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ABSTRACT: Metal oxides have structurally complex surfaces on
which a variety of adsorption site types can occur, including cation
sites, anion sites, oxygen vacancy sites, and Brønsted acid sites.
These sites can catalyze the catalytic transformation of organic
molecules via diverse routes, thus enabling H abstraction, O
abstraction, C−C bond formation, and other reactions. This
Perspective provides an update on recent advances and future
directions for various organic reactions on metal oxide catalyst
surfaces, particularly for C−H activation of alkanes and for C−C bond formation with organic oxygenate reactants. We put emphasis
on the molecular scale details, on the active site structures required to enable the formation of kinetically relevant transition states,
energetic descriptors, as well as contemporary ideas to enable low activation energies. This progress has been enabled by specialized
experiments and the increased capabilities of modern electronic structure calculations.

■ INTRODUCTION

Reactions of organic molecules on metal oxide surfaces have
been well studied, though open questions remain.1−18 Recently,
there has been increased research on conversion of methane as
well as organic oxygenates over metal oxide surfaces. This
Perspective provides an update on recent advances in organic
reactions on metal oxide catalysts and future directions, with
emphasis on the active site structures required to enable the
formation of kinetically relevant transition states as well as
contemporary ideas to enable low activation energies. Some of
the ways that transition states can be altered during organic
transformations on metal that oxides are included are (a) by
electronic modulation of the adsorption site, (b) by introducing
oxygen vacancy sites, (c) by interactions of adsorbed
intermediates with neighboring species, and (d) by confinement
effects in pores. The site ensembles that are present on metal
oxides and similar materials (such as Lewis acids adjacent to
Lewis bases) can enable unique selectivities and activities, as well
as tunability through elemental substitution and other methods.
The catalytic reactions that will be covered are not all new but

are being increasingly understood or controlled at the atomistic
scale, with explicit electronic structure calculations of plausible
states playing a significant role in understanding the complexity
of local sites and geometries. In a rough sense, this Perspective
will move from the electronic structure scale toward the reaction
network scale, with case examples grouped by reaction type.

■ ELECTRONIC STRUCTURE CONSIDERATIONS AND
DESCRIPTORS

The first step in catalytic conversion of a molecule is adsorption
on the catalyst surface. Both adsorption energies and activation
energies are commonly calculated using electronic structure
calculations. The computational costs for calculating adsorption
and surface reaction energetics are high, largely due to the high
costs of calculating the electronic structure of the solid. For
reaction energetics (including adsorption energetics), descrip-
tor-based approaches can be employed to mitigate computa-
tional costs: in these approaches, more easily obtained values are
used to estimate the quantity of interest based on an empirical or
scientifically informed correlation. The quantity used is often a
change in electronic energy for a reaction, ΔErxn, which is the
same as the 0 K ΔHrxn°. For most reactions (including
adsorption and desorption), ΔErxn is the main component of
ΔHrxn° even at elevated temperatures under reaction conditions,
such that typically ΔEads,H ∼ ΔHads,H°. Thus, from a conceptual
point of view, an experimentalist can considerΔErxn to be similar
to ΔHrxn°. Various electronic-structure-based chemical descrip-
tors and linear relations have been shown to be successful for
reactions over metal oxides,12,19−23 including oxygen vacancy
formation energies (ΔEvac) and hydrogen adsorption energies
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(ΔEH,ads).ΔEvac refers to the energy of removing a lattice oxygen
(which is related to the energy required for refilling oxygen
vacancies (−ΔEvac =ΔErefill), andΔEH,ads refers to the energy for
creating a hydrogen atom on the surface by adsorption from the
gas phase (typically using H2 gas as a reference state).ΔEvac and
ΔEH,ads have been shown to be “universally correlated” to C−H
activation energy in alkanes and oxygenates over a wide variety
of metal oxides.24 Recent DFT calculations using a Brønsted−
Evans−Polanyi relationship for H abstraction for methane by a
surface oxygen suggest a late transition state (meaning a more
radical-like transition state).24 This finding of a late transition
state can be used to rationalize the C−H activation correlation
with ΔEH,ads: ΔECHd3,ads is nearly linearly related to the height of
the barrier by the BEP correlation, and ΔECHd3,ads is in turn
correlated to ΔEH,ads for electronic structure reasons.25,26

Descriptors and other linear relationships for reactions on
oxides have also been found for alcohol dehydration,13,27 ether
decomposition,13 and ether formation.27

In general, descriptors currently do not achieve as much
accuracy as would be necessary to be true substitutes for
electronic structure calculations (this issue is further discussed in
the section titled “Alkane CH Bond Breaking Reactions”). Bulk
electronic properties of oxides,11 bulk reducibility enthalpies,28

band gaps,29 and geometric descriptors30,31 have also been
shown to be useful descriptors for metal oxide catalyzed
reactions and are part of the progress toward multiterm
equations that can accurately predict energetics of surface
reactions on oxides, which will likely involve compressed sensing
methods.32,33 There is presently an opportunity to enrich such
efforts through more experimental measurements of surface
energetics such as those of surface oxygen vacancy creation. The
lack of experimental databases of accurate measurements
represents a significant gap to be filled for progress.34,35 Various
experiments could help to fill this gap, even with some being less
accurate. For example, oxide nanocrystals36 could be utilized in
gas−solid powder calorimetry experiments37−43 or liquid−solid
calorimetry experiments.44,45 Additionally, databases could also
include energies indirectly estimated from temperature-
programmed reaction46−49 experiments. Adsorption enthalpies,
oxygen vacancy formation energies, and activation energies can
depend on surface coverage/concentration. Accordingly, data-
bases should be created with the intent of accommodating
coverage dependent values.

