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1 | INTRODUCTION

Oxidative conversions of hydrocarbons and oxygenates on reducible
transition metal oxide catalysts are employed in large industrial pro-
cesses for the production of valuable chemicals, and are of significant
interest as alternatives to other current processes.’ 1 Ethane (CoHy)

Abstract

Selective alkane oxidations on metal oxide catalysts involve complex mechanisms
with multiple reactions in series and parallel, different types of reduced and oxidized
surface species, and potential contributions from gas-phase reactions. Here, kinetics
and thermodynamics of elementary steps involved in C;H4-O5 reactions on SiO,
-supported small vanadium oxide domains are determined using density functional
theory. These surface reactions together with gas-phase mechanisms are incorpo-
rated in kinetic simulations to determine how surface and gaseous reactions interact
and contribute to rates and selectivity. The results show that gas-phase reactions
within pore volumes in contact with the catalyst contribute significantly to C;Hg acti-
vation rates, even at conditions where gas-phase reactions in empty volumes without
catalyst are negligible. The majority of C;Hg activations occur on the surface, via H
abstraction by vanadium oxo species present at terminal lattice oxygens. The gas-
phase activations via H-abstraction by OH radicals also exhibit significant contribu-
tions. The reduced centers formed by reactions at vanadium oxo species are
re-oxidized rapidly and, therefore, are present in very small concentrations at reac-
tion conditions. The re-oxidation steps lead to the formation of HO, radicals and sur-
face peroxo species that are also rapidly consumed and are present in small
concentrations. The peroxo species preferentially convert C;H, to its epoxide prod-
uct and influence selectivity even at low concentrations. The gas-phase reactions
decrease the concentrations of peroxo species and improve selectivity slightly. The
effects of reaction conditions and catalyst site density provide further insights into
how factors beyond conversions at lattice oxygens influence rates and selectivity in
alkane oxidation reactions of significant industrial importance.

KEYWORDS
catalysis, computational chemistry (at solid surfaces), reaction kinetics

oxidative dehydrogenation, in particular, has attracted attention for its
potential utilization of shale gas and production of ethylene, which
serves as a key building block for the chemical industry. > Such
oxidative conversions on oxides typically involve a rate-limiting C-H
activation step,**"*® but the species formed in this activation can
undergo parallel reactions to desired and undesired products and
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SCHEME 1 (A) Catalytic redox cycles, and (B) C;H, conversions
involved in C;Hg-O5 reactions on vanadium oxide

primary products undergo further secondary reactions.'®!%2° These
multiple cascade reactions are challenging to model in full complexity
via computational methods and involve rapidly converting reactive
species and intermediate products that can be inaccessible to typical
experimental kinetic probes.

The oxidative conversion of alkanes on reducible metal oxide cat-
alysts is mediated by Mars-van Krevelen redox cx,lrcles21 such as that
shown in Scheme 1. In these cycles, organic molecules reduce the
catalyst by transferring H atoms or accepting O atoms leading to dif-
ferent types of reduced centers on the catalyst surface that are re-
oxidized by O,. For example, C;H; dehydrogenation to C;Hs radical
adds one H-atom to lattice oxygens of the oxide (VO*) leading to
VOH* species (Scheme 1A). In contrast, the oxidation of the C;H5 rad-
ical to CH5CHO in a single visit to the surface adds an H atom and
removes an O atom leading to VH* species. The reduced centers are
formed by several species mediating the sequential conversion of C,
Hg to CO, (Scheme 1B). They are re-oxidized by O, which leads to
multiple types of reactive species that further react with molecules or
surface sites to form VO* species and complete catalytic turnovers
(Scheme 1A). The re-oxidation steps are typically much more rapid
than the reduction steps, which leads to low concentrations of the
reduced centers and oxidized reactive species, making them difficult
to measure using steady state kinetic and spectroscopic |3robt=:5.22 The
peroxo species (VOO®) formed via the re-oxidation steps, however,
have been detected in low concentrations by spectroscopy, and by
employing scavenger molecules.?*?” Computational studies have
shown that VOO* species are more reactive but less selective to
dehydrogenation products than VO* species.?®*° Thus, multiple
types of surface species can contribute to selectivity, and analyses
must rigorously account for their concentrations and reactivity.

The redox processes involved in alkane oxidation (Scheme 1) can
also form highly reactive radical and molecular species that can desorb
from surfaces and undergo gas-phase reactions. In some oxide cata-
lyst systems, mechanisms have been proposed where the formation
of the alkene product occurs in the gas phase but is driven by initial
C-H activation of the alkane on the surface.!**13* These homoge-
neous pathways involving radicals prevail in relatively nonreducible
catalysts that require high temperatures to activate alkanes.>* 7 Gas-
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phase conversions can also be promoted at moderate temperatures
by incorporation of molecular species such as NO that facilitate the
generation of radical species.*>*® The involvement of the gas phase is
often detected in experiments by the presence of some reactivity in
empty reaction volumes at reaction temperatures. Contributions from
gaseous conversions within pore volumes in contact with reducible
oxide surfaces when no products are detected solely from empty vol-
umes are not often considered. Mechanistic understanding of how
the gas-phase paths influence selectivity differently under different
conditions has remained unclear, leading to seemingly contradictory
proposals. For example, gas-phase conversions can be responsible for
high selectivity to dehydrogenated alkene products and for higher

selectivity at higher oxygen pressures,>>>?

while higher O5 pressures
for reactions on reducible oxides have been proposed to decrease
selectivity via homogeneous pathways.*%4

Here, we report detailed density functional theory (DFT) calcula-
tions and kinetic models probing sequential C;Hg oxidative conver-
sions on VO,/S5i0, catalysts, accounting for the formation and
consumption of different reduced and oxidized species involved in the
redox cycles and concomitant gas-phase conversions. These calcula-
tions are performed on small cluster models previously proposed as
appropriate representations of monomeric and oligomeric VO,
domains on SiO2 support, which allowed the use of relatively high-
accuracy hybrid-DFT functionals for a large number of elementary
steps. The gas-phase mechanism was determined using the reaction
mechanism generator (RMG) software package. Microkinetic simula-
tions for separate surface and gas-phase reactions and combined gas-
surface reactions are used to discern the contributions of different
types of surface species, and of gas-phase and surface reactions to
rates and selectivity.

