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ABSTRACT: Understanding reaction kinetics is crucial for ainglosites ’ S ¥ (0
designing and applying heterogeneous catalytic processes in R VI

chemical and energy conversion. Here, we revisit the Langmuir—
Hinshelwood (L-H) kinetic model for bimolecular surface
reactions, originally formulated for metal catalysts, assuming
immobile adsorbates on neighboring pair sites, with the rate |
varying linearly with the density of surface sites (sites per unit |
area); r o [*].'. Supported metal oxide catalysts, however, offer
systematic control over [*], through variation of the active two-
dimensional metal oxide loading in the submonolayer region.
Various reactions catalyzed by supported metal oxides are
analyzed, such as supported VO, catalysts, including methanol
oxidation, oxidative dehydrogenation of propane and ethane, SO,
oxidation to SO;, propene oxidation to acrolein, n-butane oxidation to maleic anhydride, and selective catalytic reduction of nitric
oxide with ammonia. The analysis reveals diverse dependencies of reaction rate on [*], for these surface reactions, with r o< [*] ",
where 1 equals 1 for reactions with a unimolecular rate-determining step and 2 for those with a bimolecular rate-limiting step or
exchange of more than 2 electrons. We propose refraining from a priori assumptions about the nature and density of surface sites or
adsorbate behavior, advocating instead for data-driven elucidation of kinetics based on the density of surface sites, adsorbate
coverage, etc. Additionally, recent studies on catalytic surface mechanisms have shed light on nonadjacent catalytic sites catalyzing
surface reactions in contrast to the traditional requirement of adjacent/pair sites. These findings underscore the need for a more
nuanced approach in modeling heterogeneous catalysis, especially supported metal oxide catalysts, encouraging reliance on
experimental data over idealized assumptions that are often difficult to justify.

Article Recommendations

pair sites

o [*ioral”
n=1 for unimolecular rds,
n=2 for bimolecular rds
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1. INTRODUCTION

The kinetic assessment of reactions is essential to the design and
application of heterogeneous catalytic processes employed in

Subsequent modifications to the idealized Langmuir isotherm
describing the adsorption—desorption equilibrium introduced
further nuances into the simple mathematical expression that are

chemical and energy conversion. One of the most invoked
kinetic models for surface bimolecular reactions is the
Langmuir—Hinshelwood (L-H) model, later modified by
Hougan and Watson and popularized as the Langmuir—
Hinshelwood—Hougan—Watson (L-H-H-W) model.! The L-
H and L-H-H-W models are both based on the Langmuir
isotherm, which was obtained on the following assumptions
associated with an ideal uniform surface—assumptions we now
categorically know to not apply for all realistic heterogeneous
catalysts investigated since Langmuir’s work:

1. Localized adsorption occurs only on vacant surface sites.
2. Only one adsorbed species can exist per surface site.

3. The heat of adsorption is constant and independent of
surface coverage, which assumes that no lateral
interaction occurs between the adsorbed species.

© 2024 The Authors. Published by
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now ubiquitous in textbooks and papers discussing heteroge-
neous chemical kinetics and catalysis. One of the major
modifications made to the Langmuir isotherm equation stems
from the idea of the recombinative desorption of dissociatively
adsorbed species to account for two distinct possibilities:

1. Recombinative desorption of mobile adsorbates that easily
diffuse on the solid surface. This is the simpler case in
terms of mathematical description as the associative
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desorption rate depends only on the surface concen-
tration/coverage of the adsorbates.

2. Recombinative desorption of immobile adsorbates such
that the adsorbates are strongly tethered to the adsorption
sites and do not have any lateral degree of freedom. In this
scenario, associative desorption can only occur if the two
dissociated adsorbates are adjacent to each other on “pair
sites”."””> The requirement for pair sites introduces a new
parameter “Z” into the model, derived by application of
statistical equilibrium, to account for the number of
nearest neighbor surface sites (% / [*]01).

From the early days of the derivation of the L-H model, the
assumption of immobile adsorbates on neighboring pair sites,
usually arranged in a square lattice, has been introduced into the
literature, implicitly or explicitly.””* Noting the above context
regarding the assumptions behind the L-H mechanism, we next
look at the L-H model and what these assumptions mean from
an experimental standpoint. In its simplest form, the L-H
mechanism for a bimolecular reaction is as follows: R; and R, are
reversibly adsorbed on vacant surface sites, [*], to form
adsorption complexes R;* and R,*. The adsorbates transform
irreversibly via a slow reaction step between R, * and R, * to yield
product P that does not adsorb on the surface, and the remaining
vacant surface sites are free to adsorb more reactant molecules.