■ METAL OXIDES AS LEWIS ACIDS/BASES AND
ATOM ABSTRACTORS

Atom abstraction typically occurs in a separate elementary
reaction step after adsorption of a gas phase reactant on the
surface. In the adsorption step, oxide surfaces can act as Lewis
acids/bases, which can modulate the electronic energetics to
enable atom abstraction. Metal oxides can act as Lewis acids�as
an example, when a carbonyl molecule adsorbs on the cation of a
metal oxide, there is electron donation to the cation, and this
interaction is important in the activation of carbonyl compounds
on metal oxides. Metal oxides can also act as a Lewis base�as an
example, when an alcohol adsorbs molecularly, the hydrogen
atom from the hydroxyl group often coordinates with a surface
anion.
A common practice in the literature is to discuss adsorbates on

polar surfaces as if they are anions and cations. The common
practice of referring to hydrogen atoms on oxygen anions as
“protons” or “radical-like” can cause misconceptions.50 We are

not aware of any cases where there is a significant extent of
radical character reported for hydrogen adsorbed on a metal
oxide surface (that is, with an unpaired spin localized on the
hydrogen). It is useful to imagine adsorbed hydrogen as being in
a state that exists on a spectrum: this spectrum ranges from
“proton-like” (has a partial positive charge, designated as H+) to
“atom-like” (approximately neutral but still sharing electrons,
designated as H0) to “hydride-like” (has a partial negative
charge, designated as H−). Present day electronic structure
codes can extract the extent of radical character of a surface
bound hydrogen atom using site projected spins (which can be
non-integer). The adsorbed species non-integer charges
commonly have absolute magnitudes ranging from +0.05 to
+1.00.30,51 It will be interesting if further systematic studies can
be conducted to investigate correlations with charges of surface
adsorbates (as well as surface lattice atoms) for specific reactions
across catalyst series.
For some oxides, termed reducible oxides, a fraction of the

lattice oxygen atoms may be removed through redox reaction
steps to create oxygen vacancies, which can then be refilled by
oxygen atoms in subsequent reaction steps to complete a
catalytic cycle. Such mechanistic steps enable the surface to
supply and/or abstract oxygen atoms during a reaction, as in
some of the reactions described further below. Mechanisms
including such steps are said to be Mars van Krevelen
mechanisms and are well studied. However, there is still a
need to comprehensively study why some oxygen vacancies are
effective for deoxygenation reactions, while other oxygen
vacancies are not effective for deoxygenation reactions.
Presumably, both electronegativity and geometric factors will
need to be considered for a comprehensive understanding.

■ ALKANE C−H BOND BREAKING REACTIONS
C−H activation in alkanes has societal importance, and it is
often desired to activate only one C−H bond per alkane
molecule (to create alcohols or coupling to larger alkanes).
However, it is chemically challenging to activate one C−H bond
per alkane molecule without activating further C−H bonds per
alkane molecule. The elementary step for C−H activation
follows one of two general mechanisms on metal oxides (Figure
1). In the first possibility, there is C−H abstraction by surface

oxygen to form two surface intermediates, an adsorbed
hydrogen species and an adsorbed CH3 species, where the
CH3

• desorbs subsequently and reacts in the gas phase. The
second possibility occurs when a metal cation inserts into a C−
H bond and forms a C−M bond, while the hydrogen is
(typically) transferred to a nearby oxygen. In either case, the
final adsorbed hydrogen ends up with a charge closer toH0 (with
electron density located at the hydrogen) or more like a H+

(with electron density depleted from the hydrogen). In addition

Figure 1. There are two mechanisms for C−H bond breaking on metal
oxides: (a) direct H abstraction; (b) metal atom insertion. The metal
atom insertion route brings the molecular center of the methane
molecule closer to the surface than the geometry of simple adsorption.
For both panels, the bond shown in red is the C−H bond that is being
broken.
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to the two general mechanisms, concerted or neighbor-
influenced variations are also possible (as has been seen for
the four-center transition state in methane C−H bond breaking
over PdO in Figure 13 of ref 52).
For the direct abstraction type of methane activation (Figure

1a), several studies have found CH activation to occur via a late
transition state (such that the transition state is typically more
like the dissociated state with CH3 and H species), and this is
reflected in BEP relationships.15,17,24 Reaction 4 can be thought
of as heterolytic C−H activation, though a highly uncoordinated
surface M atom could bind to both the C and H at the transition
state such that the activation process is more homolytic in
nature.
To activate C−H bonds via direct H abstraction at low

temperatures (<500 °C), a strongly oxidizing surface site is
required to abstract and adsorb the H atom. This type of site can
be made by “forcing” a surface metal atom into an unstable
higher oxidation state, such that the adjacent surface oxygens are
unstable. One strategy for achieving this is by substitutional
doping, which pushes the state of the oxygens neighboring the
doped cation to a different position along the descriptor line (see
Figure 2 for doping of CeO2).

53 For example, Pd−ceria systems
have exhibited the best performance at low temperature (<400
°C) methane catalytic combustion,54 and this system involves
relatively unstable Pd4+ cations.55 The same type of trend as
Figure 2 was seen for cation doping of Co3O4.