2 | METHODS

21 | Catalyst models and DFT calculations for
surface reactions

The SiO, supported vanadium oxide catalyst (VOx/SiO5) was modeled
as a V-substituted silsesquioxane cluster. Four of the eight H-SiO5
moieties in a HgSigO15 cluster were replaced with O=V0O5; moieties to
form a HyV,4SigO4¢ cluster, which represents a fully oxidized catalyst
with vanadium-oxo species (Figure 1A). Reactions with gaseous mole-
cules form reduced centers (Figure 1B-D) and peroxo species
(Figure 1E).

Structures and energies of reactive intermediates and transition
states for surface reactions involved in CzHg-O2 conversions were
derived from DFT calculations performed using Gaussian 09 pro-
gram.*? Hybrid B3LYP functional**** and triple-{ plus polarization
basis sets (TZVP*® and def2-TZVP***’) with D3BJ empirical disper-
sion correction*® and standard convergence criteria implemented
within Gaussian 09 were employed for all calculations. The reported
energies are for the def2-TZVP basis set. Some comparison with
def2-TZVPP basis set gave energies within 1-2 kJmol ! of the
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FIGURE 1  Structures of (A) vanadium-oxo species (VO*), (B-D) reduced centers (VOH*, V*, and VH*) and (E) peroxo species (VOO*) involved

in CoHg-05 conversions on VO,/Si0,

def2-TZVP values. Transition states for surface reactions were calcu-
lated either using the quadratic synchronous transit method or using
coordinate scans followed by local optimizations near maxima. The
optimized structures were characterized as minima points for interme-
diates and saddle points for transition states by frequency calcula-
tions. The imaginary frequency for all transition states is confirmed to
lie along the reaction coordinate via visual inspection, and in some
cases by intrinsic reaction coordinate calculation. Atomic coordinates
for these species were shown in Section Sé.

Enthalpies, entropies, and Gibbs free energies were calculated
from DFT-derived electronic energies and vibrational frequencies
using the harmonic approximation and ideal gas statistical mechan-

ics formalisms, as shown in Section $1.%°

Vibrational frequencies
were calculated using harmonic oscillator model within Gaussian
09 at B3LYP/TZVP*® level. The H-SiO; moieties were kept fixed
for frequency calculations while all other atoms were relaxed. Small
errors in low-frequency harmonic vibrational modes have large
effects on entropy estimates. Furthermore, the harmonic approxi-
mation has been shown to be quite inaccurate for such modes,
while free translators and rotors tend to be more accurate.®® Micro-
calorimetry measurements have shown that a series of physisorbed
molecules on oxide surfaces tend to retain 70% of changes in their
gas-phase translational and rotational entr{)py.51 Based on these
considerations, enthalpy and entropy estimates were obtained by
replacing contributions from harmonic frequencies lower than
90 cm ! with a fraction (70%) of average translational and rota-
tional contribution per mode from relevant gas-phase molecules.
lllustrative examples or such replacement are provided in our
recent work.”

2.2 | Gas-phase kinetics from reaction mechanism
generator

The gas-phase kinetics for C2H4-02 reactions were derived from the

52-54 \which can con-

reaction mechanism generator (RMG) software,
struct large reaction mechanisms algorithmically by applying known
reaction templates to the reacting species. RMG identifies plausible
reaction branches involving a species and adds a subset of these bra-
nches to the mechanism based on their predicted reactive flux in a

reactor simulation. The products from added reactions are then added

to the mechanism accordingly. This process is iterated until the mech-
anism ceases to grow. The gas-phase mechanism used in this work
was generated using C;Hg and O5 as the major starting species in a
He gas. Minor concentrations of products and radical intermediates
generated in the surface mechanism were also included: CH;CHO, C,
HsOH, C;Hs00, C;Hs, CoHy, CoHLO (epoxide), CHa, CH,0, CHO,
CO, HO,, H50, and H505. The reactor simulation for mechanism gen-
eration was carried out as a batch reactor at 1 atm, 700-1000 K and
100 s residence time.

Thermodynamic and kinetic parameters for relevant species and
reactions were extracted by RMG from libraries of the literature
values. The parameters for this work originated from a mechanism for

H,-O, combustion from Burke et al.,**

I.,56

a mechanism for pentane igni-
tion by Bugler et a and a mechanism of methane combustion by
Hashemi et al.>” Forward reaction kinetics parameters absent from
these three sources were estimated using reaction rate rules built
from the RMG kinetics database. Reverse reaction kinetic parameters
were determined using microscopic reversibility and thermodynamics
parameters for species involved in the reaction. Thermodynamic
parameters for species absent from the specified libraries were esti-

mated using group additivity methods.>®

2.3 | Canterareactor model

The C;Hg-05 reactions on VO,/SiO; and in the gas phase were simu-
lated in a series of 201 isothermal continuous stirred tank reactors
used to represent a plug flow reactor within the Cantera software
package.®” The catalyst was considered as a porous bed with bed den-

3, specific surface area 100 m? g 2, and porosity 0.796

sity 1 gcm
(corresponding to 1.5 cm® g * pore volume and 2.6 g cm = bulk den-
sity of SiO,). The active site density was varied between 0.1 and
10 nm 2, where a site density of 0.662 nm 2 corresponds to 1%
weight of V205 in VO,/SiO2 based on geometric considerations for
isolated VO, species. Rates and selectivity were determined at 700-
900 K, 1-7 kPa inlet C;H, and O pressures and volumetric flow rates
and catalyst weights adjusted to achieve desired conversions.

The rate of reaction for reaction j is calculated as:

n=A e, 6
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where f is the reaction symmetry factor®® %2 (details in Section 57), k
is the calculated rate constant, v; is the stoichiometric coefficient for
species i in reaction j, and ¢; is the concentration of a gaseous or a sur-
face species i.