R, + [x] = [R] (1)

R, + [x] 2 [R,] )

[R,"] + [R,*] = P + 2[*] (rate-determining step) ~ (3)
where the surface site balance is given by

[+], = [x] + [R,"] + [R,] 4)

with [*], representing the surface site density, i.e., total number
of surface sites per unit area accounting for both vacant and
occupied sites. Ky, and Ky, are equilibrium adsorption rate
constants describing the adsorption—desorption of the reac-
tants, while k4 is the Arrhenius rate constant for the rate-
determining step 3. The above details result in the kinetic eq 5
that relates the rate of production of product P (dP/dt) as

2
krds'KRl'KRz'PRrPRz' [*]0

< dP/dt = .
(1 + KpyPyy + KpyPry) (5)

Note, we do not specify a priori if the adsorbates R, * and R,* are
mobile or immobile, and thus, no special site requirement, such
as the presence of pair sites with Z nearest neighbors, is
necessary. In this form, the rate of the reaction for the rate-
determining step depends on two surface sites and, thus, will
exhibit second-order dependence with respect to the total
number of surface sites of the solid catalyst.

However, a second school of thought also exists that derives
the L-H mechanism with the a priori assumption of immobile
adsorbates on pair sites on a perfect square lattice with Z nearest
neighbors. In this case, the surface [R;*] and [R,*]
intermediates are required to be adjacent to each other to
react and form P, and if not, they are assumed to be kinetically
irrelevant. This school of thought, championed by luminaries
like Hougen, Watson, and Boudart, originated in the early days
of heterogeneous catalysis when kinetics of metal catalysts were
studied almost exclusively and the kinetics of supported metal
oxide catalysts had received little attention.”® Supported metal

oxide catalysts consist of surface metal oxides completely
dispersed on an oxide support that represent the catalytic active
surface sites.” The fundamentals and derivation from this point
of view, encompassing pair sites and lattice statistical
equilibrium, can be found in many textbooks, referenced herein
for the reader’s convenience.”” A unique outcome of the a priori
assumption of immobile adsorbates on pair sites is that the
higher order dependence of the L-H reaction rate on the number
density of surface sites is reduced to a value of 1 as only “pair
sites” can serve as the two sites for immobile adsorbates. Under

P . . . . AT
this viewpoint, the reaction rate will be proportional to Z["], , as

opposed to [*],%, where Z is the number of nearest neighbors for
surface bimolecular reactions, as stated earlier, and [*], is the
surface site density (surface sites per unit area), which Boudart
denotes as “[L]” in his derivation.”* This point has been
explicitly highlighted by Boudart,”* and subsequently by his
former students like M. A. Vannice,” and Davis and Davis'® in
their own textbooks. This a priori assumption of immobile
adsorbates on adjacent pair sites is also the basis of the mean
field approximation often invoked when discussing the kinetics
of bimolecular reactions. For example, surface A* and surface B*
react to form product C, where the rate of formation of C would
be equal to [*] k6,05 instead of [*],2 k0,05."" In the mean-field
approximation, surface A* and surface B* are assumed to be
distributed randomly over adjacent sites (e.g., pair sites that can
accommodate surface A* and surface B¥ together).11

Prima facie, the difference in the two L-H derivations is minor;
however, the outcome from an experimental standpoint is
profound. The former derivation indicates that, in certain cases
for surface bimolecular reactions, the reaction rate will exhibit a
higher-order dependence on the total number density of surface
sites, [*],, e.g., rate r & [*] ;" where n > 1. This further implies
that kinetic analysis may allow differentiating between surface
mechanisms based on the site requirements. For instance, the
dependence of the rate on [*], can be used to distinguish
between a bimolecular reaction occurring via the Eley—Rideal
(E-R) vs L-H mechanism, as the E-R mechanism is limited to
only one possibility under the kinetic regime since it is a reaction
between a nonchemisorbed specie with a chemisorbed specie
that results in r o [*],'. On the other hand, the reaction rate in
L-H surface bimolecular reaction mechanisms can exhibit
higher-order dependence on [*], such as r & [*],? (as indicated
in eq S above). According to the pair site assumption in the latter
derivation of the L-H model, kinetic analysis based on rate vs
[*], cannot be reliably used to distinguish between L-H and vs
E-R mechanisms as both will yield the same linear dependence
under certain simplifying circumstances.”

In the next sections, we discuss the caveats of first-order versus
higher-order dependence of the experimentally measured
reaction rates on [*], using examples from the literature on
supported metal oxide catalysts from our group as well as other
groups. We show that the a priori assumption of immobile
adsorbates on adjacent/pair sites for supported metal oxide
catalysts is not necessary and the expected linear dependence of
reaction rates on [*].!, applied for metal catalysis, can be
violated. We provide various literature examples of reactions
catalyzed by supported metal oxide catalysts evincing up to a
second-order dependence of reaction rate on [*].. For other
reactions, the exact same catalysts exhibit a first-order
dependence; the underlying mechanistic reason behind the
variation of reaction rate dependence on [*], for different
reactions over the same catalyst is also discussed below. Our
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objective through this Perspective is to highlight the complex-
ities of supported metal oxide catalysts and differentiate how
models such as L-H/L-H-H-W—Dbased on metal catalysts—
should be applied to supported metal oxide catalysts in order to
determine the number of participating sites in a catalytic
mechanism and to prevent confusion and controversy.