21

A more reducible oxide, with a less endothermic oxygen
vacancy formation energy, is more active for dissociating C−H
bonds. However, for mechanisms which involve removing
surface oxygens during an oxidation reaction, making a catalyst
that is even more active, or active at lower temperature, is
challenging in that a more reducible surface would be
unfavorable to reoxidize. Within Figure 2, there will be an
optimal position along the descriptor line that balances C−H
bond activation with catalyst reoxidation for any given set of
conditions. The relative O2 and CH4 pressures will impact the
position of the “volcano peak”; however, as chemical potential is
only logarithmically dependent on pressure, even a 100 bar
pressure difference alters the optimal material by only∼0.3 eV at
800 K (and even less at lower temperatures). The shaded region
of Figure 2 shows then the optimal range, and a practical catalyst
might feasibly be found within or near this region.
There is a need for greater accuracy when developing such

relations. DFT methods overestimate the O−O bond formation
energy in molecular oxygen by more than 0.5 eV,6 and values in
Figure 2 are not corrected for this error. DFT at the generalized
gradient approximation level suffers from unignorable electron
self-interaction errors, especially for lanthanides and actinides.
The data in Figure 2 include Hubbard U corrections on Ce f
states, but U values are empirical corrections where a single U
value will generally predict one property more correctly at the
expense of another property (such as adsorption energy versus
bandgap), and a single U value may not be accurate for two
different structures. The O vacancy formation energy for the
CeO2(111) surface varies by∼1.5 eV as theU correction for Ce f
states is varied from 3 to 7.56 Varying theU value onMn d-states
from 0 to 5 changes the O vacancy formation energy for the Mn-
doped CeO2(111) surface by ∼1 eV and alters whether Mn
takes on a formal +2 or +3 state in the reduced surface.57 These
DFT inaccuracies introduce significant and difficult to quantify
errors, and methods are needed to overcome these challenges.
Bayesian parameter estimation in chemical kinetic modeling and
design of experiments may help to improve upon the
uncertainties for DFT calculated quantities,58−60 but it requires
comparison to experiments. A promising way to achieve more
accurate electronic structure calculations that is currently under
active research and will likely make a big impact is machine-
learning corrections to energetics from electronic structure
calculations, though it will only be possible once accurate
training sets are available. Such corrections can include nuances
of chemical environments such as the positions of nearby atoms
and other factors.
The metal atom insertion mechanism (Figure 1b) presents

additional opportunities. This mechanism (like the direct H
abstraction mechanism) generally involves cations in less stable
“overoxidized” states to activate a C−H bond. The metal cation
(or single atom) must be sufficiently exposed (for steric access)
and coordinatively unsaturated (for electronic bonding).
Palladium oxide catalysts have been proposed to activate C−
H bonds through the insertion mechanism by undercoordinated
Pd atoms on PdO(101) facets.61,62 In the metal insertion
mechanism, as with the H-abstraction mechanism, facilitating
selectivity to any products other than CO and CO2 at lower
temperature remains a challenge.
For both types of mechanisms, when the activity is described

by a linear scaling relationship, there is an upper bound to the
activity possible due to “volcano” behavior with activity versus
the descriptor.63 Accordingly, there is desire to go “beyond”
known linear scaling relations, and this process is referred to as

Figure 2. On CeO2 and substitutionally doped CeO2, the direct H
abstraction route with dissociative adsorption of methane is operative.
For this system, the electronic energy of reaction for dissociative
adsorption of methane (ΔEads) serves as a measure of the ease of
methane activation, with a more negative ΔEads indicating easier
methane activation. Plotting this descriptor (ΔEads) versus the oxygen
vacancy formation energy (ΔEvac) is instructive to see how substitu-
tional doping to change ΔEvac affects methane activation for transition-
metal-doped CeO2(111) surfaces. Each data point indicates the
position for after doping that transition metal into the ceria, with the
cation doped into a cerium lattice position in the surface of a 2 × 2 cell.
ΔEads is the electronic portion of ΔHrxn° for dissociative methane
adsorption, such that ΔEads ∼ ΔHads,dissociative°. ΔEvac is the electronic
portion of ΔH° for oxygen vacancy formation and is the major
component of ΔHvac, such that ΔEvac ∼ ΔHvac°. The point for pure
CeO2(111) is labeled as a square. The energy to refill oxygen vacancies
(−ΔEvac = ΔErefill) from O2(g) at 0 K is greater than the methane
activation barrier to the left of the dashed line. Thus, to the left of the
dashed line, reoxidation would be the rate-determining step within a
methane oxidation catalytic cycle at any O2 pressure. Reprinted and
adapted with permission from ref 53. Copyright 2012 Elsevier.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Perspective

https://doi.org/10.1021/acs.jpcc.3c02470
J. Phys. Chem. C 2023, 127, 13451−13465

13453

https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02470?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02470?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02470?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02470?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c02470?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


“breaking” the linear scaling relations. When alkane oxidation
occurs via direct H abstraction, the scaling relationship between
C−H activation with ΔEvac and ΔEH leads to a volcano trend
where the activity is correlated with the redox ability of the
catalyst.15,17,24

Several strategies have been proposed recently which provide
plausible approaches to break C−H activation scaling relation-
ships. The most obvious approach to breaking scaling is to use
catalysts that shift the mechanism to an alternative scaling line
(such as from direct C−H abstraction to metal insertion).15,22,64
Another method is by controlling the active site environment to
favor or disfavor a particular transition state or intermediate via
confinement or cooperative interactions. The scaling between
methane C−H activation andΔEH was broken by dual effects in
a Fe-ZSM-5 catalyst (Figure 3a).65 The confinement of the
zeolite pore reduces the geometric flexibility of the methane and
destabilizes the transition state, while cooperative interactions
from nearby OH groups have an opposite effect and stabilize the
transition state. These opposing levers result in trends more
complex than a single linear relation.
Breaking scaling relations is also important for selective

production of partial oxidation products (such as methanol from
methane), as it requires the catalyst to be selective to the first C−
H bond and not to undergo further C−H bond breaking. This
goal is challenging as the C−H bond dissociation energy of
methane is higher than that of methanol. Similar challenges
plague other alkane conversion processes such as propane
dehydrogenation and methane oxidative coupling. A potential
viable strategy around this problem is that the second C−H
activation of methane can be inhibited on the surface in certain
cases due to steric or electrostatic influences (Figure 3b).66 This
could prevent surface bound intermediates from undergoing
runaway oxidation prior to desorbing and forming products such
as ethane from coupling in the gas phase. Single atom catalysts
have been found to prevent further C−H activation of alkanes in
a similar manner by providing only a single isolated site for facile
C−H activation.67 Deactivating or poisoning sites relating to
overoxidation have also yielded promising results, such as using
water to prevent formation of active oxygen species in a CeO2−
Cu2O catalyst.68 While the above cases can prevent over-
oxidation of adsorbed intermediates, they typically do not solve
the problem of further oxidation, which occurs via gas phase
product readsorption. The current strategies that seem viable for

preventing overoxidation from readsorption are enzymatic-like
sites or reactor engineering. From the reactor engineering
perspective, overoxidation can be mitigated by use of gas-phase
“collectors”, aqueous reaction environments, or diffusion limited
systems�which could potentially keep the primary product
away from the reaction site.

