitals, which also contribute slightly in the e and t bands. None of the conduction band 
states have strong O 2p character, but all of them are weakly Mo-O, V-O, or Bi-O antibonding. 

 The vanadium environment in BiVO4 is not perfectly tetrahedral, and this effect is 
magnified in the partially molybdenum-substituted material. As a result, the dz² orbitals are 
lowered in energy relative to the dx²-y² orbitals. Although the distortion is not large enough to split 
the e band, the state right at the conduction band edge has almost purely dz² character. A map of 
the charge density distribution for this state is shown at right in Figure 4.10. In accordance with 
the presence of both V 3d and Mo 4d states at the bottom of the e band, significant charge 
density is present in dz² orbitals on both V and Mo centers. (The greater spatial extension of the 
larger Mo 4d orbitals compared to the smaller V 3d orbitals is also visible.) 

 The electronic structure of BiVO4 has been investigated by several researchers, and a 
good agreement is observed between theory and experiment.95,96,97,98,99,100 To our knowledge, 
this study represents the first investigation of the electronic structure of Bi2Mo3O12 or Bi1-x/3V1-

xMoxO4 materials using density functional theory. 
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 As a result of the procedure used to align the energy axes in the density of states 
calculations, the heats of adsorption of propene on Bi8V8O32, Bi7V5O3O32, and Bi8Mo12O48 could 
also be calculated. These results are shown in Table 4.2. The heat of adsorption of propene is 
strongest for Bi8V8O32 and weakest for Bi8Mo12O48, and the value for Bi7V5Mo3O32 is almost 
exactly between the two end compositions. The heat of adsorption on Bi8V8O32 is consistent with 
the XPS results which suggest that this material has a more ionic character than the other 
materials considered. 

4.2.2 Adsorption and bond formation energies 
 Using the calculated heat of adsorption data, it was possible to transform the apparent 
activation energies measured by Zhai et al.57 into intrinsic activation energies. The premise of 
this transformation is that the experimentally measured, or apparent, activation barrier takes gas 
phase propene as the reference state, whereas the intrinsic activation energy reflects the energy 
required to activate a propene molecule that is already adsorbed to the active site. Apparent 
activation energies are converted to intrinsic activation energies by correcting for the heat of 
adsorption of propene. The apparent activation energy model of Zhai et al. is shown in Figure 
4.11a. The heats of adsorption for propene adsorbed on Bi8V8O32, Bi7V5Mo3O32, and Bi8Mo12O48 
slab models are given in Table 4.2. The calculated heats of adsorption vary almost linearly with 
composition. Correcting the data in Figure 4.11a with the heat of adsorption estimated from a 
linear fit to the data in Table 4.2 yields the intrinsic activation energies shown in Figure 4.11b. 
The objective of the present work is to provide the physical basis for the trend in activation 
energies observed in Figure 4.11b. 

 To explore the contributions of O-H bond formation and M-O bond reorganization on the 
catalyst surface during the rate-determining step in propene oxidation, several additional 
calculations were carried out on the Bi8V8O32 and Bi8Mo12O48 slab models. An H atom was 
attached to each slab, and the surface was allowed to relax. The resulting surface was then 
frozen, the H atom removed, and the energy of the distorted surface calculated in the spin singlet 
and spin triplet configurations. From these calculations, it was determined that the M-O bond 
reorganization energy required to achieve the transition state geometry for propene activation 
was 17.5 kJ/mol on Bi8V8O32 and 23.0 kJ/mol on Bi8Mo12O48, while the O-H bond formation 
energies on these catalysts were -119.6 and -123.9 kJ/mol respectively. The motivation for these 
calculations is discussed further in Section 5.3. 

 

5.0 APPLICATION OF THE BAND EDGE MODEL 
5.1 Mechanistic considerations 

 Before the band edge model can be used to interpret the reactivity of Bi1-x/3V1-xMoxO4 for 
propene oxidation, the mechanism by which propene is activated over these catalysts must be 
reviewed. In the case of Bi2Mo3O12 (x = 1), a significant body of literature exists on the 
mechanism of propene activation. The rate-determining step is known to involve hydrogen 
abstraction from the methyl group of propene by lattice oxygen in the catalyst.15,55,69 
Experiments conducted using substituted phenylbenzenes suggest that the hydrocarbon fragment 
produced after hydrogen abstraction has radical character, which in turn suggests that the 
hydrogen abstraction step involves the transfer of one electron to the catalyst.69,101 A recent DFT 
investigation56 of the propene activation mechanism on the (010) surface of Bi2Mo3O12 also 
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concluded that the initial, rate-determining step involves removal of a hydrogen radical from 
propene, resulting in transfer of one electron to the catalyst. 

 Although catalysts in the series Bi1-x/3V1-xMoxO4 with x < 1 have been probed less 
extensively, there is evidence suggesting that the mechanism by which propene is activated over 
vanadium-containing catalysts is analogous to that operant on Bi2Mo3O12. Zhai et al.57 have 
shown that for all values of x, the reaction rate exhibits the same partial pressure dependencies: 
the reaction is always first order in propene, and zero order in gas phase oxygen. In addition, it 
was observed that the selectivity extrapolated to zero conversion was similar for all 
compositions, at roughly 70% selectivity to acrolein vs. CO and CO2. (Trace quantities of ethene 
and acetaldehyde were also be detected.) Given the observation that the partial pressure 
dependencies and the intrinsic selectivities do not change with catalyst composition, it seems 
unlikely that a significant change in mechanism accompanies a change in composition in this 
catalyst system. 

 As discussed in Section 4.2, the initial rate of reduction of Bi1-x/3V1-xMoxO4 catalysts as 
monitored by operando diffuse reflectance UV-VIS-NIR spectroscopy correlates well with the 
steady state rate of propene oxidation over the same catalysts. This finding further supports the 
conclusion that the catalyst is reduced during the rate-determining step of propene activation 
over all catalysts studied. 

 

5.2 Determination of Band Edge Energies 

 Application of the band edge model requires knowledge of the energy of the conduction 
and valence bands. To obtain this information, two approaches were taken. In the first approach, 
the densities of states for three catalysts with compositions x = 0, 0.375, and 1 in the series Bi1-

x/3V1-xMoxO4 were calculated. This approach has the advantage of allowing identification not 
only of the edge energies of the conduction and valence bands, but also their character. In all 
three catalysts investigated, the valence band edge comprises primarily O 2p states with some 
contribution from Bi 6s states. The conduction band edge comprises e states, primarily of dz² 
character, composed of V 3d orbitals on BiVO4 (x = 0), Mo 4d orbitals on Bi2Mo3O12 (x = 1), 
and a mixture of V 3d and Mo 4d orbitals on Bi7V5Mo3O32. There are, however, two 
disadvantages to calculating these edge energies using DFT. First, the accuracy of the result 
depends on the accuracy of the density functional used, and DFT is well-known to underestimate 
band gaps.102 The M06-L functional used here has been shown to perform relatively well in band 
gap calculations;103 as seen in Table 4.1, it yields gaps that are close to, but still lower than, the 
experimentally observed values. The energy referencing scheme used here depends in a more 
subtle way on the accuracy of the DFT calculation: the energy of the propene orbitals have been 
used to establish the vacuum energy, so any error in the calculated energies of these orbitals will 
lead to a systematic shift in the derived values for conduction and valence band edge energies. 
The second challenge of using DFT calculations to determine band edge energies in this system 
is more practical. Materials such as Bi1-x/3V1-xMoxO4, in which many local configurations of V, 
Mo, Bi, and cation vacancy sites are possible at each value of x, may require large unit cells, 
multiple separate calculations, or both in order to obtain accurate results for a given composition. 
For this reason, density of states calculations in the present work have been used primarily to 
uncover the character of the conduction band states, and to investigate the overlap between V 3d 
and Mo 4d orbitals in the e band (see Section 5.4). While trends in the edge energy positions as a 
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function of composition are expected to be accurate, absolute energies are not expected to agree 
precisely with experimental values. 

 As discussed in Section 2, a second approach to determining the conduction and valence 
band edge energies is to calculate the Fermi level of the material based on a geometric or 
harmonic average of the Mulliken electronegativities of its constituent atoms. Assuming that the 
Fermi level is then centered in the band gap (as it should be for an intrinsic semiconductor), the 
conduction and valence band edge energies can be calculated directly from EFermi ± ½ EG. This 
method has the advantage of using all experimentally derived inputs. Its accuracy hinges on the 
accuracy of the electronegativity mixing rule. In addition, this method assumes that the local 
Fermi level in the catalyst is not pinned by surface states or dopant effects. These assumptions 
should be valid for Bi1-x/3V1-xMoxO4 catalysts in the fully oxidized state. 

 Estimated values for the valence and band edges of Bi1-x/3V1-xMoxO4 catalysts are shown 
in blue in Figure 4.12. Here the geometric mean electronegativity was used; the harmonic mean 
electronegativity gives similar results. The energy level of the valence band lowers in energy 
from -6.85 eV to -7.46 eV as x moves from 0 to 1. This change of just over 0.6 eV correlates 
well with the ~ 0.8 eV change in the energy of the O 1s core state as seen in XPS (Figure 4.4): in 
both data sets, greater Mo content leads to stronger binding of electrons on oxygen. The CB edge 
energy initially becomes more negative with greater molybdenum content, but then reaches a 
minimum energy (maximum electron affinity), and then increases as molybdenum content 
increases further. The estimated intrinsic activation barriers for propene oxidation follow a 
similar trend, as would be expected if the electron transfer into the catalyst conduction band is 
the controlling factor in catalytic activity. This point is discussed further below. Also shown in 
Figure 4.12 are the VB and CB edge energies from the DFT density of states calculations 
performed on the x = 0, x = 0.375, and x = 1 catalysts. The DFT values are shifted systematically 
to higher energies by about 0.4 eV relative to the values derived from electronegativity 
averaging. In addition, the conduction band edge energy is more sensitive to composition in the 
DFT calculations than in the electronegativity averaging scheme. The trend in CB edge energy 
with composition, however, is identical for the two methods. 

 

5.3 Factors Contributing to the Activation Barrier 

 Given the mechanistic considerations of section 5.1, a generic picture of the transition 
state for propene activation over an M=O site on the catalyst surface (M = Mo or V) can be 
drawn. As shown in Figure 4.13a, this transition state involves four simultaneous processes: 
dissociation of a C-H bond, formation of an O-H bond, stretching and re-hybridization of an 
M=O bond, and transfer of an electron from propene to the catalyst. As shown in Figure 4.13b, 
by using a Born Haber cycle approach, it is possible to show how each of these contributions 
contribute to the transition state barrier. The C-H bond dissociation step is independent of 
catalyst composition, and for propene, it is 88.2 kcal/mol.104 Analysis of the reaction path for 
propene dissociation on the Bi2Mo3O12(010) surface presented in reference 56 suggests that 
Mo=O bond stretching takes place along the approach to the transition state, and that the Mo-O 
bond length at the transition state (2.04 Å) differs little from the Mo-O bond length after 
completion of the propene activation process (2.06 Å). There is therefore little loss in accuracy in 
substituting the final state surface geometry for the transition state surface geometry on 
Bi2Mo3O12. Equivalent calculations have not been performed on Bi1-x/3V1-xMoxO4 phases with x 
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< 1, for which there is little experimental guidance as to the location or structure of the active 
site(s).  For the present study, it will be assumed that the transition state structures are analogous, 
and that bond stretching is accomplished prior to the transition state at any Mo-O or V-O active 
site present on these catalysts. As a heuristic argument to support this hypothesis, we note that a 
transition from the singlet spin configuration to the triplet spin configuration must occur at the 
transition state. The singlet configuration is lower in energy than the triplet configuration at all 
Mo-O and V-O bond lengths shorter than the geometry at which this transition occurs. At the 
same time, the longer the M-O bond length at the transition state, the lower the barrier for 
singlet-triplet crossing (see Supporting Information). 