2. EVIDENCE OF MOBILE ADSORBATES ON
NONADJACENT SITES IN HETEROGENEOUS
CATALYSIS

2.1. Metal Catalysts. Although assuming immobile
adsorbates on pair sites arranged in a regular lattice produces
a useful mathematical model that has been ubiquitously adopted
for kinetic reaction models across heterogeneous catalysis, it
must be noted that this assumption has not been experimentally
confirmed when it comes to most solid catalysts, including metal
catalysts. For example, in a series of elegant papers utilizing
scanning tunneling microscopy (STM) of solid catalysts,
published during the 1980s—1990s, Ertl and co-workers
unequivocally showed that surface adsorbates, even on single
crystal metal catalysts, were mobile and significantly diffused.
Specifically, as shown in Figure 1 left, NO dissociation over

B - e

Figure 1. STM images of Ru(0001) after dissociation of 0.3 L of NO at
315 K. (A) 380 X 380 A STM image showing two terraces, upper one
on the left hand side of the panel and a lower one on the right hand side
of the panel, with a monatomic step shown as a darker gray stripe.
Individual atoms of N and islands of O atoms can be seen at a significant
distance from the step sites that serve as the active sites for this
dissociative adsorption. (B) 60 X 40 A zoomed-in section from (A)
showing an island of O atoms formed via fast diffusion of O atoms on
the surface. The individual atoms around the island of O atoms are N
atoms. Figure adapted with permission from ref 12. Copyright 1996
American Association for the Advancement of Science.

Ru(0001) evinced that, although the dissociation occurred only
at surface step sites, surface O atoms rapidly diffused a lon§
distance away from the step sites and formed surface O islands."

On the other hand, N atoms on the surface also diffused, but to a
lesser degree, and were observed in proximity of the step sites
that were deemed the surface active sites. Note, this reaction
would typically be thought of as NO dissociating over two

adjacent [*] sites to form immobile surface O* and N*
adsorbates.'” However, the direct evidence from in situ STM
studies suggests otherwise and reveals a more complicated
picture. Moreover, STM also shows that the surface adsorbates,
formed via dissociative adsorption of the substrate, are extremely
“mobile” and not statically tethered to any fixed pair sites even at
low temperatures on a single crystal surface. In the real-world,
supported metal catalysts operating at steady state reaction
conditions of high substrate conversions and high temperatures
will arguably experience greater surface diffusion of the
adsorbates, as well as diffusion and dynamic restructuring of
the surface sites, which means that the nature and distribution of
active surface sites and the surface adsorbates will be even
further from the idealized assumptions by Hougen and
Watson. ">

Although direct experimental evidence clearly refutes the
idealized assumptions of regularly arranged pair sites, we note
that this idea stems out of studying metal catalysts: unsupported
metal surfaces during the first half of the twentieth century,
followed by supported metals and single crystal metals in the
second half of the twentieth century. In metal catalysts, the
density of surface sites (total sites per unit area) cannot be varied
since the surface site ensembles are fixed by the crystal
morphology, and thus, studies from this period often derive
and rationalize the data in terms of fractional surface coverage
(0) of pair sites in the context of single crystal lattice statistics. It
was not until much later that rigorous methods to count the total
number of active sites were devised and popularized by Boudart
and others.” Even with the introduction of chemisorption
techniques to count the number of surface sites in metal catalysts
in order to calculate turnover frequencies,”* it remained
impossible to systematically and quantifiably vary the total
number and arrangement of surface sites on metal surfaces since
the surface density of the metal atoms is fixed at ~1 X 10" sites/
cm?.>* Therefore, experimental validation of the dependence of
the reaction rate on the density of surface sites remained out of
experimental reach, and the assumption of the rate linearly
depending on the concentration of pair sites was assumed to be
valid. In the last two decades of the twentieth century, however,
supported metal oxide catalysts appeared on the scene and
allowed one to introduce a systematic way to vary the number
density of surface sites [*], by varying the active surface metal
oxide loading on the support since the surface metal oxides are
typically completely dispersed below monolayer coverage for
many catalyst systems. In the next section, we focus on the
supported metal oxide literature to revisit the assumptions
behind the L-H mechanism.