The forward rate constants (k;) for the adsorption of gaseous spe-
cies on the surface are calculated as:

¥ RT
“=rm V2w @

[0

2

where y is the sticking coefficient, I'tot is the molar density of all sur-
face sites, m is the sum of stoichiometric coefficients or all reactants,
W is the molecular weight of the gas-phase species and R is the ideal
gas constant. The value of y was taken to be unity for barrierless
adsorption steps. All molecular and radical species on surface can
desorb via reverse of the adsorption steps. The reverse rate constants
(k,) were calculated by dividing the forward rate constants by equilib-
rium constants (K_):

k=g 3)
Kc =€ %g{crei)ﬁs (4}

where AG is free energy difference between products and reactants,
Cret IS the reference concentration used for AG calculation (P/RT at
1atm, 700K), and 5= _v; is the sum of stoichiometric coefficients or
products and reactants. Surface reactions were considered to occur
from adsorbed species instead of direct gas-surface reactions. The k;
and k, values for surface reactions were determined with Eyring equa-
tion using free energy differences between transition states and pre-
cursor states. For all steps, the forward and reverse rate constants
were calculated at 700, 750, 800, 850, and 00K and the values were
regressed to the following equation form:

k=ATbe E/RT, (5)

The values of constants A, b, and E; obtained from such regression
were used for simulation in Cantera.

3 | RESULTS AND DISCUSSION

31 |
atoms

Structure of VO,/SiO, and reactivity of O

Figure 1 shows the structure HaVaSigOi1¢ V-substituted sil-
sesquioxane cluster containing four tetrahedral O=VQ; species with
a central V atom connected to three other V atoms via V-O-V bonds.
Vanadium oxide tends to exist as tetrahedral O=VQO5; vanadate spe-
cies at low surface densities.> %% V-substituted silsesquioxane clus-
ters have been used previously as suitable models of monovanadate
species for investigating alcohol and hydrocarbon oxidations using

AI(]:BIEJ RN 1*1\LJﬂ
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FIGURE 2 Density functional theory-derived Raman spectra of
V=0" species represented by a H,V,4S5ig01¢ cluster

DFT. 28306667 The monovanadate species, however, tend to exhibit
high barriers and low reactivity for activating strong C-H bonds of
alkanes. Larger VO, domains based on such clusters can be formed
using two, three, or four V atom substitutions.®” For four V atoms,
two configurations—one with all identical V atoms on the same face
of the cluster connected to two other V atoms via V-O-V bond, and
another with a central V-atom connected to three other V-atoms via
V-O-V bonds—exhibit the same stability.” The latter configuration,
however, is more reactive, which led us to select this more reactive
configuration for CzHg and O3 activation studies shown here.

A Raman spectrum derived from vibrational frequency calcula-
tions with no fixed atoms is shown in Figure 2. Based on visualization
of the frequencies, the most intense peak at 1100 cm 1 corresponds
to V=0 stretches, consistent with but slightly shifted from the
intense peak at 1040 cm ! found in measured spectra of low-density
VO,/Si0,.53 The slight shoulder at 1050 cm ! corresponds to V-O-Si
stretches, while and the V-O-V stretching bands at 00 cm * and are
barely discernible. The bands between 900 and 600 cm ! correspond

1 involve

to Si-H bending modes while those below 600 cm
multiple V, Si, and O atoms such as symmetric expansion or twisting
of the cluster. These lower frequencies represent properties of the
small silsesquioxane cluster employed, and not of the active sites.
Measured spectra of high surface density VO,/Si0; exhibit additional
intense bands near 1000 and 150 cm ! corresponding to bulk V20s,
which are absent in Figure 1. Thus, the overall spectrum appears to be
consistent with low-density VO,/SiO; in which only V=0 stretching
peaks of tetrahedral vanadates are discernible.

The reactivity of different O atom locations (V=0, V-O-V, V-O-
Si, and Si-O-Si locations on the VO* cluster, Figure 1A; VOH location
on a VOH" cluster, Figure 1B; and VOO location on a VOO* cluster,
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TABLE 1 Density functional theory-derived energies for H atom C,He
addition at O atoms on VO,/SiO, clusters (without zero-point energy l
corrections) v Steps on VO*
CH, €«— «CH; —> C,H,OH
O atom site HAE (kJ mol ) ,], \ l —> VO *- VOH *
B v —> VO+x->V+«
Central V=0 284 CH, - CH, CI;I,CHO e o
Side V=0 280 o’ i l *o Vs
V-0V 240 CH,CO - ETrran
V-O-Si 226 vl\, co, —> VO+*->VO0+
Si-O-Si 127 *CH;
V-OH 241 l Steps on VOO*
VOO 303 to > VOO *— VOOH =
l ~=> VOO0 =*- VO *
*CHO
Figure 1E) is probed using H-atom addition energy (HAE), which is a C{}
descriptor of the reactivity of O atoms for C-H activation.® O atoms l
with more negative HAE values tend to be more reactive for the acti- o
2

vation of a given C-H bond. The HAE values have also been shown to
correlate well with C-O formation activation energies.®>’® The HAE
values shown in Table 1 suggest that the VOO location on the VOO*
cluster is the most reactive of all locations probed. The VO™ clusters,
however, are much more abundant than VOO* under reaction condi-
tions. On the VO* cluster, the central V=0 is more reactive than any
bridging (V-O-V, V-0-5i, Si-O-Si) or corner V=0 locations. The VOH
species formed from the first H-atom addition to the central V=0, is
less reactive than V=0. Therefore, reactions are probed at the central
V=0 location on the VO* sites and the VOO location on the VOO*
cluster. Next, we probe detailed paths for oxidative conversion of C,
Hg and its products on these locations.