 Given that the M-O bond stretching step is completed prior to the transition state, the 
energetic cost for this step can be calculated by (1) calculating the energy of the bare catalyst 
surface; (2) attaching an H atom to the catalyst surface, and allowing the surface to relax; (3) 
freezing the surface, removing the H atom, and calculating the energy of the distorted surface 
structure in the spin singlet configuration; (4) comparing the energy of the distorted surface from 
step (3) to the initial surface in step (1). This energy, denoted ES in Figure 4.13b, amounts to 
23.0 kcal/mol on Bi2Mo3O12, and 17.5 kcal/mol on BiVO4.105 

 Following distortion of the M-O bond, a transition from the singlet spin configuration to 
the triplet spin configuration occurs. From a molecular orbital perspective, this transition 
involves promoting an electron from an O 2p lone pair orbital to an M d orbital with M-O π* 
character. In spectroscopic terms, this is a ligand-to-metal charge transfer transition, and is the 
transition responsible for the absorption edge in the UV-VIS spectrum of the catalyst in Figure 
4.5a. In the band edge model, this transition involves promoting an electron from the valence 
band to the conduction band, as shown in Figure 4.13d. The energy required for this step can 
therefore be related directly to the relative energies of the valence and conduction bands, i.e. to 
the band gap energy EG. 

 Once the di-radical M*—*O structure has been formed, the O* radical can form a 
covalent bond with the H* radical removed from propene. The energy released upon formation 
of this bond was calculated by (1) attaching an H atom to the catalyst surface as before, and 
allowing the surface to relax; (2) freezing the structure, removing the H atom, and calculating the 
energy of the resulting surface in the spin triplet configuration; (3) comparing the energies from 
calculations (1) and (2). The resulting energy, EOH, is -119.6 kcal/mol for BiVO4 and -123.9 
kcal/mol for Bi2Mo3O12. As shown in Figure 4.13e, the band edge model interpretation of this 
step is the transfer of an electron from the H atom HOMO to a valence band hole in the catalyst. 
This step completes the Born Haber cycle analysis of the transition state structure. We emphasize 
again that the present treatment is a hypothetical decomposition of the transition state structure in 
order to elucidate the energetic contributions of multiple events happening simultaneously in the 
working catalyst, and is not meant to imply the physical separation of these steps in the reaction 
mechanism. 

 There are two significant results of the Born Haber cycle analysis. First, while ES and 
EOH both differ from BiVO4 to Bi2Mo3O12, their sum is nearly constant: -102.1 kcal/mol for 
BiVO4, and -100.9 kcal/mol for Bi2Mo3O12. Since the net contribution of these two terms is 
essentially identical for both Mo-O and V-O sites, the energetic consequences of the combined 
M-O bond stretching and O-H bond forming processes for the overall reaction barrier are almost 
independent of composition for Bi1-x/3V1-xMoxO4. Second, the sum of the singlet-triplet transition 
energy EG = (ECB – EVB) and the O-H bond formation energy EOH = (EVB – EH) yields a term 
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dependent only on the energy EH of the H atom HOMO and the catalyst conduction band edge 
energy ECB. Since the energy of the H atom HOMO is constant, the composition dependence of 
the activation energy must arise from the ECB term. Furthermore, the energy required to from an 
H atom and an allyl radical from propene is known, so the H atom HOMO energy can be 
replaced by the propene HOMO energy EHOMO. To summarize, the combined sum of ES and EOH 
is essentially independent of catalyst composition, the value of EHOMO is completely independent 
of the catalyst (and can be taken as the HOMO energy of an H atom or of propene, depending on 
convenience), and therefore the only composition-dependent contribution to the transition state 
energy is ECB, the edge energy of the conduction band. This analysis suggests that the catalyst 
conduction band edge energy (or equivalently, the difference between this energy and the 
propene HOMO energy) provides the dominant contribution to the composition dependence of 
the activation barrier for propene activation on Bi1-x/3V1-xMoxO4 catalysts. 

 The intrinsic activation energy for propene activation over Bi1-x/3V1-xMoxO4 catalysts is 
plotted as a function of the energy difference ECB – EHOMO in Figure 4.14. The correlation 
coefficient is 0.98, and the slope of the regression line reasonably near to 1.0. Using the slope 
and the y intercept of -0.59 eV, it is possible to calculate the energy difference between propene 
HOMO and catalyst conduction band edge energies at which the intrinsic activation energy 
should go to zero (i.e. the x intercept in Figure 4.14). This energy difference amounts to 0.53 eV, 
or 12.1 kcal/mol, in excellent agreement with the sum ES + EOH + ECH = 12.7-13.9 kcal/mol, i.e. 
the sum of the non-catalyst-dependent contributions to the barrier energy. The direct, one-to-one 
relationship observed between intrinsic activation energy and the conduction band edge energy 
confirms the utility of the band edge model in explaining trends in catalytic activity in thermally 
driven oxidation catalysis. 

 

5.4 Composition dependence of the conduction band edge energy 

 It remains to explain why catalysts containing both vanadium and molybdenum show 
more negative conduction band edge energies (i.e., greater electron affinities) than catalysts 
containing only one of these elements. This explanation can be obtained from an investigation of 
the densities of states in the first unoccupied band (the e band) in each catalyst. This band is built 
from the orbital overlap of the valence 3d and 4d orbitals of vanadium and molybdenum, 
respectively. The center of the band reflects the d orbital energy on an isolated vanadate or 
molybdate center, and the width of the band reflects the extent of overlap between orbitals on 
adjacent vanadate and molybdate centers. As can be seen in Table 4.3, the e band center in 
Bi4V4O16 sits at lower energy than the e band center in Bi8Mo12O48, reflecting the greater 
reducibility of vanadium as compared to molybdenum. However, the band width in Bi4V4O16 is 
comparatively narrow due to poor overlap between spatially compact V 3d orbitals on adjacent 
vanadate centers. A much wider e band is found in Bi8Mo12O48, owing to the greater overlap 
between the larger, more spatially extended Mo 4d orbitals, which are, however, centered at a 
higher energy. As summarized in Figure 4.15, when both V and Mo centers are present, as in 
Bi7V5Mo3O32, the lower energy of the V 3d orbitals combined with the greater spatial overlap 
provided by Mo 4d orbitals results in a lower absolute energy at the bottom of the e band than is 
found in either the pure vanadate or pure molybdate materials. The greatest lowering of the 
bottom of the e band (that is, the largest electron affinity) occurs when nearly equal proportions 
of vanadium and molybdenum are present, suggesting that energy-lowering by vanadium and 
band-widening by molybdenum are roughly equal in importance. 
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 Although not explored in this study, we propose that the effects seen in coupling 
compact, low energy 3d orbitals from a first row transition element with more diffuse, higher 
energy 4d or 5d orbitals from a second or third row transition element may be general. With 
knowledge of the center and bandwidth of the e band in tetrahedral systems, or the t band in 
octahedral systems, it should be possible to formulate catalysts with lower conduction band 
edges. Such catalysts should show lower activation barriers for oxidation reactions in which 
electron transfer to the catalyst takes place in the rate-determining step. Such an effect should be 
observable in a variety of systems, including mixed metal oxide systems based on 
perovskites,106,107 spinels,108,109 rutile,110 and other strucures.111 More work in this area is clearly 
required. 

 

6.0 CONCLUSIONS 
 A model has been proposed according to which the activation barrier for selective 
oxidation reactions over a mixed metal oxide catalyst should correlate with the conduction band 
edge energy of the catalyst. The model should apply to any oxidation reaction in which transfer 
of an electron to the catalyst occurs in the rate-controlling catalytic step. The model has been 
applied successfully to explain variations in the intrinsic activation energy observed in the 
oxidation of propene to acrolein over catalysts of composition Bi1-x/3V1-xMoxO4. Catalysts 
containing both Mo and V are shown to have lower intrinsic activation barriers for propene 
activation than catalysts containing only Mo or V. Lower activation barriers are due to smaller 
energy differences between the highest occupied molecular orbital in propene and the conduction 
band edge energy in the catalyst. Shifts of the conduction band edge energy with composition are 
rationalized in terms of mixing between low energy but compact V 3d orbitals and higher energy 
but more diffuse Mo 4d orbitals. By taking advantage of such mixing, it should be possible to 
rationally formulate more active mixed metal oxide oxidation catalysts. 
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Table 4.1: Comparison of band gaps from theory and experiment. Calculated band gaps are taken from Figure 4.8, 
experimental values from Figure 4.4. Values are in eV. 

Composition DFT experimental 
Bi4V4O16        (x=0.0) 2.30 2.35 
Bi7V5Mo3O32 (x=0.375) 2.38 2.44 
Bi8Mo12O48    (x=1.0) 2.80 2.95 
 

 

Table 4.2: Heats of adsorption [in kcal/mol] of propene calculated from DFT 

Composition ΔHads 
Bi4V4O16        (x=0.0) 11.8 
Bi7V5Mo3O32 (x=0.375) 9.8 
Bi8Mo12O48    (x=1.0) 8.8 
 

 

Table 4.3: Centers, widths, and lowest energy states of the e bands in Bi4V4O16 (x=0), Bi7V5Mo3O32 (x=0.375), and 
Bi8Mo12O48 (x=1.00) extracted from Figure 4.8. Values are in eV. 

Composition e band center e band width e band edge 
Bi4V4O16        (x=0.0) -3.81 1.18 -4.46 
Bi7V5Mo3O32 (x=0.375) -3.78 1.34 -4.60 
Bi8Mo12O48    (x=1.0) -3.39 1.82 -4.20 
 

 

Figure 4.1: Application of the band edge model to photocatalytic water splitting. (a) The catalyst initially contains 
occupied valence band states (shaded green) with the valence band edge at -6.74 eV, and empty conduction band 
states (red) with the conduction band edge at -4.18 eV. The equilibrium energy for the hydrogen formation is at -
4.44 eV, and that for oxygen formation at -5.67 eV. (b) Absorption of a photon with wavelength < 460 nm excites 
an electron from the valence band into the conduction band. (c) Transfer of the excited electron from the conduction 
band onto H+ ions at the catalyst surface to form ½ H2 is energetically favorable. The overpotential available to drive 
this reaction is the energy difference between the conduction band edge and the H2 formation equilibrium energy. 
Likewise, removal of an electron from H2O to fill the valence band hole is energetically favorable. The overpotential 
available to drive this reaction is the energy difference between the O2 formation equilibrium energy and the valence 
band edge. Four photon absorption cycles are required to complete the formation of O2 and 2 H2 from 2 H2O. 
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Figure 4.2: Application of the band edge model to the thermal activation of propene. (a) The catalyst initially 
contains occupied valence states (shaded green) with the valence band edge at -6.74 eV, and empty conduction band 
states (red) with the conduction band edge at -4.18 eV. The equilibrium energy for water formation is -5.67 eV, 
while the energy level of the propene HOMO is -6.42 eV. (b) Thermal activation of the propene molecule results in 
transfer of a hydrogen atom from the propene molecule to the catalyst surface. This transfer involves moving one 
electron from the propene HOMO into the catalyst conduction band. (c) Transfer of the electron from the catalyst 
conduction band to an O2 molecule is energetically favorable, and ultimately drives the formation of water. The allyl 
radical intermediate will also undergo further reaction steps (not shown) resulting in formation of acrolein. 

 

Figure 4.3: Procedure used to align the calculated densities of states to the vacuum energy reference. Bottom (red): 
energy levels of orbitals in propene as determined in Q-Chem. Middle (blue): Density of states calculation for 
propene adsorbed on a Bi8V8O32 surface. States identified as having predominantly carbon character are identified in 
light blue. The energies of these states were aligned to the propene states below. Top (orange): Density of states in 
bulk Bi4V4O16. These states were aligned with the corresponding bands in the slab calculation. 