2.2. Supported Metal Oxide Catalysts. The assumption
of a “regular geometric pattern determined by the lattice
structure” of the “pair/adjacent sites” is not experimentally
supported when it comes to most solid catalysts, especially
supported metal oxides. Numerous studies have shown that a
submonolayer and monolayer of transition metal oxides can be
supported on various oxide supports, forming unique
amorphous/disordered two-dimensional structures that remain
a function of the active metal oxide loading and the support’s
surface hydroxyl density/reactivity, as opposed to a function of
the lattice arrangement of the catalyst support. As suggested by
the HAAD-STEM images of zirconia-supported tungsten oxide
(WO, /ZrO,) in Figure 2a, at low loadings (e.g., submonolayer
coverage), isolated surface WO, sites are prevalent, while at
higher loadings, as monolayer coverage is approached,
oligomeric surface (WO,), sites form."> Above monolayer
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Figure 2. (a) Aberration-corrected STEM-HAADF images of bare ZrO, support, 2.9% WOx/ZrO,, and 6.2% WO,,/ZrO,. Black circles highlight the
presence of single tungsten atoms corresponding to surface monotungstate sites, and the black squares highlight surface polytungstate sites with several
tungsten atoms linked by oxygen bridging bonds. White circles indicate WO, clusters with diameters of 0.8—1.0 nm. These clusters were found only in
samples with a surface density above monolayer coverage. Images adapted with permission from ref 13. Copyright 2009, Springer Nature. (b)
Aberration-corrected STEM-HAADF images of 5% WO,/ZrO, and 7% WO,/ TiO, catalysts, evincing similar WO, structures on the surface of ZrO,
and TiO, supports despite unique lattices of the supports. The green circles in this case identify surface WO, oligomers, while the blue circles identify
the isolated WO, sites. Adapted with permission from ref 17. Copyright 2012, Elsevier. (c) Magic angle spinning NMR of supported surface 1% VO,/
TiO, catalysts in the absence and presence of 5 %$WO, promoter, evincing a drastic increase in surface VO, oligomers upon WO, promotion,
corroborating that the TiO, lattice primarily does not control surface VO, speciation. Figure adapted with permission from ref 18. Copyright 2019,

John Wiley and Sons.

coverage, three-dimensional WOj clusters form."” It has been
further shown that monolayer coverage of a surface metal oxide,
such as vanadium oxide (VO,) or WO, or molybdenum oxide
(MoO,), can be formed on oxide supports possessing vastly
different lattices including ZrO,, Al,O;, TiO,, Nb,Oj, etc. that
yield similar surface sites comprising oligomeric structures of the
supported metal oxide conjoined via metal —O—metal bonds,
with constant surface atom density independent of oxide
supports (e.g, 8 V atoms nm~> for VO, monolayer, 4.5 W
atoms/nm* for WO,, and 4.5 Mo atoms/nm’ for MoO,
monolayers).”'* On the other hand, supports like SiO, cannot
be used to synthesize a complete surface metal oxide monolayer
catalyst since only submonolayer catalysts can be achieved using
SiO, at low weight loadings of the metal oxide, where each
surface WO, or VO, site tends to be atomically isolated and no
metal—O—metal linkages are present.'”'® A representative
example is shown in Figure 2b, where a submonolayer of surface
WO, supported on ZrO, and TiO, are investigated via HAAD-
STEM. Despite the obviously different lattice structures of the
catalyst supports, the surface WO, sites are similar in both cases:
two-dimensional and randomly distributed. In both cases, a
mixture of oligomeric and isolated monomeric WO, sites is
observed that neither are arranged in regular geometric patterns
nor contain distinct pair sites. Although not shown herein,
Raman and X-ray absorption (XAS) spectroscopies have also
elucidated the molecular structures of the surface WO, sites as a
function of loading, and curious readers are directed to the body

of work cited herein and references within. It suffices to note
that, when isolated, surface WO, sites can be present as
digrafted, dioxo [,(O—)W(=0),] or tetra-grafted, mono-oxo
[,(O—)W(=0),]."""" When present as oligomers, the
surface WO, is a chain of interlinked mono-oxo units. Lastly,
in Figure 2c, we show solid-state high field *'V magic angle
spinning NMR of 1% VO,/TiO, as a function of the WO,
promoter.'® Yet again, despite both samples having the identical
TiO, support and VO, loadings, it is seen that the surface VO,
structures are significantly influenced by the presence of the
surface WO, promoter, the addition of which causes surface
crowding, subsequently leading to an increase in the local
population of surface VO, oligomers'*—an example of the
complexity of surface sites in supported metal oxide catalysts and
the unique opportunity they present to systematically vary the
total number of surface active sites at the local level.

Another important point to note regarding supported metal
oxides is that, in general, the surface metal oxide sites and the
surface adsorbates formed during reaction are mobile. It is well-
known that surface diffusion or migration of surface metal oxide
sites play an important role in agglomeration, sintering, and
active-component redistribution in heterogeneous cata-
lysts.'”~*” Thermally driven diffusion leads to significant surface
migration or diffusion of one component over the surfaces of an
oxide support, and high temperature and presence of surface
adsorbates can further help overcome the activation barrier for
surface diffusion.”””® As a rule, if the temperatures are higher

https://doi.org/10.1021/acscatal.4c02813
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Figure 3. Ln-Ln plot of activity (mmol,,an: 8e ' hr™') vs V density (atoms nm™2) of supported VO, catalysts for: (a) methanol oxidation to
formaldehyde at 230 °C, data originally reported in ref 80, (b) oxidative dehydrogenation of propane to propene at 350—475 °C, data originally
reported in refs 44, 81, 82, (c) selective catalytic reduction of NO with NH; (standard SCR) at 200 °C, data originally reported in ref 18, (d) n-butane
oxidation to maleic anhydride at 221 °C, originally reported in ref 46, and (e) propylene oxidation to acrolein at 300 °C, originally reported in ref 72. In
each Ln-Ln plot, the slope of the linear fit is shown. Supported VO, on various oxides are shown as different colored data points; SiO, in purple, TiO, in
pink, ZrO, in orange, Nb,O; in salmon, and Al,O5 in green. All data used herein were collected under steady state differential reaction conditions at low

reactant conversions.