■ C−H BOND BREAKING IN ALCOHOLS AND
ALDEHYDES

H abstraction from organic oxygenates is well studied for metal
oxide catalysis.5,7 For an empty surface, organic oxygenates
typically adsorb with oxygen interacting with a surface cation,
and for alcohols and organic acids, the O−H bond typically
dissociates upon adsorption. There are typically two types of C−
H bonds: (1) those on non-oxygenated carbons that are only
bonded to other carbons and hydrogens (RCH3), which are
chemically similar to aliphatic C−H bonds, and (2) those that
are on oxygenated carbons and include bonds to oxygens within
the molecule (RCHxOy).
From a molecular orbital point of view, the C−H bond

breaking on the non-oxygenated carbons (of alcohols,
aldehydes, and organic acids) is chemically similar to C−H
bond breaking on alkanes.69 Indeed, a single relationship has
been found to describe both alkane dehydrogenation and
alcohol dehydration over γ-Al2O3, as the alcohol dehydration
requires breaking a beta carbon C−H bond, which behaves
sufficiently similar to breaking an alkane C−Hbond.49 There are
two principle routes for losing the beta hydrogen from an
alcohol: (a) the route where two H atoms and one O atom are
lost from the molecule (that is referred to as “dehydration”) to
create an alkene and (b) the route where two H atoms are lost
from the molecule (that is referred to as “dehydrogenation”) to
make an aldehyde. Alcohol dehydration and dehydrogenation
have been studied over many oxides,13,70,71 and trends
associated with the electronegativity of surface atoms and
other descriptors have been published.11,71−81 Over reducible
oxides, the route to “dehydrogenate” an alcohol to an aldehyde
can in fact make H2O as a coproduct (rather than molecular H2)
if a surface lattice O is removed during reaction, and such an
observance of H2O should not be confused with the above usage
of the word “dehydration”, which refers to the removal of an
oxygen from a reactant molecule. The situation is further
complicated because an aldehyde can be deoxygenated by some

Figure 3. Graphical demonstration of successful strategies to break scaling relationships for C−H activation. The energies represent electronic
energies. Red dashed ovals indicate regions where catalysts have been found that deviate from the scaling relations. (a) Breaking the scaling relation for
the first C−H activation (via confinement effects). (b) Breaking the scaling relation for the second C−H activation (via modulated surface
composition). In the left panel,ΔEH is the electronicΔHrxn° for hydrogen atom adsorption, andΔEH ∼ ΔHads,H°. Left panel adapted with permission
from ref 65. Copyright 2019 American Chemical Society. Right panel adapted with permission from ref 66. Copyright 2018 Royal Society of
Chemistry.
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catalysts, in which case there is a dehydrogenation followed by a
deoxygenation, which is stoichiometrically equivalent to a
dehydration and can be called a net dehydration reaction.
For C−H bond breaking on the oxygenated carbon (such as

the CH2 in CH3CH2OH), both direct C−H bond breaking (H
abstraction by a surface lattice oxygen) as well as disproportio-
nation (H abstraction by a neighboring adsorbate molecule’s
oxygen) were hypothesized to be plausible over metal oxide
surfaces, each believed to occur via alkoxy intermediates.
Experimental evidence supported the possibility of both routes,
but it has been generally assumed that both routes involved
modest activation barriers that could not be accessible until
>300 K. However, experiments over CeO2(111) have recently
been analyzed with electronic structure calculations and kinetic
Monte Carlo simulations to show that the <300 K formaldehyde
production was consistent with a below room temperature C−H
bond breaking with an elementary step involving a disproportio-
nation reaction (Figure 4), with the two intermediates adsorbed

on non-vacancy surface sites.20 While this low temperature
disproportionation route was found over cerium oxide, it seems
likely that this transition state exists over other oxides as well.
Another case where C−H bond breaking involving a

neighboring adsorbate has been found is a pseudo-disproportio-
nation mechanism for conversion of ethanol to acetaldehyde
over La

d0.7
Sr

d0.3
MnO

d3−x
(100).82 In this example, an oxygen atom

from the surface serves to shuttle the hydrogen between the
neighboring adsorbates (Figure 5). The two above examples
demonstrate that neighboring adsorbates can be important in
C−H bond breaking during conversion of alcohols.

■ CC COUPLING IN ALCOHOLS, ALDEHYDES,
KETONES, AND ORGANIC ACIDS

Today, C−C coupling is of particular interest when catalytically
converting organic oxygenates over metal oxides. Converting
biomass derived organic oxygenates into high energy density
fuels that are compatible with existing transportation infra-
structure involves removal of oxygen and also C−C
coupling.83,84 Alcohols almost never directly couple. Instead,
alcohols are generally oxidized to aldehydes or organic acids
which then undergo C−C coupling reactions.85,86 Accordingly,
in this section, we will focus on the carbonyl compounds,

recognizing that alcohols can be relatively easily oxidized to
aldehydes and to carboxylic acids.
Aldehydes and Ketones. With carbonyl compounds, the