 



90 
 

   

Figure 4.4: O 1s XPS peak vs. composition. 

 

 

(a)  (b) 

   

Figure 4.5: Diffuse reflectance UV-VIS-NIR spectra.(a) Absorbance α vs. wavelength λ for solid solutions 0 ≤ x ≤ 
1. (b) Variation in the band gap with composition x. A parabola fit through the data produces a goodness-of-fit R2 = 
0.99. 
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Figure 4.6: Correlation between the initial rate of reduction of Bi1-x/3V1-xMoxO4 catalysts upon exposure to propene 
(blue; left axis; absorbance units gained per second of exposure) and the steady state rate of propene oxidation at the 
same temperature (red; right axis; mmol of propene consumed per m² of catalyst per min). Reduction was conducted 
at 400°C in 40 mL/min propene and 160 mL/min helium at 1 atm. Steady state reaction was performed at 400°C in 
10 mL/in propene, 10 mL/in oxygen, and 40 mL/in helium at 1 atm. 

 

Figure 4.7: (a) Vanadium K edge XANES scans on Bi0.85V0.55Mo0.45O4 (x=0.45) as a function of time of exposure to 
propene gas (99%, 100 mL/min) at 400°C. The decrease in pre-edge peak height and redshift in edge energy have 
been magnified to better illustrate spectral changes during reduction. (b) Comparison of the fully oxidized x=0.45 
catalyst to a reference compound (NH4VO3) containing tetrahedral V5+. (c) Comparsion of the reduced catalyst to 
reference compounds containing pseudo-octahedral V4+ (VO2) and V3+ (V2O3). 
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a)    b) 

   

Figure 4.8: (a) Molybdenum K edge XANES scans on Bi0.85V0.55Mo0.45O4 as a function of time of exposure to 
propene gas (99%, 100 mL/min) at 400°C. (b) Comparison of the oxidized and reduced catalysts to reference 
compounds containing tetrahedral Mo6+ (CaMoO4) and pseudo-octahedral Mo4+ (MoO2). 

 

Figure 4.9: Bismuth L3 edge XANES scans on Bi0.85V0.55Mo0.45O4 after oxidation in air at 450°C (black line, 
“oxidized”) and after 24 h exposure to 100 mL/min 99% propene at 440°C (red line, “reduced”). A reference 
spectrum of Bi2O3 (dashed blue line) is shown for comparison. (reproduced from ref [ ]) 
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Figure 4.10: Site-projected density of states for Bi7V5Mo3O32. States below the valence band edge are occupied; 
those above the conduction band edge are vacant. The dominant orbital contributions to the states in each energy 
range are listed to the left of the energy axis. Contributions from each atom have been normalized by the number of 
atoms of that type to emphasize relative contributions in each energy range. A map of the charge density of the 
lowest energy unoccupied state is shown at right. 

(a)  (b) 
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Figure 4.11: (a) Model for the apparent activation energy taken from ref [ ]. (b) Intrinsic activation energies 
calculated from the data in (a) and assuming a linear change in heat of adsorption based on Table 2. 

 



94 
 

  

 (a)  (b) 

Figure 4.12: (a) Valence band edge energies estimated from band gap and electronegativity data (blue diamonds) 
and extracted from DFT calculations (red circles). (b)  Conduction band edge energies estimated from band gap and 
electronegativity data (blue diamonds; left axis) and extracted from DFT calculations (red circles; right axis). In both 
graphs, the blue curve results from combining the Fermi level estimated from electronegativity data with the band 
gap estimated from the parabolic fit to the band gap data shown in Figure 5b. 
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Figure 4.13: Band edge model interpretation of the Born Haber decomposition of the transition state for propene 
activation. (a) The transition state involves breaking a C-H bond, forming an O-H bond, rearranging an M=O bond 
in the catalyst, and shifting an electron from propene to the catalyst. (b) The transition state contains contributions 
from the M=O bond stretching energy ES, the band gap energy EG, and the difference between the valence band edge 
energy EVB and the propene HOMO energy EHOMO. (c) Initially, the catalyst valence band states (shaded green) are 
occupied, and the conduction band states (red) are vacant. The propene HOMO energy is at -6.42 eV. (d) 
Rehybridization of the M=O bond involves promotion of an electron from the catalyst valence band into the 
conduction band. (e) Formation of an O-H bond using an H taken from propene involves transferring an electron 
from the propene HOMO into the valence band hole. (f) After propene activation, the first conduction band state in 
the catalyst is occupied (i.e. the catalyst is partially reduced). Loss of H converts propene to an allyl radical. 
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Figure 4.14: Intrinsic activation energies for propene activation over Bi1-x/3V1-xMoxO4 catalysts as a function of the 
difference between the conduction band edge energy and the propene HOMO energy. 

 

 

 

 

Figure 4.15: Weak overlap between low energy V 3d orbitals leads to a small number of relatively low energy 
states. Strong overlap between high energy Mo 4d orbitals leads to a broad spread of higher energy states. Combined 
overlap between V 3d and Mo 4d orbitals leads to an intermediate band width, and an overall lower band edge 
energy. 
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 (a)  (b) 
Figure 4.S1: (a) Diffuse reflectance UV-VIS-NIR spectra of BiVO4 (x = 0, dark blue), Bi2Mo3O12 (x = 1, red), and a 
50/50 physical mixture of the two (gray). (b) Plot of the squared product of absorbance and energy versus energy for 
determination of the band gap in a direct band gap material. The absorption edge is determined from the zero 
absorbance intercept of a line fitted to the linear region of the transformed absorption spectrum. 
 
 
 

  
 (a)  (b) 
Figure 4.S2: (a) Diffuse reflectance UV-VIS-NIR spectra of fully oxidized Bi0.85V0.55Mo0.45O4 under flowing air as 
a function of temperature. (b) Absorption edge derived from (a) plotted as a function of temperature. 
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 (a)  (b) 
Figure 4.S3: (a) Diffuse reflectance UV-VIS-NIR spectra of Bi2Mo3O12 under reducing conditions: 0 min (fully 
oxidized) black, 2 min red, 4 min orange, 6 min yellow, 8 min green, 10 min aqua blue, 15 min medium blue. (b) 
Absorbance at 550 nm as a function of time of exposure to flowing propene. The blue line indicates extrapolation of 
the initial rate of change of absorbance as a function of time. Reduction was conducted in 20% propene, 80% helium 
flowing at 100 mL/min, total pressure 1 atm at 400°C. 
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Figure 4.S4: Density of states of (a) Bi4V4O16, (b) Bi7V5Mo3O32, (c) Bi8Mo12O48 with the character of each state 
marked. The energy axis has been referenced to the vacuum state. The states from -27 eV to -25 eV have exclusively 
O 2s character, while those near -16 eV have exclusively Bi 6s character. States labeled Bi (purple shading) 
comprise Bi-O σ bonds built from Bi 6p and O 2p orbitals. States labeled Mo (blue shading) comprise Mo-O σ and π 
bonds built from Mo 4d and O 2p orbitals. States labeled V (dark green shading) comprise V-O σ and π bonds built 
from V 3d and O 2p orbitals. States labeled O (red shading) have primarily O 2p character and represent lone pair 
electrons on oxygen. States labeled L (orange shading) comprise Bi-O σ* bonds built from Bi 6s and O 2p orbitals, 
and are responsible for the existence of the stereochemically active lone pair on bismuth atoms. The fundamental 
band gap is between states labeled L and e. States labeled e (light blue shading) are conduction band states 
comprised of V 3d and Mo 4d orbitals of e symmetry. States labeled t (light green shading) are conduction band 
states comprised of V 3d and Mo 4d orbitals of t symmetry. States labeled C (lavender shading) are conduction band 
states comprised of Bi 6p orbitals. 
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Figure 4.S5: Bond length versus energy for V=O bonds in the spin singlet (dark green) and spin triplet (light green) 
configurations, and for Mo=O bonds in the spin singlet (dark blue) and spin triplet (light blue) configurations. The 
filled points represent the V=O and Mo=O bond lengths present on BiVO4(001) and Bi2Mo3O12(010) surfaces, 
respectively, prior to and subsequent to addition of an H atom to the bond. In this process, the initial state is spin 
singlet and the final state spin triplet. During H atom attachment, the metal-oxygen bond stretches only far enough 
to reach the distance at which the final spin triplet state is at its minimum energy configuration. 



Chapter 5 
 

Preparation and Characterization of High Surface Area Bi1-x/3V1-xMoxO4 Catalysts 
 

Abstract 
 We report an approach for producing BiVO4, Bi0.85V0.55Mo0.45O4, and Bi2Mo3O12 
catalysts with surface areas in excess of 15 m²/g. Mesoporous silica, MCM-48 or KIT-6, was 
used as a template to form mesoporous carbon frameworks, CMK-1 or CMK-8. The silica 
template was then removed, leaving behind the mesoporous carbon. The mesoporous carbon was 
then used as the template to form the mixed metal oxide via incipient wetness impregnation 
followed by drying and calcination in air. At the end of the last step, the carbon template was 
destroyed by combustion leaving behind a mesoporous monometallic or mixed metal oxide. The 
surface areas of the mixed metal oxide is influenced by the structure of the mesoporous silica, 
the atmosphere in which the mesoporous carbon template was produced, and the conditions 
under which the metal oxide precursors were decomposed within the mesoporous carbon 
template. The resulting mixed metal oxides were characterized by BET surface area analysis, 
Raman spectroscopy, X-ray diffraction, and transmission electron microscopy. Measured surface 
areas for BiVO4, Bi0.85V0.55Mo0.45O4, and Bi2Mo3O12 produced using a mesoporous carbon 
template are 350x, 90x, and 180x higher than reference materials prepared using conventional 
synthetic techniques. Bi0.85V0.55Mo0.45O4 and Bi2Mo3O12 formed single phase materials, while 
segregation of V2O5 was observed in the BiVO4 sample. The per-gram activities of the high-
surface area oxides for propene oxidation to acrolein are 14-85 fold higher than those of catalysts 
produced via conventional hydrothermal synthesis and are stable over a 24 h period. While the 
acrolein selectivities of high-surface area Bi0.85V0.55Mo0.45O4, and Bi2Mo3O12 are comparable to 
those of conventionally prepared materials, high surface area BiVO4 has lower acrolein 
selectivity than its low-surface are analog. This difference is attributed to V2O5 formation during 
the preparation of high-surface area BiVO4.   

 
Introduction 
 Oxides containing bismuth in combination with vanadium and molybdenum are used as 
catalysts for the oxidation of hydrocarbons and alcohols and for the photo- and electrochemical 
oxidation of water. For example, bismuth vanadate shows great promise as a photocatalyst for 
the splitting of water into hydrogen and oxygen,1,2 catalysts based on bismuth molybdate have 
long been used for the selective oxidation and ammoxidation of olefins to aldehydes and 
nitriles.3,4,5 It has also been observed that substitution of vanadium for molybdenum in such 
materials lowers the activation barrier and increases the rate of propene oxidation without 
changing the selectivity to acrolein.6,7 In all cases, however, the catalytic potential of such 
materials has been limited by the very low surface areas (typically < 1 m²/g) achievable using 
conventional catalyst preparation methods. Consequently, there is considerable interest in 
developing methods for preparing such oxides with high surface area. 