than the Tammann temperature (the temperature when surface
atoms begin to diffuse) of the supported metal oxide, surface
diffusion is expected to occur at an appreciable rate.””** Given
that steady state temperatures, especially for reactions discussed
herein, are in the range of 200—500 °C, this requirement is
satisfied as the Tammann temperature of bulk V,0; is 200—210
°C, while that of the surface VO, may be slightly higher or
lower.”*73! For instance, the barrier for surface diffusion of
VO, in VO,/TiO, was estimated to be merely ~40 kJ mol™,
where the barrier magnitude depends on various underlying
factors including the oxidation state of the V species.32’33 In
contrast, activation barriers for catalytic reactions may vary from
~80 to 160 kJ mol~%,**~* while diffusion barriers for adsorbates
can be in the range of ~10—50 kJ mol™".**~*' Therefore, surface
diffusion of active metal oxide sites (VO,) and surface
adsorbates is expected to be significant at conditions where
the catalytic reaction steps occur, which usually have larger
activation barriers, indicating that both the surface active sites
and adsorbates will be mobile under reaction conditions.

In summary, multiple reports from many groups have shown
that the above-mentioned assumptions made in the derivation of
the L-H model regarding the regular pattern of pair sites that can

10264

accommodate immobile surface adsorbates do not need to be
invoked for supported metal oxide catalysts, where both surface
active sites and adsorbates are known to be mobile. Moreover,
the broader literature on supported metal oxide catalysts has
rigorously shown that the total number of surface active sites at
the local level can be systematically varied either by varying the
weight % loading of the metal oxide on the support such that
surface coverage varies between ~0 < monolayer < 1323 or
by introducing a promoter that increases the local surface site
density by crowdinsg while keeping the surface active metal oxide
content constant.'>''®

3. UNDERSTANDING REACTION RATE DEPENDENCE
ON THE NUMBER OF PARTICIPATING ACTIVE SITES
IN HETEROGENEOUS CATALYSIS

For the purpose of this discussion, we focus on supported VO,
catalysts, although the points noted here are applicable to other
submonolayer supported metal oxide catalysts as well. It is
known that the number of catalytic active surface VO, sites per
catalyst mass increases linearly with VO, loading in the
submonolayer region, where the VO, is 100% dispersed on
the oxide support. Therefore, supported metal oxide catalysts
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allow for fine control over the density of surface sites, by
controlling the metal oxide loading below monolayer coverage,
and thus, they are uniquely suited to test the validity of the
assumptions behind the L-H model. Herein, we summarize two
sets of literature bodies, such that the first set evinces that
reaction rate linearly varies with [*],, while the second set
suggests that the rate varies quadratically with [*].. We show
that in fact the reaction rate is dependent on the demands of the
specific reaction and the site requirement of the rate-
determining step: single site vs multiple sites. Therefore, our
analysis clearly indicates that a more accurate interpretation
would be rate r & [*]", where n is the site requirement of the
rate-determining step and can range from 1 to 2.

r o [*],". In Figure 3a,b, we plot the natural log of activity—
molar rate of reactant conversion normalized per time, per gram
of catalyst—against the natural log of the surface vanadium
density in atoms per nm?” for partial oxidation of methanol to
formaldehyde and oxidative dehydrogenation of propane to
propylene, respectively, catalyzed by supported VO, catalysts.
Both of these reactions require only one oxygen atom and, thus,
involve the transfer of two electrons from the surface VO, to
complete the catalytic cycle. In both instances, the rate-
determining step is unimolecular, involving a single active
surface VO, site. In the case of methanol oxidation, the rate-
determining step involves dehydrogenation of the C—H bond of
surface methoxy (CH;0%) to formaldehyde.'**** Likewise,
the rate-determining step in the oxidative dehydrogenation of
propane involves C—H scission.”***™® In both reactions, the
rate-determining step is found to be zero-order with respect to
gaseous molecular oxygen, indicating that gas phase molecular
O, is not participating in that rate-determining step, and the
oxygen involved is present in the single surface VO, catalytic site
participating in the slow step.”®***" 7% Therefore, despite the
apparent bimolecular stoichiometry of the reactions, the Ln-Ln
plots of methanol oxidation (Figure 3a) and oxidative
dehydrogenation of propane (Figure 3b) clearly indicate a
slope of ~1 for various supported VO, catalysts, evincing that
the rate is linearly correlated with VO, surface density, i.e., r
[VO,],1.***7%9% These plots also show that this conclusion
can be generalized for supported VO, catalysts, as all analyzed
supported catalysts, irrespective of the support identity, show a
linear dependence owing to the identical rate-determining
step.”* Similarly, the linear correlation between catalytic activity
of supported metal oxides, including supported VO,, with metal
oxide surface density (or the metal oxide weight loading) has
also been shown for other oxidation reactions requiring only one
O atom or two electrons (e.g, SO, oxidation to SO36> and
oxidative dehydrogenation of C,Hy to C,H,).?° Furthermore,
the linear increase in catalytic activity with surface VO, loading
for these reactions demonstrates that there is no difference in
activity between isolated and oligomeric surface VO, sites on the
same support for all oxide supports.