3.2 | Oxidative conversion of C;Hg on VO,/SiO,

The oxidation of CzHe on VO,/SiO2 catalysts involves a series of ele-
mentary reactions passing through a number of products and radical
intermediates. Scheme 2 shows the sequence of molecules and radical
species for which we performed DFT calculations to derive thermody-
namic and kinetic parameters. The formation of these species requires
reduction of the surface site either by H addition, by O or OH
removal, or by a combination of such processes as shown by the
arrows of different colors. On oxo sites, elementary steps for the for-
mations of all species shown in Scheme 2 were calculated (solid
arrows). On peroxo species, only C-H activation in C;H, ethylene
epoxidation, C-H activation in CH3CHO and O-insertion in CH;CO
species were calculated (dotted arrows on Scheme 2). The kinetic sim-
ulations described in Section 3.3 show that only a small fraction of the
surface sites exist as peroxo sites during reaction. C2Hes and C2Hg are
the most abundant gaseous species that can react at minority peroxo
sites. Highly reactive and more scarce species preferentially react at
the more abundant oxo sites. Therefore, the skipped steps are unlikely
to affect the results. This was confirmed by small effect of the exclu-
sion of acetaldehyde and CH5;CO conversion steps on peroxo sites.
The re-oxidation of VOH*, V* and VH* sites by O, was also calculated

SCHEME 2 Oxidative conversion of C;H, on oxide catalysts.
Colors on arrows represent concomitant conversion of the surface
sites as described by the legends in the right. Solid and dotted arrows
represent steps on oxo (VO*) and peroxo (VOO?) sites, respectively

by DFT. All molecular and radical species formed in C;Hg and O, acti-
vations can desorb and react in the gas phase, and the gaseous prod-
ucts can undergo subsequent surface reactions. The kinetics of these
gas-phase reactions were described by the mechanism derived from
RMG comprising 164 reactions. The kinetic and thermodynamic
parameters for all surface and gaseous reactions and species are pro-
vided in the Cantera input file in Section S9.

Here, we describe the free energy landscapes and structures of
intermediates and transition states involved in CoHg and CaHs con-
versions on oxo sites, re-oxidation of reduced centers formed in these
steps, and CoHg and CzHs conversions on peroxo sites. Analogous
details for the subsequent conversion of C;H, oxidation products are
shown in the SM and briefly described here.

3.21 | CyHg4and CyH5 conversions on oxo sites

DFT-derived free energies of intermediates and transition states
involved in C;H,g dehydrogenation to CsHs, and subsequent dehydro-
genation and O-insertions leading to C;H4, C5HsOH, and CH;CHO
on a VO* cluster at 700 K and 1 atm pressure of gaseous species are
shown in Figure 3. The corresponding electronic energies, enthalpies,
and entropies are shown in SM (Table 52). A C-H activation in CoHg
forms a C;Hs radical and a VOH* species via a transition state with
free energy of 204 kJ mol 1 relative to bare surface and gaseous Cy
Hg (TSO1). The desorption of this C;Hs5 radical is favorable because
the free energy contribution of the entropy gain from desorption is
greater than that of the loss of radical-surface electronic interaction.
The re-bonding of the radical with V-OH" sites to form C;HsOH is
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FIGURE 3 Density functional theory-derived Gibbs free energies (at 1 atm and 700 K) and structures of intermediates and transition states

involved in C;Hg conversions to C;Hga, C;HsOH and CH3;CHO on V=0". Text and line colors correspond to arrows in Scheme 2

less favorable due to high free energy of the transition state involved
(AGly,— 199 kI mol *, Figure 3). Alternatively, the C;Hs radical can
adsorb at other abundant VO* sites via C-O bond formation leading
to ethoxy species (V-O-C;Hs5"), which undergoes C-H activation at
the CH5 or the CH5 group to form the desired product C;H, or the
parallel CH5;CHO product, respectively. The free energy of the transi-
tion state forming CsH, is slightly lower than that forming CH;CHO
(AGhg, =89KImol ! vs AGhys =96kImol %, Figure 3). The CHj
CHO product is also significantly less stable, which suggests greater
reversibility of its formation step. These factors can lead to significant
C3Hy4 selectivity at zero conversion. The relatively low barriers for C2
Hs conversion to CzH4 and CH3CHO suggests that the C-H activation
in CaHg forming the CaHs is essentially irreversible. The barriers in
Figure 3 and the electronic energies in SM (Table S2) suggest that the
4 V-atom clusters are somewhat less reactive than V,05(001) surfaces
reported prevToust,m but exhibit similar features reflecting irrevers-
ible C-H activation, unfavorable C;HsOH formation and similar bar-
riers for C;H4 and CH;CHO formation. The subsequent conversion
effects not studied previously in full detail are described next.

3.22 | C,H,4 conversions on oxo sites

DFT-derived free energies of intermediates and transition states for oxi-
dations of CaHs to CoH4O and CH3CHO are shown in Figure 4. The
corresponding electronic energies, enthalpies, and entropies are shown in
SM (Table S3). C;H, conversion is initiated by the formation of a bond
between one C atom and the central O atom (V-OCH-CH,"). This species
then forms a second C-O bond, leading to C;H,40. Alternatively, after the
first C-O bond formation, the bonded C-atom undergoes a C-H bond
cleavage leading to V(H)O-CH=CH" species followed by a C-H bond

formation at the non-bonded C-atom to form CH3CHO. The C;HsO
(epoxide) formation path is more favorable than CH3;CHO formation
(AGLy,;, =210k mol ' vs AGL,; =237 kImol %, Figure 4), but the
desorbed C;H40 is much less stable leading to some reversibility of
its formation. These C;H,4 secondary reaction barriers on oxo sites are
slightly higher than the primary reaction that forms C;Hg4 (;AG*;SD1
=204k mol *, Figure 3 vs. AGLy,; =210kJmol %, Figure 4), and
therefore, can cause only moderate decrease selectivity with increas-
ing conversion as more C;H, accumulates.