 Most of the strategies investigated for increasing the surface areas of bismuth vanadates 
and molybdates have focused on changing the conditions in the commonly used hydrothermal 
approach. Beale and Sankar8 have have found that three phases of bismuth molybdate can be 
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formed at temperatures below 200°C, and that the phase formed is more strongly dependent on 
the pH at which the synthesis is carried out than on the ratio of the bismuth and molybdenum 
precursors in solution. Surface areas of 8.9 m²/g were attained for the as-prepared material, 
decreasing only slightly to 8.2 m²/g after 4 h of calcination at 400°C. Le et al.9 have investigated 
both complexation and spray-drying as methods for improving the surface areas of bismuth 
molybdate. Using a 3:1 ratio of citric acid to bismuth, a pH near 1, and a calcination temperature 
of 500°C, they were able to obtain surface areas of ~ 12 m²/g for Bi2Mo3O12. Spray drying was 
also found to be effective at increasing the surface area of Bi2Mo3O12, particularly when used in 
conjunction with citric acid complexation; however, the best result by this approach did not 
exceed 8 m²/g. Changing the complexing agent from citrate to malonate, malate, sorbital, or 
dimethyl oxalate was also considered. Sorbital gave the best results, followed by citrate, but 
again, surface areas did not exceed 10 m²/g. A particularly interesting synthetic approach has 
been reported by Ghule et al.,10 who produced nano-rods of Bi2Mo3O12 by taking bismuth 
molybdate particles prepared by precipitation from aqueous solution and subjecting them to 6 h 
of sonication in a pyridine solution, followed by calcination at 450°C. Although the surface area 
of the final product was not reported, the surface area of a 10 nm x 500 nm bismuth molybdate 
nanorod is estimated to be ~ 65 m²/g. The authors do note, however, that the nanorod structures 
degrade with formation of other phases upon exposure to moisture. 

 The effect of pH on the hydrothermal synthesis of BiVO4 has been investigated by Yu 
and Kudo2, who found that surface areas of 0.5 – 2.6 m²/g could be obtained for starting 
solutions ranging in pH from 1 to 9. These authors also observed that the addition of ammonia to 
the synthesis liquor produced a BiVO4 phase which after calcination had a surface area of 22 
m²/g. However, this material was amorphous, had completely different light absorption 
properties than crystalline BiVO4, and was inactive for the photocatalytic evolution of oxygen 
from aqueous AgNO3 solution. Ren et al.11 have investigated the solvothermal synthesis of 
BiVO4 using water-ethanol mixtures heated to 160°C. By varying the water to ethanol ratio, they 
were able to generate a variety of different particle morphologies, several of which had BET 
surface areas of 10-11 m²/g. A promising procedure for increasing surface areas has been 
proposed by Li et al,12 who investigated the use of mesoporous silicas as templates for BiVO4 
synthesis. In a typical synthesis, a dry silica template was stirred with an ethanol and nitric acid 
solution of Bi(NO3)3•5H2O and NH4VO3, which impregnated the pores of the silica by capillary 
action over the course of 12 h. The impregnated silica was then calcined at 200 °C for 12 h, and 
the framework removed by etching in 2 M NaOH. Several mesoporous silica templates were 
tested, including KIT-6, SBA-15, and SBA-16. Of these, KIT-6 produced materials with the 
highest surface areas. The authors attribute this to the presence of large, three-dimensionally 
connected pores in the KIT-6 structure. BiVO4 produced through KIT-6 templating could be 
synthesized with surface areas as great as 59 m²/g, and the resulting catalysts showed excellent 
photocatalytic activity for both gas-phase NO oxidation and aqueous-phase decomposition of 
methylene blue. 

 In this paper, we report the use of KIT-6 and mesoporous carbons CMK-1 and CMK-8 as 
templates for the synthesis of high surface area BiVO4, Bi0.85V0.55Mo0.45O4, and Bi2Mo3O12 
catalysts. While the synthesis of structured mesoporous carbon from mesoporous silica templates 
has been thoroughly examined by Ryoo and co-workers,13 their use as templates for the synthesis 
of high surface area metal oxides has not, to the best of our knowledge, been reported previously. 
In this study we used both mesoporous silica and structured mesoporous carbon templates for the 
preparation of metal oxides with high surface areas. The effects of the choice of mesoporous 
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silica template, carbonization atmosphere, and temperature ramp rate during catalyst calcination 
on the surface areas of BiVO4, Bi0.85V0.55Mo0.45O4, and Bi2Mo3O12 catalysts were investigated. 
We also investigated the catalytic activity, selectivity, and stability of these materials for the 
selective oxidation of propene to acrolein, and compare the properties with those for their 
conventionally prepared low surface area counterparts. 

 
Experimental Methods 
Catalyst preparation 
 The mesoporous silicas KIT-614 and MCM-4815 were prepared according to procedures 
describd in the literature. MCM-48 had a surface area of ~ 1520 m²/g and a pore volume of 0.87 
cm³/g, and KIT-6 had surface areas between 780 – 880 m²/g and pore volumes between 0.91 – 
1.93 cm3/g. The surface area and pore volume of both materials are in good agreement with 
values reported originally.14,15 Impregnation of the silica templates with a carbon precursor was 
done according to the recommendations of Joo et al.13 A solution of 1.25 g of sucrose (Fischer 
Scientific) was dissolved in 5 mL 0.25 N sulfuric acid (Fischer Scientific), and used to carry out 
the incipient wetness impregnation of 1 g of dried silica. The uptake volume varied from 2.9 – 
3.6 mL for MCM-48 and between 3.6 – 3.8 mL for KIT-6, slightly lower than the 5.0 mL/g 
expected from the work of Joo et al. The impregnated silica was dried for 2 h at 80°C, then 
overnight at 100°C. A second impregnation step was carried out using a solution of 0.75 g 
sucrose in 5 mL of 0.25 N sulfuric acid, for which the uptake volume varied from 2.4 – 2.6 mL 
for MCM-48 and 3.8-4.2 mL for KIT-6. The twice-impregnated silica was again dried at 80°C 
and 100°C, and then carbonized at 760°C for 12 h in a horizontal tube furnace under flowing Ar 
(99%, Praxair) or H2 (10% in He, Praxair). 

 The silica template was removed from the mesoporous carbon by treatment with 
ammonium bifluoride. A stock solution containing 20 mL NH3 (28%, Sigma Aldrich) and 20 mL 
HF (48%, EMD) in 415 mL filtered water (Millipore) was carefully16 prepared. To extract 1 g of 
silica from the mesoporous carbon, the carbon-impregnated silica was stirred in 200 mL of 
ammonium bifluoride for 20 min at room temperature, then filtered and repeatedly rinsed with 
water. The buffered solution was immediately neutralized with calcium carbonate. 

 Bismuth vanadate, bismuth molybdate, and bismuth vanadate-molybdate catalysts were 
prepared by an adaptation of the method of Li et al.12 Typically, 0.67 – 1.00 mmol of 
Bi(NO3)3•5H2I (99.99%, Sigma Aldrich) was dissolved in a mixture of 1 mL nitric acid (67%, 
EMD) and 3 mL ethanol (99.8% from extractive rectification; contains traces of toluene). Once 
the bismuth precursor was completely dissolved, an additional 7 mL of ethanol was added, 
followed by introduction of appropriate molar proportions of NH4VO3 (99%, Fluka), and 
(NH4)6Mo7O24•4H2O (99.98%, Sigma Aldrich). It was found that strict adherence to the order of 
addition given here was essential in order to obtain stable, clear solutions. 

 The precursor solution was contacted with freshly dried mesoporous carbon, and allowed 
to absorb into the pores over the course of 12 h at 60°C. The resulting material was then calcined 
at 200°C for 12 h in air to decompose the ammonium and nitrate precursors, and subsequently at 
380°C for 6 h to fully remove the carbon template. 

 Additional samples were prepared by impregnating the ethanolic precursor solution 
directly into freshly dried KIT-6. The same drying and calcination procedure was applied, 

103 
 



followed by removal of the KIT-6 framework using either 2.0 or 0.1 M KOH, or 0.01 M 
NH4HF2. 

 A third set of samples were synthesized by citric acid complexation of the Bi, Mo, and V 
precursors. The resulting solutions were dried at 80°C, decomposed at 150°C, then calcined in 
air (zero grade, Praxair) for 6 h at 600°C. 

Catalyst characterization 
 XPS analysis was performed using a PHI 550 spectrometer equipped with an Al Kα 
anode operating at 1486.7 eV and 350 mW. Samples were prepared by pressing catalyst powder 
into double-sided conductive copper tape (Ted Pella), the reverse of which was mounted to a 
stainless steel sample holder. Instrument base pressure was < 1x10–8 Torr. 

 BET analysis was performed using a Micromeritics Gemini VII surface area and pore 
volume analyzer. An attempt was made to load enough sample into the instrument to provide at 
least 2 m² of total surface area for analysis. However, the sample tube volume limited total 
catalyst loading to ~ 2 g, resulting in somewhat less than 2 m² of total surface area being 
available in the analysis of samples made by citrate complexation. 

 Thermogravimetry analysis was carried out using a SII Exstar 6000. Aluminum pans 
were loaded with 2-10 mg of sample and ramped at 2 °C/min to 500 °C in air. 

 X-Ray diffraction patterns were obtained with a Siemens D5000 diffractometer using Cu 
Kα radiation. The data were collected in the range 10°<2θ<70° in increments of 0.02°.     

 Transmission electron microscopy was performed with a monochromated FEI Tecnai 
T20 microscope (Cs=0.5 mm, Cc=1.1 mm) at 200 kV equipped with a Field-Emission-Gun and a 
Gatan Imaging Filter (GIF). HR-TEM images were collected using a C2-aperture of 150 μm. 
Energy filtered TEM was performed using the energy filter at the GIF calibrated to C at 284.5 
eV. EF-TEM images were acquired using an objective aperture of 60µm and a C2-aperture of 
300 µm. An energy slit of 8 eV was aligned using the zero-loss peak and subsequently shifted to 
the desired range. For elemental maps, the appropriate edge was selected. 

 Raman spectra were acquired using a Jobin Yvon confocal Raman spectrometer equipped 
with a 532.1 nm Nd:YAG laser operating at a nominal power of 17 mW. Typically, a neutral 
density filter was used to reduce the power to 0.17 mW before analysis. 

 Catalytic testing was performed in a system described in detail by Zheng et al.7 Catalysts 
were loaded into a quartz tube reactor and pre-treated for 12 h at 400°C in oxygen (20% in He, 
Praxair). Reactions were run at atmospheric pressure using a 1:1 ratio of oxygen to propene 
(99.9%, Praxair) diluted in He (99.99%, Praxair). Partial pressure of O2 and propene were each 
0.167 atm, and the total flow rate was 60 mL/min. Reaction products were analyzed by gas 
chromatography using an HP-PLOT-Q column with a flame ionization detector for analysis of 
propene, acrolein, acetic acid, acetaldehyde, and ethane, and an Allstech Hayesep DB column 
and thermal conductivity detector for analysis of oxygen, carbon monoxide, and carbon dioxide. 
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Results and Discussion 
Characterization and testing of catalysts prepared using a silica template 

 The Raman spectrum of Bi0.85V0.55Mo0.45O4 prepared using KIT-6 as the template is 
shown in Figure 5.1 (red). The BET surface area of this material was 15 m²/g. Shown for 
comparison is the spectrum of a catalyst of identical composition prepared by the citrate 
complexation (Figure 5.1, blue). The two spectra are essentially identical, confirming that a bulk 
Bi0.85V0.55Mo0.45O4 phase had been produced. XRD spectra confirmed this conclusion (not 
shown). 