r o« [*],% Oxidation reactions requiring more than one O
atom or two electrons, however, require multiple surface VO,
sites since V is only able to give one O atom and reduces to
V*3.574 The Ln-Ln plots of the catalytic activity vs surface
vanadium density for various supported VO, catalysts are shown
in Figure 3c—e. These reactions, namely, selective catalytic
reduction of NO with NH; (Figure 3c), oxidation of n-butane to
maleic anhydride (Figure 3d), and oxidation of propylene to
acrolein (Figure 3e) are chosen because the rate-determining
step involved in each of these reactions necessitates the
involvement of at least two surface VO, sites. In these reactions,
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the rate-determining step may be nonzero-order with respect to
gaseous molecular O,, but the oxygen dependence can appear
zero-order depending on the operating conditions of temper-
ature, conversion, and O, partial pressures (SCR,***” butane
oxidation to maleic amhydride,m’71 propylene oxidation to
acrolein’>”?), indicating that active site reoxidation may become
kinetically relevant in such cases. The site dependence for the
standard selective catalytic reduction of NO with NH;, where
VO,/TiO, catalysts are commercially employed at the present,
is shown in Figure 3c. It has been shown that the rate-
determining step involves breaking of an N—H bond during
formation or decomposition of the bimolecular [ON—NH,]
reaction intermediate complex.”>”* Noting the bimolecular
nature of the rate-determining step where two surface sites are
expected to be involved, it is not surprising that the Ln-Ln plot
exhibits a slope of ~2."® Likewise, the rate-determining step in
the case of n-butane oxidation to maleic anhydride is known to
be multinuclear with both surface acid sites and surface redox
sites participating in slow steps involving olefin production and
the subsequent butadiene oxidation, respectively,*®”>~”* which
is reflected in the slope of the Ln-Ln plot being 2. Lastly,
propylene oxidation to acrolein proceeds via a pathway with
bimolecular rate-limiting step(s) involving C—H bond breaking
of the surface allyl intermediate and O* insertion into the surface
allyl intermediate, which may be a concerted reaction step
occurring simultaneously.*®”>’” In agreement, the slope of the
Ln(activity) vs Ln(surface V density) plot is ~2, indicating the
involvement of two surface VO, active sites in the rate-
determining step. In the three cases discussed above, two
catalytic sites are involved in the slow step, and therefore, the
reaction rate exhibits second-order dependence on [*], (r «
[Vox] 02) N

The examples discussed in these sections highlight the
following key points:

(i) Unlike supported metal catalysts and single crystal metal
catalysts with metal surface density fixed at ~1 X 10" sites
cm™?, supported metal oxide catalysts allow fine control
over density of surface sites via control of the metal oxide
loading up to monolayer surface coverage. This allows the
use of supported metal oxide catalysts (such as supported
VO,) for various catalytic reactions in order to probe the
dependence of the reaction rates on the density of surface
VO, sites in the submonolayer region.

(ii) The dependence of the reaction rate on surface density of
sites cannot be fixed or predicted a priori based on the
global stoichiometry of a reaction, as this dependence is
reliant upon the site requirements of the rate-determining
step in the catalytic reaction mechanism.

(iii) For a wide range of reactions catalyzed by supported VO,
catalysts, the rate exhibits varying dependence on the

[*]," term, where n is 1 for reactions involving a

unimolecular rate-determining step and 2 for reactions
involving a surface bimolecular rate-determining step or
two separate sites participating in two slow steps.

(iv) If the pair site assumption in the L-H model, discussed in
preceding sections, was indeed valid, Ln(activity) vs
Ln[*], would never exceed a slope of 1. However, the
studies highlighted herein clearly show that a slope of ~2
is routinely observed for multiple reactions. Therefore,
this a priori assumption of immobile adsorbates on
immobile/static pair sites does not appear to hold for
supported metal oxide catalysts. Furthermore, supported
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(v)