323 ]
sites

Conversions of CoH40 and CH3CHO on oxo

Subsequent conversion of C;H,4 oxidation products cannot directly
affect C;H, selectivity. However, these conversions determine how
rapidly the undesired products CO and CO, are formed. Moreover,
they can lead to the generation of species that scavenge peroxo spe-
cies formed in re-oxidation or reduced clusters. Thus, they can indi-
rectly influence selectivity, as discussed in Section 3.3. The energetics
of these paths are shown in Figure $1-53 and Tables 54-57).

Isomerization of C;H40 to CH5CHO on VO© involves a step in which
a C-O bond in the epoxide breaks and a C-O bond with the surface O
atom simultaneously forms via a transition state with free energy of
185 kJ mol L. This leads to the formation of a O-CH>CH»-O species with
free energy of —24 kJ mol ! (Figure S1). Further steps involve H abstrac-
tion, C-O breaking and H migration to the other C atom leading to CH5
CHO (Figure S1). The first step has the highest barrier for C;H,O isomeri-
zation path, and this barrier is lower than its formation from CsHg4
sequential oxidation (AGis,,=185kJmol *, Figure S1 vs. AGlg,
=210kJ mol %, Figure 4).
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involved in C;H, conversions to C;H,40 (epoxide) and CH3;CHO on V=0%*. Text and line colors correspond to arrows in Scheme 2

Further conversions of CH;CHO to CO and CO, on V=0 site
require much lower free energy barriers than previous CsHg and CoHg
conversion steps, as shown in Figures S2 and S3. CH;CHO is acti-
vated by C-H activation step with a transition state free energy of
161 kJ mol ! (TS14, Figure 52a) leading to CH;CO, which can desorb
and bind with other V=0" sites to form acetate species. The acetate
species undergo C-C cleavage forming CHs radical and CO», with a
transition state with free energy 122 kJ mol ! (TS15, Figure S2a).
CH3 radicals bind with V=0 to form a stable methoxy species (VO-
CHs), which undergoes a C-H activation to release CH50 and leaving
VH* as a reduced surface site. The highest energy transition state
involved in this path exhibits a free energy of 101 kJ mol * (TS17,
Figure S2b) and the steps are analogous to those forming CH;CHO
from C,;Hs radicals. CH>O undergoes two C-H activations on two
V=0" sites to form CO and two V-OH" sites. The highest energy
transition state in this path has a free energy 172 kJ mol ! (TS18,
Figure S3a). Free energy for CO oxidation transition state to form
CO, has a high value of 235 kJ mol ! (TS20, Figure $3b), suggesting
CO3 formation is not likely from CO surface oxidation.

3.24 | Re-oxidation of reduced VO,/SiO- clusters
Reactions of C;Hg, CsHy, and their products with the surface oxo
sites generate reduced centers VOH*, V*, and VH* that must be re-
oxidized by O, or species derived from O, to complete catalytic
cycles. Figure 5 shows free energies of intermediates and transition
states involved in the re-oxidation of V-OH* sites by O, and HO,, and
the corresponding electronic energies, enthalpies, and entropies are
shown in Table S8. First, O, abstracts the H atom from the V-OH" site
to form a V=0" and an HO; radical via a transition state with free
energy 136 kJ mol ! (TS21, Figure 5). The HO- radical abstracts a
second H atom from another VOH* site to form either H,O5 and
V=0*, or H;0 and VOO via transition state with free energies 27 or
82 kJ mol %, respectively (TS23 and TS22, Figure 5). The activation
energy barriers for the re-oxidation steps are much lower than C;Hg
and C;H, oxidations, suggesting re-oxidations steps are rapid and the
catalyst reduction steps limit rates.

The V* and VH* species are much less stable than the VOH" species
and, therefore, undergo re-oxidations with lower activation barriers, as
shown in SM (Table S9). O, can directly bind to V* sites to form VOO*
sites, in a single exothermic step. VH* site also bind with O, to form
VHOO* in a highly exothermic step (Table S9). This species then
undergoes a facile H-abstraction and forms V=0" and an OH radical. The
concentrations VOO™ and H20-> formed in re-oxidation depend on the
fraction of HO2 species that react on reduced centers instead of reacting
in the gas phase, and the rates of consumptions of these species. The re-
oxidation steps also release OH radicals either on the surface or by gas-
phase reactions of HO; and H-50- species formed on the surface. The
OH radicals can further re-oxidize VOH"* sites leading to V=0" and H,O
via a barrierless step (Table $10). The re-oxidation of VOH* sites by H,O-
is mediated by a transition with free energy of 123 kJ mol 1 (TS24,
Table 510). O atoms in the gas phase can bind to VO sites to form per-
oxo species, which passes through a transition state that resembles a con-
version from end-on superoxo to a peroxo bound via both O atoms with
a free energy barrier of 54 kJ mol ! (TS31, Table S11). The reverse of
this step can release O atoms in gas-phase. The O atom can also bind to
V*, VOH*, and VH" species with energetics shown in Table 511.

3.25 | GCsHgand CoH4 conversions on peroxo sites

Free energies of intermediates and transition states involved in C5Hg
and C,;H,4 activations on peroxo sites formed via re-oxidation steps
are shown in Figure 6, and corresponding electronic energies,
enthalpies, and entropies are shown in Table S12. The transition state
for the C-H activation in C;H,4 forming C;Hs radical and VOOH* has a
free energy of 156 kJ mol * (TS27, Figure 6). The VOOH* site formed
in such C-H activations undergoes a facile conversion to V=0* and
OH radicals as shown in Table 59. CaHs is oxidized on VOO* by single
step formation of C;H,40, leaving V=0" with the transition state free
energy of 136 kJ mol * (TS28, Figure 6). In contrast to oxo sites, the
epoxidation activation energy on peroxo site is lower than the C;Hg
activation energy, suggesting that peroxo sites can lower the selectiv-
ity to C5;H,4 with increasing conversions by preferentially epoxidizing
it. Thus, selectivity depends on the concentration of these sites and
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Scheme 2

alternative paths avoiding peroxo formation or consuming peroxo can
improve selectivity.