 The materials made in this fashion exhibited no catalytic activity for the oxidation of 
propene, and neither acrolein nor COx was detected at 400°C. The cause of this surprising result 
was explained by XPS analysis: signals indicative of the presence of vanadium and molybdenum 
were completely absent from the XPS spectrum, and only signals indicative of bismuth and 
oxygen were found. This observation suggests that the removal of the silica template resulted in 
formation of a bismuth oxide phase at the surface. Bi2O3 is known to be inactive for oxidation of 
propene at 400°C; however, at higher temperatures, it is selective for aromatization of propene to 
benzene.17 A similar result obtained when Bi0.85V0.55Mo0.45O4 prepared by the citrate 
complexation method was stirred in 1.0 aqueous KOH for 30 min. XPS analysis of the KOH-
treated sample also indicated the total disappearance of V and Mo from the catalyst surface. A 
second attempt was made to remove the silica template from a KIT-6-templated 
Bi0.85V055Mo0.45O4 sample using 0.1 M KOH. The XPS spectrum of this material  showed only 
weak features for V and Mo (Figure 5.2, blue). More dilute solutions of KOH could not be used, 
as below 0.1 M, the pH becomes too low to dissolve the silica template.18 Consistent with this 
observation, Figure 5.2 shows that even after 30 min exposure to 0.1 M KOH solution, a residual 
Si peak can be seen. Based on these results, it was concluded that removal of the silica template 
by dissolution in base could not be used to produce a product with surface composition 
representative of the bulk Bi0.85V0.55Mo0.45O4 stoichiometry. 

 The only alternative to base for removing silica is use of fluoride ions. The rate of 
dissolution of silica in HF has been studied as a function of pH,19 and the optimal rate has been 
found to occur when pH = pKa(HF) = 3.3. Studies have suggested that the [FHF–] ion is the 
active species involved in silica dissolution.20,21 Thus, an attempt was made to remove the silica 
template in an ammonium bifluoride solution with a pH of 3.3. Initially an [F–] concentration of 
0.1 M was used. The XPS spectrum of the resulting catalyst showed that V and Mo were present 
in addition to Bi; however, a large peak for residual F was also present. This result suggests that 
while fluoride ions do not dissolve V or Mo at pH = 3.3, they do strongly bind to the catalyst 
surface. An attempt to reduce the level of fluoride attachment to the catalyst surface was 
attempted by reducing the [F–] concentration to 0.01 M. As seen in the top spectrum in Figure 
5.2 (red), a small residual F 1s peak remained visible near 680 eV even after repeated rinsing 
with water. Since fluoride dissolves silica stoichiometrically to produce SiF6

2–, further dilution of 
the fluoride was deemed impractical because of the very large volumes of fluoride solution that 
would have been required to achieve complete dissolution of the silica. Given the difficulties 
encountered in template removal by either hydroxide or fluoride,  templating metal oxides in 
mesoporous silica was deemed unsuited for preparation of bismuth vanadate – bismuth 
molybdate catalysts and was not pursued further. 
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Characterization and testing of catalysts prepared using a carbon template  

 The effect of the gas composition under which the carbonization of sucrose-impregnated 
MCM-48 or KIT-6 was carried out on the surface areas of the mesoporous carbon templates 
produced is shown in Table 5.1. The surface area of CMK-1 produced from sucrose-impregnated 
MCM-48 increased from 930 m²/g when carbonized in 10% H2 in He to ~ 1100 m²/g when 
carbonized in Ar, while surface area of CMK-8 produced from sucrose-impregnated KIT-6 
increased from ~ 1530 m²/g for carbonization under H2 to ~ 1750 m²/g for carbonization under 
Ar. The surface area of CMK-1 is lower than that of the MCM-48 template used to produce it 
(~1550 m²/g), whereas the surface area of CMK-8 is roughly twice that of the KIT-6 template 
used to produce it. The result for CMK-8 was unexpected, as CMK-1 and CMK-8 reported by 
Ryoo and coworkers13 had surface areas similar to the silica templates used to create them; the 
largest surface area they report for a CMK material is 1250 m²/g. The high surface areas obtained 
here may be attributable to the differences in carbonization conditions between the two studies. 
Ryoo et al. used carbonization temperatures of 900°C – 2400°C and performed carbonization 
under vacuum, whereas a temperature of 760°C and an argon or hydrogen/helium atmosphere 
were used for carbonization in the present study. TEM images of Ar-CMK-1 and Ar-CMK-8 
were, however, in agreement with those expected from the work of Ryoo et al.13 (see Supporting 
Information). 

 Table 5.2 lists the surface areas of BiVO4 catalysts prepared using CMK-1 and CMK-8.. 
The highest surface area material was produced by templating with CMK-1 carbonized in an Ar 
atmosphere. The same ordering of metal oxide surface areas H2/He-CMK-8 < H2/He-CMK-1 < 
Ar-CMK-1 was also found for Bi0.85V0.55Mo0.45O4 and Bi2Mo3O12. However, upon comparison 
of the results in Tables 1 and 2, there does not appear to be any correlation between the surface 
area or pore volume of the carbon template and the surface area of the resulting metal oxide. 
Since the surface area of the calcined BiVO4 is roughly two orders of magnitude lower than that 
of the carbon template in which it is produced, it seems likely that the surface area of the oxide is 
determined to a larger degree by the calcination conditions than by the surface area of the 
template. Consistent with this conclusion, it was found that the temperatures used to dry the 
ammonium and nitrate precursor salts and the rate at which the precursor decomposition 
temperature was attained had a significant effect on the surface area of the BiVO4 produced. 
Drying the precursor solution at 60°C and then increasing the temperature to 200°C at 1°C/min 
produced a higher surface area oxide than if the precursor was dried at 80°C and then ramped to 
200°C at 3°C/min (10.7 m²/g versus 5.7 m²/g for H2/He-CMK-1 templated materials). This result 
suggests that mass transport of the evaporating ethanol and gases produced during decomposition 
of the ammonium and nitrate salts may cause the pore structure of the oxide or the supporting 
template to collapse, or directly push the partially formed oxide out of the template mesopores, 
detrimentally affecting the final surface area. 

 BiVO4, Bi0.85V0.55Mo0.45O4, and Bi2Mo3O12 were prepared in Ar-CMK-1, dried at 60°C, 
ramped at 1°C/min to 200°C, held at 200°C for 12 h to allow complete decomposition of the 
ammonium and nitrate precursors, then calcined at 400°C for 6 h in air. As shown in Figure 5.3, 
this method of preparation produces catalysts with surface areas of 14 – 17 m²/g. 

 The Raman spectrum of BiVO4 prepared by the carbon-template method is compared to 
the corresponding pattern for BiVO4 produced by citrate complexation in Figure 5.4. Also shown 
is the Raman spectrum of V2O5. It is apparent that some V2O5 is present alongside BiVO4 in the 
sample produced by the carbon-template method. The XRD pattern for BiVO4 produced by 
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carbon templating was very similar to that of BiVO4 produced by citrate complexation, and there 
was no evidence of V2O5 formation in XRD (not shown). This result suggests that Raman 
spectroscopy is more sensitive than XRD to the presence of small quantities of an impurity phase 
in this class of materials. 

 TEM images of BiVO4 produced by the carbon-template synthesis are shown in Figure 
5.5. There is no evidence for porosity in the particles; rather, the higher surface areas obtained 
from the double template synthesis procedure appears to arise from the size of the particles 
produced. 

 Figure 5.6 presents the Raman spectrum of Bi0.85V0.55Mo0.45O4 prepared by the carbon-
template method, as well as the corresponding spectrum of the material prepared by citrate 
complexation. The good agreement between the two spectra suggests that no additional phases 
have been formed during the double template synthesis of the mixed vanadate-molybdate 
material. This finding is corroborated by XRD (not shown). 

 TEM images of Bi0.85V0.55Mo0.45O4 produced by the carbon-template method are shown 
in Figure 5.7. The particles are approximately rectangular prismatic in shape, with significant 
surface roughness on the 1 nm scale. Elemental mapping reveals that the elements Bi, V, Mo, 
and O are all dispersed uniformly throughout the bulk of the crystal. An enrichment of the 
molybdenum signal (blue) at the right edge of Figure 5.7b is an artifact caused by a slight mis-
alignment of the electron beam during energy sampling at the molybdenum edge. 

 The Raman spectra of Bi2Mo3O12 produced by using a carbon-template and by citrate 
complexation are shown in Figure 5.8. Again, the good agreement between the two spectra 
suggests that no additional phases have formed during the double template synthesis of 
Bi2Mo3O12. This finding was corroborated by XRD (not shown). 

 TEM images of Bi2Mo3O12 produced by the carbon-template method are presented in 
Figure 5.9. As for BiVO4, no porosity was found and the higher surface area is a result of the 
small the size of the particles. 

 The activity and selectivity for propene oxidation to acrolein exhibited by high-surface 
area catalysts prepared using a carbon template were compared to the activity and selectivity of 
the corresponding low-surface area catalysts prepared by citrate complexation. As shown in 
Figure 5.10, the overall activity of the high surface area BiVO4 sample is 80x greater than that of 
the low surface area on a mass basis. However, the selectivity to acrolein is only 32% (at roughly 
1% conversion) versus 61% selectivity to COx. The poor activity and selectivity of this sample 
can be attributed to the co-formation of V2O5 during BiVO4 synthesis (see Figure 5.4). V2O5 is 
known to be an active but unselective catalyst for propene oxidation. The activity on a per-mass 
basis for on Bi0.85V0.55Mo0.45O4 is 14x greater than that of the low surface area material, but the 
distribution of products is nearly identical. The catalytic activity of Bi2Mo3O12 prepared by the 
double templating procedure is 85x higher than that of the low surface area catalyst. 
Interestingly, while the acrolein selectivity is nearly independent of the catalyst surface area, the 
distribution of byproducts for Bi2Mo3O12 changes with surface area: the low surface area 
material produces more CO, while the high surface area material produces more CO2 (Figure 
5.11). This effect was not observed in Bi0.85V0.55O0.45O4. Since the mechanism by which 
unselective products are formed over these catalysts is not known, it is difficult to speculate 
about the role of surface area in altering byproduct distribution. 

107 
 



 Low surface area bismuth vanadate-molybdate catalysts are known to be very stable 
under reaction conditions, undergoing very little sintering or deactivation with time on stream. 
Given the higher surface areas of catalysts made using carbon-templates, it was of interest to 
determine whether their higher surface areas made them more prone to sintering or de-activation. 
Figure 5.12 shows the activity and selectivity of the Bi0.85V0.55Mo0.45O4 and Bi2Mo3O12 catalysts 
as a function of time on stream. It is observed that the activity and selectivity of both catalysts 
for the oxidation of propene to acrolein is stable over 24 h, indicating that the higher surface area 
of these catalysts does not make them more prone to sintering or deactivation. 

 

Conclusion 
 A procedure utilizing a mesoporous carbon template has been developed for producing 
bismuth vanadate and bismuth molybdate catalysts with surface areas that are roughly a factor of 
2 higher than those obtainable by any non-templating approach, and roughly 2 orders of 
magnitude larger than those obtained by standard citrate complexation synthesis. The highest 
surface areas oxides were obtained using mesoporous MCM-48 as the template for the formation 
of mesoporous carbon CMK-1, followed by removal of the silica template, and impregnation of 
the catalyst precursors into CMK-1. CMK-1 materials carbonized in an argon atmosphere 
produced higher surface area oxides than those carbonized in a mixture of hydrogen and helium. 
Final oxide surface areas of 14-17 m²/g were obtained for all materials investigated. All of the 
catalysts showed activity for propene oxidation to acrolein 1 – 2 orders of magnitude higher on a 
per-mass basis than low surface area materials with identical composition prepared by citrate 
complexation. The selectivity to acrolein was the same for high and low surface area 
Bi0.85V0.55Mo0.45O4 and Bi2Mo3O12, consistent with the observation that in both cases, the 
catalyst was comprised of a single phase. However, in the case of BiVO4, the selectivity to 
acrolein for the high surface area catalyst was significantly lower than that of the low surface 
area catalyst. This difference is attributed to the co-existence of V2O5 in the high-surface area 
catalyst, which is known to be active for propene oxidation but to exhibit poor selectivity to 
acrolein. For the three catalyst compositions examined, the high-surface area materials exhibited 
no evidence for sintering or deactivation during 24 h of use. 
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Supplementary Information 
Synthesis of silica templates 

 The work of Li et al has suggested that three-dimensionally connected large-pore 
mesoporous silicas yield the best performance in single templating. Therefore, two mesoporous 
silicas with three-dimensionally connected pore systems were considered as bases for the double 
template approach. MCM-48 was prepared by the procedure of Schumacher.15 The resulting 
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material was found to have a surface area of ~ 1520 m²/g and a pore volume of 0.87 cm³/g. KIT-
6 was prepared by the method of Kim.14 BET analysis of the resulting materials yielded surface 
areas between 780 – 880 m²/g and pore volumes between 0.91 – 1.93 cm½/g. These values are in 
line with those seen in the literature. 