metal oxide catalysts contain mobile surface adsorbates
and metal oxide sites that diffuse on the support surface
during reaction. As noted above, the surface diffusion
barrier of supported metal oxides, especially supported
VO,, is merely ~40 kJ mol™" at circa room temper-
ature,”>*® and the Tammann temperature of V,Oj is
~200-210 °C.>>**73! On the other hand, activation
barriers for the slow reaction step(s) are often two to four
times larger in magnitude than the diffusion barrier of
surface VO, sites, and the reaction temperatures are in the
range of 200—S00 °C (e.g, reaction temperature >
Tammann temperature), indicating that under reaction
conditions the surface VO, sites will easily diffuse.
Involvement of mobile sites and mobile adsorbates can
lead to nonlinear correlations between reaction rate and
[*],, since the probability (and frequency) of effective
collisions between two adsorbates/sites scales nonlinearly
with [*],. Alternatively, if the adsorbates and sites were
immobile and, therefore, the two-site rate-determining
step could only occur on adjacent pair sites, the density of
adjacent sites (aka pair sites) may exhibit a second-order
dependence on the density of total surface sites (e.g., [**]
o [*],%). However, an important caveat of square
dependence of pair site surface density on total surface
site density is the adherence to Henry’s law limit; infinite
(or at least ample) dilution of surface sites is necessary. In
other words, in the limit of approaching a full monolayer
(surface saturation limit), the density of pair surface sites
should exhibit much less than second-order dependence
on the density of total surface sites. Experimentally, this is
not the case in the studies discussed above. In the data
plotted in Figure 3, going from near zero VO, surface
coverage to a full monolayer (~8 V,,;,nm ™), supported
VO, catalysts exhibit a slope of ~2 and a goodness of fit,
7%, value >0.90 for all cases (>0.98 for SCR and propene
oxidation, 0.90 for butane oxidation). If the second-order
dependence was shifting to a subsecond order depend-
ence as the monolayer coverage was approached, r* of the
fit in Ln-Ln plots would have decreased significantly since
half of the data points are in the 0.5 > monolayer < 1
surface coverage range. Therefore, we propose that the
involvement of immobile pair sites with immobile
adsorbates is highly unlikely considering the aforemen-
tioned experimental data and corresponding fits and that
the second-order dependence of the reaction rate on
surface site density is a consequence of the rate-
determining step(s) requiring two surface sites, both
adsorbates and sites being mobile.

Here, it is also valuable to briefly note that reaction rate
exhibiting first- or second-order dependence on the
surface site density also has bearing on how kinetic data
are interpreted in the context of transport limitations. For
example, the Koros-Nowak criterion and the Madon-
Boudart test (mostly applicable to supported metal
catalysts as specified by the original authors)® both
check for the following: if the number of catalytic sites are
doubled with all else held constant, does the reaction rate
double? In other words, the reaction rate normalized to
the number of surface sites (TOF) or catalyst loading
(norm. rate or STY) is expected to be constant for a
reaction free of transport artifacts.*” We routinely observe
a constant TOF (rate/[*],) within experimental error for
reaction rates that exhibit first-order dependence on sites

as surface metal oxide coverage is increased from say 1 V/
nm?® to a monolayer coverage of 8 V/nm? including
reactions discussed in Figure 3a,b. The caveat being that
data are collected at differential reaction conditions of low
reactant conversion, low catalyst loadings, small particle
diameters, etc. However, under the same differential
reaction conditions aimed at minimizing transport
artifacts using the same catalysts, reactions where the
rate exhibits second-order dependence on [*],, shown in
Figure 3c—e, do not evince constant TOF. In such cases,
TOF increases linearly as the metal oxide coverage
increases, unless the reaction rate is normalized by the
square of sites (rate/[*],?). Therefore, we believe that
such nuances need to be kept in mind when applying the
Madon-Boudart test to kinetic data collected via well-
designed experiments under the differential reaction
regime to prevent misattribution of underlying chemistry
and mechanistic information to transport artifacts.

Other groups have also reported examples of heterogeneously
catalyzed reactions exhibiting r o [*] 2. For example, the steady
state rate of this reaction over Cu-SSZ-13 catalysts was shown to
exhibit second-order dependence on Cu sites.** Specifically, a
pioneering report on the mechanism of the low-temperature
SCR of NO with NH; over Cu-SSZ-13 catalysts elegantly
demonstrated that, during the oxidation half cycle in these
catalysts, if O, oxidant (necessitating a 4-electron exchange) was
used, the reaction exhibited a second-order dependence on Cu
site density.”> On the other hand, if NO, (2-electron exchange)
was used an oxidant instead of O, during the oxidation half cycle,
the reaction exhibited first-order dependence on the number of
Cu site density on the same catalysts, presumably due to the
unimolecular nature of the rate-determining step when NO, is
oxidizing the Cu' species. These findings are in line with the
analysis shown in Figure 3, where 2 electron oxidation reactions
typically exhibit a first-order dependence on the number of
active sites, while oxidations involving >4 electrons tend to
exhibit second-order dependence on the total number of active
sites, owing to the higher demands of the >4 electron oxidations
necessitating two sites and subsequent slow steps, or a single
bimolecular rate-determining step.

Beyond the examples discussed in the preceding sections, we
also note that compelling experimental evidence against the
necessity of “pair sites” assumed in the earlier heterogeneous
catalysis literature can be gleaned from other literature studies
reporting specific mechanisms that enable nonadjacent sites to
conduct bimolecular reactions.®® For example, remote, isolated
sites have been shown to interact and communicate with each
other via long-range transfer of electrons®”* or tunneling of
hydrogen species such as protons, neutral atoms, and hydride
ions during acid—base reactions and ?roton—coupled electron
transfer reactions on solid catalysts.”” " Other mechanisms
known to operate in heterogeneous catalysis that enable a long-
range interaction between remote catalytic sites, enabled by the
interaction of reactants or products with the solid catalyst,
include shuttling of protons and hydroxyl ions via surface PO,
sites in phosphate-containing materials”>~”* and shuttling of
protons assisted by water adducts within zeolite pores.””"%°
Water-assisted proton shuttling has also been reported for
nonzeolite materials, including supported Pd catalysts,'"!
mesoporous silica,'*”'% etc., suggesting the widespread
relevance of such long-distance interaction mechanisms in
heterogeneous catalysis. In summary, the examples highlighted
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herein and the possible underlying catalytic mechanisms that
enable nonadjacent sites to function provide strong motivation
to be wary of idealized assumptions behind oft-invoked models
when faced with contradictory experimental data.