The CH;CHO formation occurs via isomerization of C;H4O on
abundant oxo sites (Table S4) because a species with a single C-O
bond in C;H; on peroxo could not be stabilized. CH3;CHO can
undergo C-H activation on VOO* to form CH5CO radical that can
bind to peroxo to release CH5 radical and CO, (Table 512). The free
energy of the transition state for C-H activation in CH3;CHO is
127 kJ mol %, which is slightly lower than the CoH4 epoxidation tran-
sition state (136 kJ mol %, Figure 6), but CaHg is more abundant dur-
ing reaction conditions and preferentially reacts with peroxo sites.

Taken together, these DFT derived free energy profiles suggest
that oxo sites are selective to C-H activation in C;H, over C5H, sec-
ondary oxidations, the peroxo sites are more reactive and selective to
C5H,4 epoxidation, and the re-oxidation of reduced centers can involve
multiple rapid steps involving O, HO5, O, and OH species. The molec-
ular species and radical species formed in these conversions can also
react further in the gas phase.

Having calculated the energetics of relevant paths for C;Hg-O5
reactions on VO,/Si0O, catalysts, we next use kinetic modeling to
examine (i) how these paths together determine rates, selectivity, and
surface coverages at reaction conditions, and (i) how the surface spe-
cies interact with the gas phase by releasing and accepting radical spe-
cies that can drive additional gas-phase chemistry.

3.3 | Kinetic simulations

The Gibbs free energies of reactive intermediates and transition states
involved in the formation of species shown in Scheme 2 were used to

derive rate and equilibrium constants for the elementary steps that
mediate such formations. These rate constants together with the
RMG-derived rate and equilibrium constants for the homogeneous
gas-phase reactions are incorporated within kinetic simulations to
understand how conversions on different surface sites (V=0" and
VOO*) and in gas phase couple to determine the overall rates and
selectivity.

331 |
selectivity

Effect of gas-phase reactions on rate and

The rates of surface and gas-phase reactions are integrated along a
PFR to determine changes in concentrations of reactant, products,
and reactive intermediates. The C;Hg conversion and the selectivity
to C;H,4 at 700 K are shown in Figure 7. The conversion is negligible
when only gas-phase reactions occur within the volume equivalent to
the pore volume of 2 g of catalyst without any surface reactions
(Figure 7A). When only the surface reactions are included in the reac-
tor model, the conversion increases linearly along the reactor at low
conversion values (indicating constant C,H, activation rate) and
becomes slightly sublinear at higher conversions due to the depletion
of the reactants (Figure 7A). When both surface and gas-phase reac-
tions are included, however, the conversion increases more rapidly
than that for surface reactions alone (Figure 7A, approximately 26%
and 31% conversion at 2 g for surface only and gas + surface, respec-
tively). This suggests that gas-phase species contribute significantly to
C5H, activations, but these activations cannot be initiated within the
small empty pore volume if the surface reactions do not generate the
reactive species first.
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When gas-phase reactions are allowed to occur within much
larger volumes, the conversion increases supralinearly with volume
indicating that the CsHg activation rate increases with residence time
(Figure 7B; reaction volume is the pore volume of the catalyst equiva-
lent inert powder). This nonlinear increase is typical of autocatalytic
gas-phase alkane oxidation reactions,® and it indicates that radical
species generated in initial reactions lead to more facile activation of
strong C-H bonds in alkane, and the oxidation products in turn gener-
ates additional reactive radicals. When the catalyst is present
(Figure 7A), however, the radical species can be generated a much
shorter residence times and equilibrate with surface species. As a
result, conversion increase linearly with catalyst weight (or catalyst
contact time), showing trends analogous to the case where all reac-
tions occur only on the surface, and distinct from the gas-only reac-
tions. Thus, solely comparing measurements in a small empty volume
and with catalyst may lead one to conclude that gas-phase reactions
are insignificant. The simulations show, however, that C;Hg conver-
sion increases by 16% when gas-phase contributions are
incorporated.

Figure 7C shows that C;H, selectivity is higher when reactions
occur only in gas phase than when they occur only on the surface.
When both gas and surface reactions occur simultaneously, the C;Hg
selectivity is in between the two cases at the conditions shown. These
results suggest that gas-phase reactions can be selective towards
alkene formation, which is consistent with measurements of gaseous
CH4-02 and C3Hg-02 reactions where NOy is used to generate radical
species to initiate gas-phase chemistry at moderate temperatures,*>¢
and with systems that employ surface-mediated radical generation for
selective oxidation.>**” The measured C,H, selectivity for supported
vanadium oxide catalyst at 1% conversion was found to be near 50-
60% at 698-733 K,”° which is lower than the 80-90% initial selectiv-
ity shown in Figure 7C_ These differences result from a slightly higher

transition state free energy for parallel conversion of CoHs radical to
undesired products (89 kJ mol * for TS04 vs. 96 kJ mol * for TS05 in
Figure 3). These barrier differences are near zero in interpretations of
measured data, which leads to near 50% selectivity. Such small differ-
ences are within the errors expected from simplified catalyst models
and from limitations of DFT functionals. The qualitative trend of
higher measured selectivity in gas-phase reactions®? than reactions on

2070 is consistent with the simula-

supported vanadium oxide catalysts
tion results shown here.