Synthesis of carbon templates 
 The procedure of Ryoo et al.13 was followed for production of CMK-1 from MCM-48 
and CMK-8 from KIT-6. Surface areas are reported in the main text. TEM images of the CMK-1 
and CMK-8 materials carbonized in argon are provided in Figures 5.S1 and 5.S2, respectively. 
The MCM-48 synthesis is known to produce spherical particles; the spherical shape of the CMK-
1 templated from MCM-48 shows that the carbon faithfully reproduces the silica template used 
to produce it. The gyroid pore structure of CMK-1 is visible in Figure 5.S1, while the cubic pore 
structure of CMK-8 is visible in Figure 5.S2. The pictures presented here are in good agreement 
with those reported by Ryoo et al. 
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Table 5.1: Effect of template choice and carbonization atmosphere on the surface areas of ordered mesoporous 
carbon templates. Surface areas are in m²/g using a 7 point BET algorithm. Pore volumes are in cm³/g using the 
Dollimore-Heal method. Ranges represent high and low results from multiple trials. 

  Carbonization Atmosphere 

Template  H2/He Ar 

CMK-1 (from MCM-48) Surface Area 930 1050-1140 

 Pore Volume 1.46 0.36-0.37 

CMK-8 (from KIT-6) Surface Area 1520-1540 1760-1790 

 Pore Volume 1.18-1.33 1.05-1.07 

 

Table 5.2: Effect of template choice and carbonization atmosphere on the surface areas of BiVO4 catalysts prepared 
by double template synthesis. Results are in m²/g. 

 Carbonization Atmosphere 

Template H2/He Ar 

CMK-1 (from MCM-48) 10.7 15.3 

CMK-8 (from KIT-6) 7.0 8.8 

 

 

 
Figure 5.1: Raman scattering spectra of Bi0.85V0.55Mo0.45O4 prepared by citrate complexation (blue) and by 
templating in KIT-6, followed by template removal in 0.1 M KOH. 
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Figure 5.2: XPS spectra of Bi0.85V0.55Mo0.45O4 catalysts prepared by (a) citrate complexation, (b) templating in KIT-
6 followed by treatment with 0.1 M KOH, (c) templating in KIT-6 followed by treatment with 0.01 M NH4HF2. 
Splitting of the Bi 4f peaks indicating formation of Bi5+ on the surface in the KOH treated sample is shown in the 
inset. 

 
Figure 5.3: Surface areas of catalysts synthesized by the double template procedure. 
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Figure 5.4: Raman spectra of BiVO4 prepared using a carbon template (red) and by citrate complexation  (blue) 
compared to the Raman spectrum of V2O5 (orange). 

 

 

     
Figure 5.5: TEM images of BiVO4 produced by double template synthesis. 
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Figure 5.6: Raman scattering spectra of Bi0.85V0.55Mo0.45O4 produced by double templating (red) and citrate 
complexation (blue). 

 

(a)       (b)   

Figure 5.7: (a) TEM image of a Bi0.85V0.55Mo0.45O4 catalyst prepared by double templating. (b) Elemental map of a 
Bi0.85V0.55Mo0.45O4 particle: bismuth in red, vanadium in green, molybdenum in blue, oxygen in purple. 
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Figure 5.8: Raman spectra of Bi2Mo3O12 produced by double templating (red) and by citrate complexation (blue). 

 

      
Figure 5.9: TEM images of Bi2Mo3O12 produced by double template synthesis. 
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 (a) (b) 

Figure 5.10: (a) Rate of acrolein production in μmol acrolein per gram of catalyst per second for catalysts prepared 
using carbon templating compared to those prepared by conventional citrate complexation. Note the logarithmic 
scale. (b) Selectivity to acrolein at ~ 1% conversion. Reactions are conducted at 400°C in 0.167 atm O2, 0.167 atm 
propene, 0.667 atm helium. 

 

 
Figure 5.11: Product selectivity for Bi2Mo3O12 catalysts prepared by citrate complexation and double templating 
synthesis. 
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 (a) (b) 

Figure 5.12: Activity (a) and selectivity (b) of Bi0.85V0.55Mo0.45O4 and Bi2Mo3O12 catalysts prepared by double 
template synthesis after 12 and 24 h on stream. The reaction conditions were maintained at 400°C, 0.167 atm O2, 
0.167 atm propene, 0.667 atm He, and conversion was near 1%. 

 

  
Figure 5.S1: TEM images of CMK-1 carbonized in argon. 
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Figure 5.S2: TEM images of CMK-8 carbonized in argon. 
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CONCLUSION 
 The common theme of this work has been the development of methods that advance our 
fundamental understanding of catalytic processes. The work presented here has answered some 
questions, but raised many others. While a thorough study of the mechanism for propene 
activation over Bi2Mo3O12 was successfully undertaken in Chapter 2, no such study has yet been 
performed over the mixed Bi1-x/3V1-xMoxO4 catalysts. In order for a theoretical investigation of 
that system to be successful, substantial additional experimental work will need to be done to 
provide information about the distribution of active sites present on the surfaces of such 
materials. A new understanding about the role of bismuth in promoting catalytic activity in this 
system poses a new question: could another element also play this role, possibly to greater 
effect? Likewise, substitution of vanadium in place of molybdenum has been shown to improve 
the activity of the catalyst – could other elements provide similar, or even greater, 
improvements? While the model posed in Chapter 4 may pose some guidance, it in turn raises an 
even more fundamental question: is the synergy achieved by mixing vanadium (with low energy, 
compact 3d orbitals) and molybdenum (with higher energy but delocalized 4d orbitals) a general 
feature of mixtures between a first row and a second or third row transition metal oxide? A 
deeper investigation into the contributions of individual transition metal centers to the overall 
electronic structure of a mixed oxide (or chalcogenide, or nitride, etc.) could have implications 
far beyond catalysis, and could lead to new applications in solar cells, transparent conductors, 
magnetic devices, and more. Taking these next steps, and those that follow, should prove fruitful 
for years to come. 
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Appendix A 
 

Synthesis and Characterization of Bi1-x/3V1-xMoxO4 Catalysts 
 
 Several methods are available for the synthesis of catalysts with formulas Bi1-

x/3MoxV1-xO4. In the high temperature co-calcination method, appropriate quantities of 
solid precursors (Bi(NO3)3, Bi2O3, or Bi2O2CO3 for bismuth; MoO3, (NH4)6Mo7O24, or 
(NH4)2MoO4 for Mo; V2O5 or NH4VO3 for V) are physically mixed in the appropriate 
proportions, placed in a ceramic or metallic crucible, and fused at 600-800°C for 1-2 
weeks. This route produces large crystallites amenable to characterization with XRD, but 
with correspondingly low surface areas resulting in low catalytic activity. A number of 
procedures for increasing the surface areas of these materials have been considered in the 
literature; for a discussion of these, see the introduction of Chapter 5. This Appendix 
discusses in more detail the “citrate complexation method” used as a basis for 
comparison in Chapter 5. The particular method discussed here was chosen for its 
simplicity and improved surface area as compared to the high temperature fusion 
approach. (“Improved” in this context meaning ~ 1 m²/g rather than 0.1 m²/g.) 

 Bismuth nitrate hydrate Bi(NO3)3*5H2O was selected as the bismuth precursor. 
This crystalline solid is not soluble in any organic solvent, nor in water even in the 
presence of complexing agents such as citric acid, but it dissolves readily in nitric acid 
solutions with strength > 2.0 M. Complexation of bismuth by citric acid was therefore 
accomplished by (1) dissolving an appropriate amount of Bi(NO3)3*5H2O in 2 M HNO3 
solution (maximum solubility of Bi ~ 0.67 M), followed by addition of 2 moles of citric 
acid monohydrate (C6H8O7*H2O) per mole of bismuth. The resulting bismuth citrate 
complexes were stable indefinitely in solution at room temperature. 

 Ammonium heptamolybdate hydrate, (NH4)6Mo7O24*4H2O, was selected as the 
molybdenum precursor. This material dissolves readily in pH-neutral water to produce 
clear, stable solutions with maximum Mo ion concentration ~ 1.0 M. To these solutions, a 
1:1 molar ratio of citric acid monohydrate was added to produce clear, stable solutions of 
molybdenum(VI) citrate. Several molybdenum(VI) citrate species have been 
characterized; under acidic conditions the dominant species is thought1 to be MoO3(cit)-. 

 Ammonium metavanadate, NH4VO3, was chosen as the vanadium source. This 
material is rather less soluble under acidic conditions than either the bismuth or 
molybdenum precursors (max. solubility in 2 M HNO3 < 0.2 M), and also has a tendency 
to reduce to the more stable V(4+) species at a rate dependent on pH, temperature, and 
the presence of reducible organic species in solution. In particular, V(5+) citrate 
complexes are unstable in acidic solution, undergoing a redox process in which V(5+) is 
reduced to V(4+), citric acid is oxidized to an uncertain degree with production of CO2, 
and a V(4+) citrate of unknown nuclearity and structure is produced. For the 
hydrothermal synthesis of vanadium-containing catalysts, it was desirable to use a 
solution containing only a vanadium citrate complex of known composition and 
nuclearity. To achieve this result, solutions were prepared by first dissolving oxalic acid 
dihydrate (H2C2O4*2H2O) in water, then adding 2 moles of NH4VO3 per mol of oxalic 
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acid. Upon addition to the oxalic acid solution, the vanadium is rapidly reduced to V(4+), 
and the oxalate completely consumed to produce CO and CO2, which bubble out of 
solution. The reaction progress can be monitored by following the change in color of the 
solution from orange-yellow to green to blue. Once a solution containing only aqueous 
V(4+) ions is achieved, citric acid is added in a 1:1 molar ratio. The resulting solution 
takes on a deeper, more intense blue color, evidencing complexation of vanadium by 
citrate ligands. 

 Once all precursor solutions had been prepared, molybdenum citrate was added 
slowly under stirring to bismuth citrate. A slight yellow tinge could be observed in the 
solution produced by the combination of these two clear liquids, but no precipitation 
occurred. The vanadium citrate solution was then added, resulting in a light blue, 
transparent solution. Complete consumption of all oxalate in the vanadate solution was 
essential prior to this step; otherwise, oxalate displaced citrate as a ligand on bismuth, 
resulting in immediate, irreversible precipitation of bismuth oxalate. As much as a 10-
fold excess of citric acid could be added to the solution at this stage; however, the use of 
excess citric acid was not found to be beneficial to the synthesis procedure. 

 After combination of the Bi, V, and Mo citrate solutions, the resulting clear blue 
solution was held on a hot plate under stirring at 60°C to reduce the liquid volume 2-3 
fold, then placed in an oven under flowing air at 60-65°C until all liquid was evaporated. 
The resulting dry powder typically had a purple or orange tint, indicating that some 
vanadium had reoxidized to V(5+) during the drying process. 

The dry powder was ground, then calcined in oxygen at 550°C for 6 h. The resulting 
white (Bi2Mo3O12) or yellow (vanadium content > 0) powders were characterized to 
confirm the success of the synthesis procedure. 