most typical mechanism for catalyzed C−C coupling over oxides
is aldol condensation. Two carbonyls (or their enol tautomers)
interact, with one acting as a Lewis acid and the other molecule
acting as a nucleophile (see attached reference for more details
on the coupling step).87 Historically, the aldol addition paths
were described as either “acid catalyzed” or “base catalyzed”.
However, on oxide surfaces, the adsorption and reaction
typically occur with bifunctional site ensemble interactions.
Thus, aldol additions on surfaces typically involve both acid and
base sites, and a more general terminology is the nucleo-
phile∧electrophile nomenclature.87 In this nomenclature, the
types of the two coupling intermediates are specified: the type of
intermediate acting as the nucleophile appears first, and the type
of intermediate acting as the electrophile appears second, with a
“∧” in between. For example, Enol∧Kketo refers to a C−C
coupling where the nucleophile is an enol species and the
electrophile is a keto species.
When carbonyl compounds adsorb on metal oxides the

oxygen of the carbonyl interacts with a Lewis acid or Brønsted
acid site, and the withdrawal of electrons by the acid site (for
either type of acid site) moves the carbon within the C�O to a
greater carbocation character. This electronic change makes the
carbon more susceptible to nucleophilic attack. For most cases
of aldol addition over oxides, evidence based on isotopic labeling
and kinetic studies suggested that aldol addition occurred via an
enolate created by extraction of a hydrogen from the aldehyde,
followed by the Enolate∧Keto mechanism.87,88 A DFT
calculated transition state for this elementary step is shown in
the upper half of Figure 6 for CeO2(111). Typically, it is
assumed that the rate-limiting step is at or before C−C coupling,
and catalysts tend to be deactivated by carbonaceous deposits
created by further polymerization reactions.
However, it was speculated that it would be possible to have

aldol coupling with enolates bound in oxygen vacancies. Using a
series of designed temperature ramps and gas exposures,
researchers succeeded in creating a situation with both
aldehydes and enolates in vacancies on partially reduced
CeO2(111) and achieved crotonaldehyde production from
these species.87 The reaction occurs from intermediates on
adjacent surface oxygen vacancies with an X+−Enolate∧Keto
mechanism (Figure 6), based on DFT calculations and kinetic
simulations.87 An open question is whether this oxygen-vacancy-
based X+−Enolate∧Keto mechanism has the potential to enable
more selective coupling and avoid deactivation. If it can,

Figure 4. Left panel: A disproportionation reaction between
neighboring on-top methoxy adsorbates on CeO2(111), where there
is a hydrogen being abstracted from the methoxy on the right. The
methoxy on the left will become amethanol molecule after receiving the
hydrogen, while the methoxy on the right will become a formaldehyde
molecule. Atom colors: C - dark gray, adsorbateH - white, adsorbateO -
red, lattice Ce - light gray, surface lattice O - orange, surface adsorbed H
- yellow. Right Panel: Both the direct H abstraction route and this new
H abstraction by disproportionation follow BEP relationships, which
longer chain alcohols also follow. Adapted with permission from ref 20.
Copyright 2017 American Chemical Society.

Figure 5. Pseudo-disproportionation reaction between alkoxies on
neighboring vacancies over La0.7Sr0.3MnO3−x(100), assisted by a lattice
oxygen. The left panel shows the transition state for this new pathway,
with H abstraction from the alkoxy on the left and the hydrogen being
transferred to the alkoxy on the right. Left panel atom colors: H - white,
C - gray, Mn - purple, Sr - green, La - blue, oxide lattice O - red,
molecular adsorbate O - orange. Left panel adapted with permission
from ref 82. Copyright 2020 American Chemical Society.
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computational calculations and simulations are sufficiently
advanced that it should be possible to “screen” plausible systems
and conditions that may enable this mechanism to be dominant
during steady state reactions over catalysts.
Carboxylic Acids. Organic acids have more than one

possible mode of adsorption on oxides, and organic acid
coupling has more than one possible mechanism even within
particular modes of adsorption. The dominant mechanism can
shift with the presence of coadsorbates, surface coverage, and the
number of vacancies on the surface. These complications make
mechanistic studies challenging. Catalyzed reactions of organic
acids have been reviewed,90−92 though unresolved mechanistic
complications remain.
Ketones can be produced from carboxylic acids via three

pathways that are highly dependent on the catalyst type. Alpha
hydrogen abstraction is essential for ketonization chemistry,93,94

with CO2 release occurring later (during or after the coupling
step). Evidence has suggested that the rate-limiting step is
typically C−C coupling. Two classes of transition states for the
C−C coupling step are often proposed, both of which involve an
acetate enol (or its conjugate acid). The two classes of transition
are shown in Figure 7, where the left panel depicts an acetate
coupling with an acetate enol and the right panel shows an acyl
cation coupling with an acetate enol.95−99 The case in the left
panel may involve H2O production after coupling, while the case
in the right panel involves H2O production before coupling.
Various adsorbate configurations are possible when consid-

ering that there can bemolecular acetic acid versus dissociatively
adsorbed acetic acid and also various combinations of surface
oxygens, surface hydroxyls, oxygen vacancies, and cation
coordination (Figure 8). An acetate group can be mono-
dentate-coordinated, bidentate-coordinated, on a more or less
coordinated cation, or even on a surface hydroxyl and may have

the acetate’s oxygens residing in oxygen vacancies. Experiments
and calculations suggest that oxygen vacancies may play a
significant role on this chemistry.96,100 The situation is further
complicated by the possibility of hydrogen bonding with
neighboring adsorbates or surface hydroxyls. The binding
mode will vary both with acid coverage as well as reaction
environment.100 It is very challenging to discern from experi-
ments which class of transition state is involved and even more
challenging to discern what exact configuration is involved.
These scenarios present tens of possibilities, which also presents
a difficult challenge for electronic structure calculations.
A recent DFT study99 showed compelling evidence for a

transition state of the class of transition states on the left side of
Figure 7 for acetic acid coupling over anatase TiO2(110). The
calculations also showed that higher acid coverages stabilized
the initial adsorbate state while also lowering the barrier for
coupling. The authors conclude that the H-bonding interactions
are important. This mechanism was consistent with kinetic
isotope studies and DFT calculations over unreduced TiO2 and
ZrO2 catalysts.100 Thus, far, no study has provided a
comprehensive elementary step explanation that reproduces
both the effects of coverage dependence and the effects of
varying degrees of surface reduction.
The age-old geometric vs electronic arguments tend to persist

with this chemistry, and our abilities to identify the true
underlying nature of the proposed chemistry are rapidly
advancing with improved characterization and theory. As
machine learning augmented electronic structure calculations
increase in accuracy101 and advances are made in ab initio