Figure 8 compares selectivity to products other than C;H,4 for
combined surface-gas reactions and with that for surface-only reac-
tions. The results show that the most significant effect of the incorpo-
ration of gas-phase reaction is the decrease in CoH4O (epoxide) and
CO3 selectivity and a lesser increase in CO selectivity, which led to an
overall slight increase in C;H4 selectivity in Figure 7C. The epoxide
and CO5 products can be preferentially produced on surface peroxo
sites by reacting C;H,4 and CH5CO, respectively (Scheme 2). Thus, the
results suggest that gas-phase conversions provide alternate paths
that bypass peroxo formations and decrease peroxo species concen-
tration to enhance selectivity. The gas-phase conversions also
decrease CO, selectivity by dissociating CH;CO species to CH5; and
CO, instead of converting it to CH5; and CO5 on peroxo sites. The for-
mation of CO as the most significant byproduct after accounting for
the interaction with the gas-phase chemistry is consistent with mea-
surements on supported vanadium oxide catalysts in which CO selec-
tivity is about four times the CO3 selectivity. The simulation results in
Figure 8A show approximately 5% selectivity to the epoxide product
(C5H,40) even after incorporating gas-phase chemistry. This product is
not observed in significant concentrations in measurements, 2’
suggesting that the lower peroxo coverages obtained in combined
surface + gas reactions or the barriers of C;H40 formation or its rapid
consumption are somewhat inconsistent between experiment and
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simulation. Catalyst supports and silanol groups may also contribute
significantly to the isomerization of the epoxide.”*

The comparison of gas and surface conversions and selectivities
suggest that gas phase can, in contact with the catalyst, (i) enhance Cz
Hg activation, and (i) slightly suppress reactions that occur on peroxo
sites. Next, we examine the concentrations of different gaseous and
surface reactive species and relative rates of gas and surface reactions
to further probe the origins of these effects.

3.3.2 | Concentrations of gaseous and bound
reactive intermediates

Figure 9 shows gaseous radical species and surface species along the
reactor under combined gas and surface reactions. The radical species
are present in small concentrations, consistent with their unstable
nature. The HO; radicals, primarily formed via the abstraction of H
atom at VOH" species by O, in the re-oxidation process, are the most
abundant gaseous radical species (Figure 9A). OH radicals, O atoms,
and C;Hs;00, CH;00 and CH5CO radicals also have significant abun-
dance. The OH radicals formed in this process are known to be strong
and selective abstractors of H-atoms, which can contribute signifi-
cantly to CoHg activation.®>*872 The O atoms are released from sur-
face by the cleavage of peroxo species and by gas-phase steps. The
C5Hs00 and CH5;0O0 radicals are formed by reaction of alkyl radicals
with O in the gas phase.

The surface coverage of VO* species is nearly 100% (Figure 9B),
which is consistent with low free energy barriers for the re-oxidation
of reduced clusters. The most abundant reduced centers are VOH*
species, which have about four orders of magnitude smaller surface
coverage than VO*. The surface peroxo species formed via re-
oxidation steps (VOO*) have about threefold smaller coverage than
the VOH* species. The low concentration of bound peroxo reflects
high reactivity of these species, which leads to its rapid conversion via
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FIGURE 2 (A) Concentrations of gaseous radical species,
(B) coverage of surface species along the reactor as a function of C,
H, conversion for combined surface and gas-phase C5Hg-05
reactions (700 K, 1 site nm 2, 150 cm®min %, 3 kPa CyHg, 3 kPa O5)

reaction with C;H, (epoxidation) and release of O atoms in the gas
phase. The coverages of other reduced centers V* and VH* and of
surface VOOH* are even smaller. Bound epoxide species (OCH5CH-
OV*) exhibits higher coverage than VOH*, while ethoxy species (CzHs
OV*) and acetate species (CH30COV*) also exhibit concentrations
similar to VOH" species and greater than peroxo species.

3.3.3 | Rates of gaseous and surface reactions
Figure 10 shows rates (net fluxes given by difference between for-
ward and reverse rates) for parallel surface and gaseous reaction bra-
nches (normalized by catalyst weight for both cases) that account for
the activation of C;Hg, C;Hs, CoHy, HOS, O, and OH species for reac-
tor model involving simultaneous gaseous and surface conversions.
The rate of CoHg activation at VO* sites is about six times higher than
that in the gas phase via reaction with OH radicals, suggesting that
both conversions have significant contributions (Figure 10A). Other
C5Hg activation paths involving gaseous reactions with O atoms and
HO, radicals and surface reactions with VOO* sites have much
smaller contributions.

The C5H;s radicals predominantly react at VO sites to form C,
H, (Figure 10B). Other reactions of C;Hs at VO* and VOH* sites,
forming CH5;CHO and C,HsOH, respectively, have one to two
orders of magnitude lower rates than C;H, formation, which is con-
sistent with selectivities near 90% at zero conversion in Figure 7C.
The C;Hs radicals also react with O, in the gas phase to form C;Hg4
and HO-. This step is more than three orders of magnitude smaller
than the C;H4 formation step on the surface (Figure 10B). The ratio
of the rate of the gas-phase step to the surface step depends not
only on O, pressure but also on the sizes of the pores of the cata-
lyst. Narrow pores would allow greater opportunities for collision
with the walls and further enhance surface reactions. The gas-
phase step is much more significant for driving the chemistry when
oxide surfaces are not involved, and lead to HO, radicals that
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eventually form OH radicals by combining with other HO radicals.
In this work, however, the more significant route for HO, genera-
tion is through the re-oxidation of surface VOH"® species by O..
The rate of gas-phase reaction between C;Hs and O; shown in
Figure 10B includes contributions from two channels, one involving
direct H-abstraction by O, and another mediated by the C;H;00
intermediate.”>”* The rate C;HsOO channel contributed to about
30% of C;H5-05 reactions, and about 20% of C;Hs0O species led
to CzH4 while the remaining species formed oxygenates such as Cz
H40.

The most significant conversion of C;H,4 involves surface epoxi-
dation at and VOO* sites (Figure 10C). This is consistent with the low
epoxidation barriers and strong preference for epoxidation over C-H
activation in Figure 6. The isomerization of the epoxide to CH5;CHO
also occurs at similar rates as the epoxide formation (Figure 10C). The
rates of C;H, epoxidation at oxo sites and in the gas phase are also

C,H conversion (%)

significant but smaller than the epoxidation on peroxo sites by over
an order of magnitude.