 

 Powder XRD spectra, collected by colleague Zheng Zhai, are presented in Figure 
A.1. All catalysts of composition Bi1-x/3V1-xMoxO4 have crystal structures that can be 
formally derived from the scheelite structure, which has a tetragonal AMX4 unit cell in 
which eight-coordinate An+ cations are linked through X atoms to eight different 
tetrahedral AX4

n- anions, and each X atom in a tetrahedral AX4
n- anion is linked to two 

different An+ cations. Pure BiVO4 has the scheelite structure above 526 K; below this 
temperature it exists as a monoclinic distortion driven by emergence of a 
stereochemically active lone pair on Bi3+ cations and the shortening of one V-O bond to 
produce a asymmetric V(=O)O3

3- anions. This monoclinic distortion, which has been 
observed by others2 in Bi1-x/3V1-xMoxO4 materials with x≤0.04, results in the splitting of 
peaks near 18°, 35°, and 47° 2θ into doublets. Materials for which 0.15≤x<0.75 show 
essentially identical XRD patterns consistent with a single phase material with an 
undistorted scheelite structure. Further confirmation that these materials are true solid 
solutions is evident in the comparison between the solid state solution material of 
composition x = 0.45 (light green) and the physical mixture of BiVO4 and Bi2Mo3O12 
with the same vanadium to molybdenum ratio (dark green); the two spectra are clearly 
distinguishable. 

 Charge neutrality dictates that substitution of three V5+ centers by three Mo6+ 
centers requires removal of one Bi3+ center from the crystal, leaving a cation defect site. 
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The absence of any indication of superstructure peaks in the XRD patterns in Figure A.1 
for 0.15≤x<0.75 shows that these cation defects are distributed randomly throughout the 
crystal lattice of Bi1-x/3V1-xMoxO4, which in turn suggests that V5+ and Mo6+ centers are 
also probably distributed nearly randomly. 

 Pure Bi2Mo3O12 has a monoclinic crystal structure which can be derived from a 
scheelite structure containing an ordered pattern of cation vacancy sites. This monoclinic 
distortion and vacancy ordering results in the emergence of new peaks near 14° and 25° 
2θ and the splitting of peaks near 28°, 47°, and 53°. Such splitting is also evident in the 
XRD spectrum of the x=0.90 material and possibly the x=0.75 material, suggesting that 
ordering of cation vacancies begins to become important as the solid solution becomes 
molybdenum-rich. 

  

 Raman spectra of the as-prepared Bi1-x/3V1-xMoxO4 catalysts are presented in 
Figure A.2a. No features are visible above 1100 cm-1. The spectra in Figure A.2a show a 
gradual evolution in vibrational features from vanadate-like to molybdate-like as the 
composition varies from x=0 to x=1. Figure A.2b shows that, as in the XRD data, the 
spectrum for x=0.45 is clearly distinguishable from a 55/45 mixture of the spectra of x=0 
and x=1, providing further evidence that the mixed-composition materials are true solid 
solutions. 

 Figure A.2c shows a detail of the region from 700 – 1000 cm-1. Raman scattering 
in this part of the spectrum is characteristic of V=O and Mo=O double bond stretching 
modes. The prominent peak at 832 cm-1 in BiVO4 (x=0) has been assigned to the 
symmetric stretching mode of the VO4

3- ion in monoclinic BiVO4.3 The analogous peak 
near 819 cm-1 in the 0.15≤x<0.75 samples can reasonably be assigned to the symmetric 
stretch of VO4

3- ions in these mixed-composition materials. Two effects account for the 
change in position of this peak with composition. The largest change, from 832 cm-1 in 
x=0 to 823 cm-1 in x=0.15, is due to a loss of monoclinic distortion of the crystal lattice, 
as discussed above. The additional small shifts from 823 cm-1 in x=0.15 to 819 cm-1 in 
x=0.30 to 816 cm-1 in x=0.45 can be attributed to a slight expansion of the lattice of Bi1-

x/3V1-xMoxO4 with increasing proportions of larger molybdate in place of smaller 
vanadate. A similar effect is seen in lanthanoid vanadates: the position of the VO4

3- 
symmetric stretch varies systematically with the size of the lanthanoid cation.4 

 The growth in intensity of a peak near 877 cm-1 from nonexistent in x=0 to 
roughly half the size of the peak near 820 cm-1 in x=0.45 suggests that the former can be 
attributed to the symmetric stretch of the MoO4

2- ion. For x=0.60 and x=0.75, at least four 
peaks can be distinguished, at 819, 859, 891, and 919 cm-1, suggesting that ordering of 
cation vacancies gives rise to several distinguishable populations of vanadate and 
molybdate ions. This tendency reaches its culmination in the x=0.90 and x=1.00 
materials, in which five peaks can be clearly distinguished at 817, 841, 859, 902, and 926 
cm-1 (a sixth peak, at 958 cm-1, is visible in Figure A.2a but not A.2b). The appearance of 
six Mo-O stretches is consistent with the presence of six crystallographically 
distinguishable Mo=O double bonds in the Bi2Mo3O12 crystal structure. 
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 Diffuse reflectance UV-VIS-NIR spectra of the as-prepared catalysts have been 
presented in Figures 4.5 and 4.S1. 3. As shown in Figure 4.5, the spectra are dominated 
by a single absorption edge. In BiVO4, this edge results from a ligand-to-metal charge 
transfer excitation within the vanadate ions; an analogous charge transfer takes place 
within the molybdate ions in Bi2Mo3O12. A physical mixture of these two yields a diffuse 
reflectance spectrum with two clearly identifiable edges: one corresponding to LMCT 
excitation at vanadate centers, the other corresponding to LMCT excitation at molybdate 
centers. As was discussed in detail in Chapter 4, the presence of only a single absorption 
edge in the solid state solution materials indicates coupling of the Mo and V conduction 
band electronic states. 

 Bismuth vanadate and bismuth molybdate are both direct band gap 
semiconductors, and it is expected that solid solutions should also exhibit direct band 
gaps. For direct band gap materials, a simple model gives 

gk hv Eα = −  

where α is the absorption coefficient, hv is Planck’s constant times the frequency of light, 
Eg is the band gap energy, and at the present level of analysis, k is simply a 
proportionality constant. Based on Equation 1, a plot of α² vs. E should yield a straight 
line, with Eg corresponding to the energy at which α=0. This procedure is illustrated 
graphically in Figure 4.S1b. As expected, the data indeed appear nearly linear over much 
of the energy range. 

 In order to best capture the position of the edge, it is desirable to fit a line to the 
largest possible portion of the edge data. Upon closer investigation of (α*E)² vs. E plot, 
however, it becomes apparent that the data systematically deviate from linearity, falling 
along an S-shaped curve. Consequently, the larger the range of data included in the fit, 
the shallower the slope of the fit line, and the lower the calculated edge energy. In order 
to make a fair comparison between absorption edges calculated for different materials 
(with potentially different degrees of deviation from linearity in the edge region), it is 
therefore necessary to develop a consistent approach for determining how much of the 
data in the edge region should be included in the linear fit. The resulting procedure must 
also greatly reduce the sensitivity of the calculated absorption edge energy to the range of 
absorption data used in the calculation. The following procedure was developed in order 
to consistently determine the position of the adsorption edge. 

 

(1) Absorbance data were collected in 1 nm increments from 200 – 1000 nm. The 
minimum absorption value measured in the range 200 – 1000 nm was then set to 
zero, and the recorded absorbance data shifted accordingly. (This removes the effect 
of the reference material: the reference becomes the baseline pre-edge absorbance 
of the catalyst itself, rather than the baseline absorbance of an arbitrary reference 
material.) A plot was then prepared of ((α-αmin)*E)² vs. E as shown in Figure 4.S1. 

 

(2) A sigmoid curve of functional form 
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( )( )1 exp

by a
c x d

= +
+ − ⋅ −

 

 was fit to the data around the edge using non-linear least squares regression. 
CurveExpert 1.4 software was used for the fit. In this equation, a is an offset that 
should be nearly zero (physically, it represents the absorbance below the edge 
energy, which has already been subtracted out), b is the ‘height’ or upper asymptote 
of the sigmoid (physically, it represents the limiting absorbance value above the 
edge energy), c controls the ‘steepness’ of the sigmoid, and d is the x coordinate of 
the center of the sigmoid curve (physically, the energy corresponding to the center 
of the absorption edge). Note that here, y is the transformed absorbance data (α*E)² 
and x is the energy E. The exact range of data included in the fit was found to have 
very little impact on the derived values of a, b, c, and d, and the goodness-of-fit R² 
values generally exceeded 0.9995; both results confirm the validity of the approach. 

 

(3) The first derivative y’ of the sigmoid function has the shape shown in Figure 3d. 
The locations x0 of the inflection points in y’ (marked in the figure) were used to 
establish the range for linear fitting: data in the original function y between the 
inflection points x0 were included in the fit, while data outside the inflection points 
were excluded. This procedure allowed a consistent (if ultimately arbitrary) 
determination of which points to include in the linear fitting procedure. It was found 
that, so long as sufficient data around the edge was included in the fit in (2) to 
capture the locations of the inflection points, the calculated position of these points 
was essentially independent of how much additional data around the edge was used 
in the sigmoid fit. Thus, the inflection points in y’ provided an unambiguous choice 
for which data to include in the linear fit. (Indeed, once the sigmoid fit was carried 
out and the location of the inflection points determined, a separate linear fit became 
unnecessary, as the function of the line best fitting the inter-inflection-point data 
was already uniquely determined by the parameters of the sigmoid fit (see below)). 

 

(4) In order to determine the location of the inflection points, the second and third 
derivatives y” and y”’ were required: at the inflection points x0 in a plot of y’ vs. x, 
y”(x0) is extremal and y”’(x0) = 0. These inflection points occur at 

 ( )0
1 ln 2 3x d
c

= ± +  

(5) The line which provides the best fit to the sigmoid curve (i.e. the transformed 
absorbance data) in the region between the inflection points has the slope 

 
( )

3
6ln 2 3

m b c= ⋅ ⋅
+

 

 Finally, the edge position can be determined from 
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 Note that if a = 0 (as it should), this reduces to 

 ( ) 0
1 3 ln 2 3 3GE d d x
c

= − + = −  

 In this case, the “height” of the sigmoid curve b drops completely from the 
equation, and the calculated absorption edge becomes independent of the total 
absorbance of the catalyst above the edge. This is physically sensible: the 
absorption edge should depend on the energy at the center of the edge d and the 
steepness of the edge c, but not on how much total light is absorbed before the edge 
a nor after the edge b. 

 

The red “best fit” line shown in Figure 4.S1b was derived by the procedure described 
here. 

 Ultimately, it was found that if (α*E)² rises from 0 to 1 across the edge, then the 
values of (α*E)² included in the fit as determined by the above procedure were roughly 
those between 0.22 and 0.78; i.e. the fit procedure described above essentially selects for 
the middle half of the edge data. Note also that as long as the initial (α*E)² vs. E data are 
sufficiently well fit by the initial sigmoid function, the position of the inflection points is 
independent of exactly how much of the original (α*E)² vs. E data are included in the 
sigmoid fit. That is, the fitting procedure described here dramatically reduces the 
sensitivity of the calculated absorption edge value to the number of points used in the 
calculation, while providing a consistent procedure for determining the value of EG. 

 

 The choice of the functional form used to fit the sigmoid curve merits additional 
discussion. The form used here is a standard logistic model. It can also be written in 
terms of the hyperbolic tangent function: 

( )1 1 tanh
2 2 2

cy a b x d  = + ⋅ + −    
 

An alternate sigmoid is given by the function 

( )( )1 1 arctan
2

y a b c x d
π

 = + ⋅ + − 
 

 

Given the same values of a, b, c, and d, the arctangent function yields a sigmoid with 
longer tails than the hyperbolic tangent. These longer tails result in a poorer fit to the 
experimental absorbance data; thus, an arctangent-based fit was not chosen for the 
present procedure. 