Figure 6. Aldol addition of aldehydes over CeO2(111). Upper panel:
transition state of aldol addition through an Enolate∧Keto mechanism
over a nonreduced surface of CeO2(111), where the aldehyde and
enolate are each adsorbed at surface lattice Ce sites. The dashed purple
designates bond formation. Lower panel: transition state of aldol
addition through an X+−Enolate∧Keto mechanism over a reduced
surface of CeO2(111), where an aldehyde and enolate each adsorbed at
surface oxygen vacancy sites. The dashed purple designates bond
formation. Atom colors: C - black, H - white, adsorbate O - red, lattice
Ce - green, surface lattice O - light brown, subsurface lattice O - dark
brown. Upper left panel adapted with permission from ref 89.
Copyright 2021 American Chemical Society. Lower left panel adapted
with permission from ref 87. Copyright 2019 American Chemical
Society.

Figure 7.Two distinct classes for C−C coupling transition states during
the coupling reactions of carboxylic acid derived species: (a) an acetate
type electrophile coupling with an acetate−enolate nucleophile; (b) an
acyl type electrophile coupling with an acetate−enolate nucleophile.
Some of the other type of local adsorbate configurations are shown in
Figure 8 for acetate and acetate−enolate intermediates.

Figure 8. (a) Example local configurations for acetates (typically the
electrophile). (b) Example local configurations for an acetate−enolate
(typically the nucleophile). When considering the possibilities of
molecular adsorption, dissociative adsorption, oxygen vacancies,
neighboring hydroxyls, and different surface sites, there are tens of
possibilities for the bimolecular coupling elementary step. The set of
possibilities shown is not comprehensive. For example, the case of two
oxygen vacancies is not shown, and the case of being bound to only a
hydroxyl is not shown. The full number of possibilities will also include
acyl species, methylene species, and aldehydes.
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molecular dynamics,102 these simulation methods as well as
kinetic Monte Carlo103 methods will enable a more full
understanding of what occurs on any given surface under a
given set of conditions. Conclusions about the dominant
reactive adsorbate species must be carefully interpreted to be
condition dependent. To better understand these effects,
experimental evidence contrasting the role of coadsorbed
species, in particular surface OH groups and water, should be
explored further at varying acid coverage.

■ OXYGENATE REACTIONS OVER CONFINED ACID
SITES

Dehydration of Alcohols over Confined Acid Sites.
Alcohols can be dehydrated to form alkenes over Brønsted sites.
This reaction has been relatively well studied by electronic
structure calculations and experiments, such that themechanism
is well understood at the elementary step level (Figure 9).104,105

A complex is formed in which the acidic Brønsted hydrogen is
either coordinated with the alcohol or the Brønsted hydrogen is
transferred completely to the alcohol, with the newly formed
species (referred to as a “protonated alcohol” in the literature)
remaining coordinated to the newly formed basic site.106 The
energy difference between these two cases of interaction
(Brønsted hydrogen transferred versus not transferred) is
small (<10 kJ/mol),106 and experimental researchers typically
do not know which of the two cases are occurring: indeed, the
two states may be in equilibrium. Accordingly, we will use the
term “Brønsted-coordinated” to encompass both types of states,
rather than distinguishing between the two states. Density
functional theory (DFT) calculations on Brønsted-coordinated
butanol in H-MFI showed that van der Waals interactions with
the zeolite were the dominant source of adsorption enthalpy,
which explains the relatively small energy difference between
these two extremes.106

The interaction enthalpy includes contributions from multi-
ple terms: hydrogen bonding, Coulombic interaction(s), and
dispersive (van der Waals) interactions. A quantitative under-
standing of some of these factors can be gained by considering a
Born−Haber thermochemical cycle including alcohol adsorp-
tion and the abstraction of hydrogen from the acid site. This
method enables separation of the local environmental
contribution (ΔHinteraction) from the total enthalpy of adsorption
(ΔHads). Using a Born−Haber thermochemical cycle with
values derived from DFT calculations of the adsorption of
butanol isomers on H-ZSM-5, it was shown that both steric
interactions and van der Waals interactions influenced the
enthalpy of adsorption.106

A similar approach was used to study the adsorption of a
broader range of alcohols on zeolites using DFT, with inclusion
of van derWaals corrections.104,107 For H-ZSM-5, the initial and
final states as well as the transition state for the dehydration of
small alcohols are surprisingly well described by a linear
correlation between the total DFT energy and van der Waals
energy as shown in Figure 10a.104 Further, because it is possible

to empirically predict the van der Waals energy by algebraic
empirical correlations, the various state energies, including the
transition state energies, can also be well predicted by an
algebraic model, as shown in Figure 10b. These correlations
mean that some portions of chemical kinetic modeling can be
performed without explicit electronic structure calculations.
Thus far, this powerful approach has not been generalized, but it
would have significant ramifications if successfully generalized.
C−C Bond Formation with Aldehyde Reactants/