Figure 10D shows the rates of different steps involving the
generation and consumption of HO,, O, and OH radicals via the
re-oxidation steps. O, molecules are primarily activated at VOH" spe-
cies to form HO, and VO* species. The resulting HO, species further
react with VOH" species to form surface peroxides and H;0, despite
the fact that parallel HO, + VOH* reactions forming H,O, have lower
barrier. This is because the H>02 product (despite lower barrier) is less
stable and the forward and reverse rates for its formation are in equi-
librium, leading to small net rates (reversibility of steps shown in
Table S13 and Figure S11). The VOO* species formed by HO, activa-
tion at VOH* can release O atoms that react with other VOH* species
for generate VO™ and OH radicals. The OH radicals can then recom-
bine with VOH* species to form H;0 or abstract H atom to form C,
Hg. Taken together, these data show that reactive species generated
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SCHEME 3 Most significant surface and gas-phase steps
involved in C2Hg-O3 reactions, based on the rates determined from
kinetic simulation results shown in Figure 10. The gas-phase steps are
shown in cyan color

by initial O5 activation can further react with reduced centers in multi-
ple steps to eventually form H;O. This is accompanied by significant
C5H activation by OH. Other gas-phase reactions such as OH radical
formation by O-donation by HO- to alkyl species, and by H,05 cleav-
age also occur but are less significant than the surface mediated OH
radical generation in Figure 10D. The most significant surface and
gas-phase reaction in the first few steps of sequential C;Hg oxidation
and in the re-oxidation and reactive oxygen generation steps are
shown in Scheme 3. These reactions give an overall picture of how
the surface and gas-phase step interact.

We also examined the effects site density, reaction temperature,
C5Hg pressure, and O, pressure on rates and selectivity. These data
are shown in Section S8. Increasing the site density decreases the
gas-phase contribution to C;Hg conversion but maintained significant
contribution even at 10 times greater site density than that in
Figure 7 (Figure S7). Lower site densities show increased gas-phase
contribution to rates and increased C;H, selectivity because more
gas-phase volume is available par site (Figures S7 and S8).

Temperature affects the rate very significantly, consistent with
the high activation energy for C-H bond cleavage in CsH,4 (Figure S8).
The activation enthalpy derived from the temperature effects of over-
all CyHs activation rate is 131 kJ mol *, which is similar to the
enthalpy of 128 kJ mol Y in Table S2. These predicted activation
enthalpies are slightly higher than the 105 + 15 kJ mol ! for measure-
ment on low surface density (11 wt. %) VO, on 5i0..}? The predicted
rate form the current simulation at 648 K and 3 kPa C;Hg is 5 x 10 3
(mol CaHg [mol V s] 1), which is about an order of magnitude higher
than the measurements on 11%V0,/Si0,.1? These comparisons high-
light differences between measurements and simulation, but the
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differences can be considered small given the uncertainty in catalyst
models and DFT energies.

C5Hg activation rates are nearly first order in C;Hg pressure and
zero order in O, pressure, which is consistent with measured reaction
orders.?’ The zero-order O, pressure dependence results from the
high free energy barrier for the initial C-H activation (204 kJ mol 2,
Figure 3 TSO1), and low barriers for the rapid re-oxidation steps
(136 kJ mol %, Figure 5, TS21), which agrees well with negligible con-
centrations of reduced centers in Figure 9B causing nearly all lattice
oxygen sites to be available for activating CaHg at all Oz pressures
considered. The selectivities are insensitive to CoHg pressure and
decrease slightly with O, pressure (due to increased surface peroxo
and gaseous O atom mediated reactions; Figures S9 and 510), which
is also consistent with measured trends.”®

The results described here show that (i) gaseous reactions can
contribute significantly to oxidative dehydrogenation reactions even
at moderate temperature, (i) these contributions are present even
when the kinetic orders are consistent with surface-only reactions
and blank reactor volumes show negligible activity, and (iii) such paths
can improve selectivity to C;H4 at some conditions by decreasing
concentrations of peroxo species. We also clarify that the general
pathways through gas and surface reactions interact, despite the
results being specific to the catalyst model employed and its specific
reactive properties. The results are expected to change with catalyst
type but to involve analogous steps. The model used here involves
small isolated VO, domains that prefer to undergo-one electron
reduction forming VOH* species that generate HO, species. Other
catalysts may prefer OH pairs and O vacancies and quench radicals
more efficiently.

4 | CONCLUSIONS

Alkane activations on transition metal oxides involve a complex net-
work of reactions with many rapid steps after an initial C-H bond acti-
vation that is often rate-limiting. DFT-based computational modeling
of such systems fully accounting for all steps are challenging and often
such studies seek to model only the primary dehydrogenation reac-
tions. When selectivity limitations are probed by computation, only
limited parallel reaction branches and the first step in the conversion
of the primary product, solely on the lattice oxygens, are considered.
This work combines detailed DFT calculations for reaction branches
on multiple types of surface species for C;Hg-O5 reactions on a small
cluster model of VO,/Si0O, catalyst with gas-phase mechanisms and
kinetic modeling to probe the extent to which such factors influence
rates and selectivity.

The initial catalyst contains solely lattice O atoms on fully oxi-
dized VO, domains with terminal V=0 species (oxo sites or VO* sites)
as the most reactive location for the reactions. Organic molecules
react at these sites to form gaseous radical intermediates and prod-
ucts, and reduced centers. The re-oxidation of the reduced centers by
O, produces HO, radicals, H,0, and surface peroxo species (VOO*)
and further gaseous and surface steps produce OH radicals and
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gaseous O atoms in small concentrations. The barriers for primary and
secondary reactions on oxo and peroxo sites show that peroxo sites
are less selective to oxidative dehydrogenation products and prefer-
entially epoxidize from C;H,. In spite of the low concentrations, the
gaseous reactions and surface peroxo sites contribute significantly to
overall rate and selectivity. The gas-phase mechanisms increase rates
via H atom abstraction from C;Hg by OH radicals. They also improve
selectivity at certain conditions by generating alternate paths that
decrease the surface coverage of peroxo species. These insights pro-
vide a comprehensive picture of factors beyond the properties of ini-
tial lattice oxygens that influence selectivity on oxidative
dehydrogenations and related reactions on oxides.
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