A third alternative is given by the function 
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( )( )1 1 erf
2 2

y a b c x d = + ⋅ + − 
 

 

where erf(x) is the standard error function, i.e. the integral under a Gaussian curve. In 
principle, an error function-shaped sigmoid absorption edge would result from an 
absorption process described by a Gaussian line shape. Given the same values of a, b, c, 
and d, the error function gives a sigmoid with slightly shorter tails than the hyperbolic 
tangent. The standard error function was not available in the nonlinear fitting software 
used for the present analysis, so its performance was not tested. 

 The absorption edges calculated by the method described above are provided in 
Table A.1. As shown in Figure 4.5b, the absorption edge shifts to higher energy as 
composition changes from vanadium-rich to molybdenum-rich. The edge positions 
extracted from the physical mixture plot in Figure 4.S1b are 2.36 and 2.84 eV. 

 

 X-ray photoelectron spectroscopy, or XPS, was used to characterize the surface 
elemental composition of the as-prepared catalysts. In these experiments, x-rays with 
energies near 1486.6 eV generated by an aluminum anode are directed toward the 
sample, which sits in an ultra-high vacuum chamber with base pressure < 1x10-8 torr. As 
x-rays penetrate into the sample, they collide with electrons. If the incident x-ray energy 
exceeds the binding energy of an electron, the electron will be expelled from its orbit 
with a kinetic energy equal to the difference between the incident x-ray energy and the 
electron binding energy. In order to escape the catalyst completely, the electron must also 
give up an amount of energy equal to the work function of the material. Electrons with 
kinetic energies between 0 – 1000 eV have very short mean free paths in solid materials, 
so only electrons in the top ~ 2 nm of the surface escape unimpeded to be collected and 
analyzed by energy. Some additional electrons escape after having collided with one or 
more atoms on their way out of the material; these electrons have lower energies that no 
longer correspond to the binding energy of the states from which they were ejected, and 
instead give rise to the background signal in the measurement. 

 In addition to being element-specific (each electron shell in each element has a 
different binding energy), XPS is also sensitive to chemical environment. As an example, 
in elemental vanadium metal, the 2p3/2 electrons (the subscript 3/2 refers to the sum of the 
spin and orbital angular momentum resulting from relativistic spin-orbit coupling) have a 
binding energy of ~ 512 eV. As the oxidation state of vanadium increases in the materials 
VO, V2O3, VO2, and V2O5, the binding energy shifts by roughly 1 eV per oxidation state 
unit, reaching 517.6 eV in V2O5. The cause of this shift is the depletion of electron 
density on vanadium due to the greater electronegativity of the surrounding oxygen 
atoms: the more oxygen is present, the lower the remaining electron density on V, and 
thus the greater the energetic penalty for removing an electron from the V atom. 

 During an XPS measurement, electrons are continuously ejected from a material. 
A complete circuit exists between the sample holder and the electron detector. When the 
sample is metallic, flow of electrons through this circuit allows any electron ejected from 
the sample and collected by the detector to eventually find its way back into the sample. 
When the sample is non-metallic, however, the bulk of the sample itself breaks this 
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circuit. Electrons ejected from the sample surface will leave behind a net positive charge, 
which has the effect of increasing the energy required to eject addition electrons from the 
sample. Electrons collected by the analyzer will eventually flow back to the sample 
holder, and accumulate on the far side of the sample. Eventually, the charge imbalance 
across the sample will grow large enough that electrons will be pulled through it, and the 
circuit will be reestablished. However, under steady state measurement conditions, the 
large net positive charge on the sample surface continues to have the effect of increasing 
the energy required to eject electrons from the sample, artificially raising the apparent 
binding energies recorded by the analyzer. Modern XPS instruments provide various 
mechanisms for compensating for this charging effect. For older instruments, which do 
not provide any such mechanism, the charging effect can be compensated for if the actual 
binding energy of a peak in the sample is known. In other words, an internal standard is 
required. 

 To prepare samples for XPS analysis with an internal standard built in, the 
following procedure was employed. First, heavily n-doped silicon wafers (phosphorus 
doped, resistivity 0.6 - 0.86 ohm-cm, <100> oriented, SQI Inc.) were cut into 1.5 cm x 
1.5 cm chips. These chips were de-greased by sequential sonication for 5 minutes each in 
toluene, isopropanol, and deionized water. They were then cycled 3x between 2 minute 
treatments in a UV-Ozone cleaner (Novascan), followed by 30 second etching in 4% 
hydrofluoric acid (from 48%, VLSI grade, Sigma Aldrich). A final 2 minute treatment in 
the UV-ozone cleaner was conducted with an open beaker of warm water placed next to 
the chips during cleaning. This procedure produces a uniform, dense, 2 nm thick SiO2 
layer on the Si surface. Conducting the ozonation in a humid atmosphere ensures that the 
resulting surface is highly hydrophilic (contact angle on exposure to liquid water is ~ 0°). 
Silica-on-silicon chips prepared in this way were analyzed by XPS. The Si 2p binding 
energy, known to be 99.5 eV on pure Si, appears at 100.3 eV, while a second Si 2p peak, 
attributable to Si4+ in the SiO2 overlayer, appears at 104.4 eV. The +1.0 eV shift in the 
position of the Si 2p peak can be attributed to charging in the non-conductive SiO2 
overlayer. The O 1s peak from O in the SiO2 overlayer appears at 533.8 eV. Given the 
observed +1.0 eV shift due to charging observed in the Si 2p peaks, this allows the 
correct assignment of the O 1s peak to be make at 532.8 eV. The positions of these peaks 
are all well established in the semiconductor literature. 

 To prepare a BiVO4 sample for XPS analysis, an aqueous solution containing 2 M 
nitric acid, 0.02 M Bi3+ (from Bi(NO3)3*5H2O), and 0.02 M V5+ (from NH4VO3) was 
prepared. A silica-on-silicon chip, prepared as above, was placed on a spin-coater (WS-
400-6NPP, Laurell Technologies), and spun at 2000 rpm. An excess of aqueous bismuth 
vanadate solution was deposited onto the spinning chip, which was then allowed to spin 
for ~ 2 min. Complete removal of excess liquid, visible as the onset of colorful swirls on 
the chip surface, was typically observed ~ 30 seconds after deposition of the liquid. 
Samples with composition Bi1-x/3V1-xMoxO4 were prepared in similar fashion, with the 
total concentration of V + Mo set to 0.02 M. The coated chips were then placed in a 
horizontal flow calcination furnace, heated at 5°C/min to 400°C in flowing air (zero 
grade, Praxair), and maintained at 400°C for 2 h. After cooling, the catalyst-coated chips 
were subjected to XPS analysis. 
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 The oxygen region of three XPS spectra from samples prepared in this fashion is 
shown in Figure A.3. The larger peak at higher energy results from oxygen in the SiO2 
support layer, and as previously noted, its binding energy is known to be 532.8 eV. This 
peak serves as an internal standard allowing for compensation due to surface charging 
effects. The smaller shoulder peak is due to oxygen in the catalyst itself. Figure A.3 
clearly shows that the position of the O 1s peak is a function of composition, shifting 
from 530.3 eV in BiVO4 to 531.2 eV in Bi2Mo3O12. The V 2p3/2 peak in vanadium-
containing samples was found at 517.6 eV, suggesting V in the +5 oxidation state. The 
Mo 3d5/2 peak in molybdenum-containing samples was found at 233.5 eV, indicating Mo 
in the +6 oxidation state. The Bi 4f7/2 peak was found at 159.5 eV, consistent with Bi in 
the +3 oxidation state. All three oxidation states are consistent with the expected 
stoichiometry of the material. Notably, while the position of the O 1s peak shifted 
monotonically with composition, the positions of the V and Mo peaks remained constant 
to within 0.1 eV. 

 In order to confirm that thin film samples prepared on silicon wafer chips were 
comparable to the bulk powder samples discussed above, additional XPS experiments 
were performed on the bulk powders. Powder was placed in a pellet press (Carver) and 
compressed to 5000 lbs, held at this pressure for 10 s, then depressurized. The resulting 
self-supporting pellet was then heated at 2°C/min to 400°C in flowing air, and held at 
400°C for 6 h. After heat treatment, the sample was placed in the XPS instrument and 
analyzed. The resulting spectra showed strong surface charging effects, with observed 
binding energies shifted by as much as 2 eV relative to those observed in the silicon chip-
supported samples. However, when the observed position of the V 2p3/2 peak was set to 
517.6 eV, the O 1s, Mo 3d5/2, and Bi 4f7/2 peak positions also shifted to values identical to 
those seen in the silicon chip-supported samples. This confirmed that preparing samples 
as thin films on silicon wafers did not alter their chemistry. 

 While the binding energies of the Mo, Bi, and V peaks in the powdered samples 
were consistent with the expected oxidation states, the relative intensities of these peaks 
differed from the expected stoichiometry. As shown in Figure 5, the Mo content was 
greater, and the V content less, than would be expected from the bulk stoichiometry, 
particularly in V-rich samples. Given both the greater size and the lower charge of the 
moybdate ion relative to the vanadate ion, it is chemically sensible that this ion would 
preferentially segregate to the surface. The pure BiVO4 phase is also cation defect free, 
while the pure Bi2Mo3O12 phase contains cation defects at 1/3 of the Bi sites. Since the 
surface of a material is in a sense a giant defect, it is again energetically reasonable that 
the surface would be enriched in the defect-supporting composition. A similar effect has 
been observed2 in Pb3-3xBi2xMo3O12. 

 

1 Hamada Y.Z.; Bayakly N.; George D.; Greer T. Synthesis and Reactivity in Inorganic, Metal-Organic, 
and Nano-Metal Chemistry, 2008, 38, 664-668. 

2 Sleight A.W.; Linn W.J. Annals of the New York Academy of Sciences, 2006, pp 22-44. 
3 Hardcastle F.D.; Wachs I.E.; Eckert H; Jefferson D.A. J. Solid State Chem. 1991, 90, 194-210. 
4 Deligne N.; Gonze V.; Bayot D.; Devillers M. Eur. J. Inorg. Chem.2008, 896-902. 
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Table A.1: Absorption edge energies for Bi1-x/3V1-xMoxO4 catalysts 
Composition (x) Edge Wavelength [nm] Edge Energy [eV] 

0.00 524 2.37 
0.15 514 2.41 
0.30 507 2.44 
0.45 500 2.48 
0.60 473 2.62 
0.75 463 0.68 
0.90 446 0.78 
1.00 418 2.97 

 

 
Figure A.1: Powder x-ray diffraction spectra of Bi1-x/3V1-xMoxO4 catalysts prepared by citrate complexation. 
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 (a)  (b) 

 
 © 
Figure A.2: Raman spectra of Bi1-x/3V1-xMoxO4 catalysts prepared by citrate complexation. (a) The as-prepared 
catalysts. (b) Comparsion of the solid solution material with composition x = 0.45 to a physical mixture of BiVO4 
and Bi2Mo3O12 with the same effective composition. (c) Close-up of the region between 800 and 1000 cm-1. 

 

 
Figure A.3: The O1s binding energy region of the XPS spectra of SiO2 (black), and thin films of BiVO4 (red), 
Bi0.85V0.55Mo0.45O4 (green), and Bi2Mo3O12 (blue) supported on SiO2. In the thin film samples, the higher energy 
peak can be aligned to the known 532.8 eV position of oxygen in SiO2, allowing the position of the lower energy 
peak, attributable to oxygen the catalyst thin film, to be referenced. 
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