Intermediates over Confined Acid Sites. For aldehydes,
there are two major classes of Brønsted acid site catalyzed C−C
coupling reactions that can be utilized to build larger molecules:
(i) aldehyde−aldehyde coupling in aldol condensation and (ii)
aldehyde−alkene coupling in Prins condensation. Both
reactions can occur in zeolites by an aldehyde adsorbed on a
Brønsted acid site and can be modulated by confinement effects.
Confined environments are particularly important for coupling
reactions, since the size of the C−C bond formation transition
state is approximately twice of that of the reactant state.
DFT calculations show evidence of partial proton transfer (or

“sharing”) of the proton from the zeolitic Brønsted hydrogen
and adsorbed aldehyde acceptor.108 The ability for the aldehyde
to “take” (or partially take) the Brønsted hydrogen facilitates the
coupling reactions by creating an aldehyde with stronger
carbocation character. The proton affinity of aldehydes (defined
as the negative of the enthalpy change of the aldehyde reaction
with a free proton in the gas phase) gives insight into their total
heat of adsorption on Brønsted acid sites (since Brønsted acid
sites are chemically similar to protons). Aliphatic aldehydes
(CnH2nO) exhibit similar gas phase proton affinities to those of
aliphatic alcohols (CnH2n+1OH) as a function of carbon chain

Figure 9. Initial state (IS), transition state (TS), and final state (FS) for
dehydration of ethanol byH-ZSM-5. The newly formed water molecule
is not shown in the final state panel. Bond lengths are given in pm. Atom
colors: C - brown, H - white, O - red, Si - orange, Al - blue. Figure
adapted with permission from ref 104. Copyright 2018 American
Chemical Society.

Figure 10. (a) Correlation between total energies calculated by PBE-
D3 density functional theory (vertical axis) vs the D3 van der Waals
contribution (horizontal axis) for relevant states. (b) Parity plot when
predicting relevant state energies using an empirical algebraic model to
approximate the van der Waals contribution and the explicitly
calculated PBE-D3 energies. The following three series of energies
are plotted: (i) energies of the initial states (blue), (ii) final states
(black), and (iii) transition states (red). Filled circles represent cases
with primary alcohols as reactants, while open symbols represent cases
with other alcohols that include the steric and electronic effects from
additional functional groups. Images adapted from ref 104. Copyright
2018 American Chemical Society.
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length; that is, aldehydes and alcohols have very similar Brønsted
base strengths at their oxygen atoms.109,110 The trend of proton
affinities with chain length is also the same for aldehydes and
alcohols, with rather small quantitative differences between the
two types of molecules. As the alcohols and aldehydes have
similar proton affinities, and the alcohols and aldehydes are also
of similar size, the same type of pore interactions may occur for
Brønsted-coordinated aldehydes, as those which have been
shown to occur for Brønsted-coordinated alcohols. These
insights suggest that we can expect some similar effects from
Brønsted zeolite catalyzed reactions of aldehydes (relative to
those of alcohols), despite the different functional groups. We
are not aware of any studies making such comparisons, and it is
an opportunity to build scaling relations spanning these two
functional groups (with a correlation between the enthalpy of
adsorption and the enthalpy of H addition to the oxygen as a
possible starting point).
When coupling reactions occur for aldehydes with more than

two carbons, the effects of pores on pathway selectivity become
even more important. For conversions of butanal at atmospheric
pressure and moderate temperatures (473−673 K), carbon−
carbon bond formation and the elimination of an oxygen
heteroatom occur via three parallel catalytic cycles, each of
which creates different types of carbon−carbon bonds and leads
to different products. The three cycles are (1) intermolecular
C�C bond formation between two aldehydes in an aldol-
condensation reaction (C2nH4n−2O) (Cycle 1), (2) intra-
molecular C�C bond formation that converts an aldehyde
directly to an alkene (CnH2n) by accepting hydrogen from
hydrogen donors (Cycle 2), which can then be followed by Prins
condensation between an aldehyde and an alkene,111 and (3)
isomerization−dehydration (Cycle 3a), which involves self-
isomerization to an allylic alcohol intermediate before its rapid
dehydration to produce an n-diene (CnH2n−2). Cycle 1 includes
aldol condensation, whereas Cycles 2 and 3 contain steps that
produce alkenes and dienes, respectively, which are reactants for
Prins or modified Prins condensation reactions.112

The observed rates of the aldol addition step are largely
dictated by the rate constant of C−C bond formation and the
pre-equilibrium position of the keto−enol tautomerization, and
the selectivity has been studied as a function of confinement.113

On unconfined Brønsted sites, the trend for the alkanal
condensation pathway follows the predicted trend from gas
phase chemistries, with the effective rate constants for
intermolecular C�C bond formation catalyzed by unconfined
protons increasing with aldehyde chain length, with the opposite
trend shown for inside the pores of H-ZSM-5 zeolites (Figure
11a). The adsorbed, Brønsted-coordinated aldehydes could also
undergo a parallel, intramolecular C�C bond formation (Cycle
2) that produces alkenes.114 Cycle 2 has also been shown to be
effected by local confinement around the Brønsted acid sites
(Figure 11b).111,115 The kinetic coupling of the several
described catalytic cycles can be modulated by pore effects:
several studies have reported the selectivity modulation as a
function of pore size.113,116,117 Specifically, it has been seen that
catalysis with confinement (smaller pores) favors Cycles 2 and 3,
whereas, without confinement (no pores), Cycle 1 and its
secondary reaction Cycle 4 become dominant.
Once alkenes are formed, adsorbed aldehydes on solid

Brønsted acid sites can also undergo C−C bond formation with
alkenes, via the Prins condensation reaction, forming dienes.
The Prins condensation reaction is similar to aldol condensa-
tion, in that it involves a nucleophilic attack on the activated

carbonyl carbon atom and is catalyzed by Brønsted acid sites,
and the initial C−C bond formation is kinetically relevant. The
confinement effects can be understood by interpreting the
effective rate constant, kprinsKal−1, within the context of transition
state theory, in terms of the activation free energies between the
kinetically relevant transition state and the precursor state. The
excess activation free energy, defined by the difference in the
activation free energies for the reaction, occurred between the
confined and unconfined environments,ΔΔGconfine