4. OUTLOOK

It is almost trite to point out that global kinetic models like L-H/
L-H-H-W do not provide much information regarding the
underlying surface mechanisms of heterogeneous catalysts. In
Boudart’s own words:
“..kinetic data—necessary as they may be—will usually
remain insufficient. They must be bolstered by spectroscopic
data that define the composition and structure of the
catalyst, and all intermediates involved in the elementary
steps that constitute the catalytic reaction.”

However, as most of us who have been involved in
heterogeneous catalysis research will agree, over the years,
countless reports have been published where researchers rely on
fitting global kinetic models to experimental rate data with the
objective of acquiring molecular insights into the surface
mechanism. Not only that but also these studies do so without
taking into account the nuances of those global kinetic models,
the assumptions behind their derivation, the complexities of
heterogeneous catalyst surfaces, the surface sites, surface
reaction mechanisms, etc. Through this perspective, our
objective is to highlight the unique advantages and complexities
of supported metal oxide catalysts that consist of active two-
dimensional surface metal oxides and allow for differentiating
how idealized models like L-H/L-H-H-W should be applied to
these catalysts in order to prevent confusion and controversy.

Herein, we revisit the oft-invoked L-H model for bimolecular
surface reactions, which was derived for metal catalysts with the
a priori assumption of immobile adsorbates reacting on
neighboring pair sites, such that the rate varies linearly with

1
the total number of active sites <ro< %[*]0 ) We first

categorically show that, even in model single crystal metal
catalysts, immobile adsorbates are not present on adjacently
located pair sites due to facile surface diffusion, as elegantly
shown by in situ STM of NO dissociation on the Ru(0001)
surface by Ertl et al.'"* Moving to supported metal oxide catalysts,
the assumption fails once again, as HAADF-TEM and MAS
NMR of supported VO, catalysts do not evince any regularly
arranged pair sites, especially at low loadings in submonolayer
coverages of the active supported metal oxide phase. Moreover,
microscopic and spectroscopic characterization of supported
metal oxide catalysts, including supported VO,, demonstrate
that, unlike metal catalysts, supported metal oxide catalysts allow
systematic variation in the surface site density via metal oxide
loading in the submonolayer surface coverage region. We then
analyze a wide range of reactions catalyzed by supported VO,
catalysts in terms of the dependence of the reaction rate on the
number of total surface VO, sites. The rates of reaction for
methanol oxidation, oxidative dehydrogenation of propane,
oxidative dehydrogenation of ethane, SO, oxidation to SOj, etc.
were all found to exhibit a linear dependence on the total
number of surface VO, sites in submonolayer covered supported
vanadium oxide catalysts because they all involve a unimolecular
rate-determining step requiring only one catalytic active site. On
the other hand, the rates of reaction for selective catalytic
reduction of NO with NH;, propylene oxidation to acrolein, n-
butane oxidation to maleic anhydride, etc. were found to exhibit
a quadratic dependence on the total number of VO, surface sites

for submonolayer supported vanadium oxide catalysts because
these reactions involve a bimolecular rate-determining step
requiring at least two catalytic active surface sites. Based on our
analysis, we propose that a more appropriate treatment of the L-
H model would be to not make any a priori assumptions about
the nature of active sites (nuclearity, local arrangement, surface
site density, etc.) or the nature of the adsorbates (mobile,
immobile, molecularly adsorbed or dissociatively adsorbed, etc.)
and allow carefully collected experimental data to elucidate
kinetics as a function of number of active surface sites, adsorbate
coverage, etc. Via this simple treatment of the L-H model, the
rate is expected to vary with the surface site density, i.e., r x[*],",
where n = 1 or 2 for rate-determining steps being unimolecular
and bimolecular or two separate sites participating in slow steps,
respectively. For bimolecular rate-determining steps, the
probability of two mobile adsorbates or surface metal oxide
sites combining/colliding to form the product scales nonlinearly
with the total number of sites, irrespective of the surface site
nuclearity, thereby, introducing the requirement for n > 1. Our
analysis further implies that kinetic analysis, free of the
assumption of pair sites arranged in a symmetric lattice, can
allow one to differentiate between surface reaction mechanisms
based on the surface site requirements. For example, the rate
dependence on [*], can be used to distinguish between
bimolecular reactions occurring via an E-R mechanism involving
reaction between a gas phase reactant and a surface adsorbate,
where r o [*],! vs a L-H mechanism, where r o [*] 2 if the rate-
determining step is a bimolecular surface reaction.
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