TS‑al (ΔΔGconfine
TS‑al

= ΔGconfine
TS‑al − ΔGunconfine

TS‑al , where subscripts “confine” and
“unconfine” denote the local environment of the acid site at
which the reaction occurred), is used as a proxy to quantitatively
examine the various effects of confinement. The extent of local
confinement was investigated over several microporous and
mesoporous structures.108 As shown in Figure 12, the ensemble-

averagedΔΔGconfine
TS‑al value of a catalyst, Gconfine

TS al , computed

by averaging over all distinct O atoms at each Al T-site and then
over all T-site locations, mediates its rate constant kprinsKal−1.
While the trend in Figure 12 appears monotonic, it actually
arises from the balancing of multiple factors, some of which are
competing effects.108

The overall catalytic consequence of confinement has
multiple “knobs” to tune such as the stabilization by dispersive
interactions, host−guest structural distortions, and entropy
losses as a result of confinement. The shape of the voids also
affects the free energies; for example, in Figure 12, the cage-like
intersections in MFI stabilize the activation free energy more
effectively than the cylindrical channels of BEA, despite their
similar size.
Conversion of Carboxylic Acids over Confined Acid

Sites. Carboxylic acids can undergo self C−C coupling
ketonization (Figure 13) as well as alcohol C−O coupling
(esterification) on strong Brønsted acid sites in zeolites, with
confinement also playing a role. On aluminosilicates, more so
than other oxide catalysts, the strong Bronsted acids tend to
promote dehydration to create surface acyl species (the left
species in Figure 7b). These acyl species can couple with
adsorbed carboxylic acids to form ketones. Acyl species can also
be formed from esters that can serve as intermediates for
creation of larger molecules. The role of Brønsted acid sites on
organic acid C−C coupling chemistry, including the involve-
ment of acyl intermediates, has been reviewed recently.91,118

When aromatic rings are present on intermediates, Friedel−
Crafts acylation is another pathway that can occur.120 Pore

Figure 11. (a) Effective rate constant (first-order) for intermolecular
C�C bond formation (Cycle 1) and (b) effective rate constant (zero-
order) for intramolecular C�C bond formation (Cycle 2) of aliphatic
aldehydes with different carbon number n (CnH2nO, n = 3−5) on
H4SiW12O40 vs H-ZSM-5 catalysts (Si/Al = 11.5) at 473 K (alkanal
pressure = 1.1 kPa, TOS = 125 min, space velocity 7.5 × 10−3 s−1 on
H4SiW12O40, 1.1 × 10−3 s−1 on H-ZSM-5).113,114,117
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confinement effects and solvents can stabilize Friedel−Crafts
transition states, and influence the rate and selectivity toward
C−C coupling reactions.121 With bulky transition states, small
porezeolites can improve intrinsic acylation rates while
simultaneously impeding diffusion of intermediates.122 The
use of Brønsted acid zeolites to catalyze dehydration of
carboxylic acids is an important direction of advancement over
the common and less sustainable use of acyl halides t to facilitate
this chemistry. Different proposals regarding the rate-determin-
ing step have been presented.119,121,123

A recent study revealed that the nature of the acyl acceptor
can significantly modify the charge distribution at the transition
state and modify rates of C−C coupling.121 Acyl acceptor

molecules, such as cresol or methylfuran, thus facilitate low C−
C coupling barriers. This generally shifts the rate-determining
step away from C−C coupling to other steps such as the initial
dehydration to form the surface acyl species122 (or anhy-
dride121), or to the decomposition of lattice-hydrogen-
coordinated products.124

A challenge exists in separating rates of diffusion from intrinsic
activity, particularly if they have similar magnitudes for rates.125

For example, MFI zeolites exhibit higher acylation rates than
beta zeolites for gas phase reactants, but this was only revealed
upon diminishing site density to a very low level such that
diffusion does not influence rates. Rates of diffusion of the bulky
ester are higher in beta than MFI zeolites, while intrinsic rates of
C−C bond formation are higher within the more confined voids
of MFI zeolites.122

While we have learned much over the past several years about
the nature of kinetically relevant transition states associated with
acid dehydration and subsequent coupling, the role of confining
environment surrounding these transition states as well as the
role of acid site proximity are still under investigation.
Presently,104 there are conflicting conclusions about the trends
when the rate is normalized to the number of lattice hydrogens
in various zeolites. It is not entirely known how the confining
environment surrounding active sites plays an important role in
stabilizing relevant transition states. Density functional theory
calculations and careful experimental studies are needed to
understand these phenomena.

■ SUMMARY AND OUTLOOK
In writing this Perspective, several general themes emerged:
(1) Selective catalytic conversions of organic molecules can

benefit from ensembles of sites (consisting of two or more
sites). Metal oxides present one route for creating
ensembles of sites. For organic oxygenates, such site
ensembles have been found to enable accessing transition
states that were not otherwise accessed at relevant
temperatures.

(2) Within a particular type of site ensemble, subtle chemical
changes can have large changes in selectivity and activity.
Oxides enable new transition states to be accessed and
improved upon from a combination of geometric factors
(distances between neighboring molecules) and elec-
tronic factors (substitution of anions and cations). The
phase space is further broadened by the inclusion of the
possibility of oxygen vacancies. It is not always only the
solid that is important in abstraction reactions but also the
neighboring molecules and intermediates.

(3) Confined environments can be important due to
dispersive interactions (which are enthalpic contribu-
tions) and also steric constraints (entropic and in some
cases also enthalpic) becoming dominant factors in
reaction pathway selectivity. These effects are now
being increasingly understood, becoming increasingly
routine for computational studies, and correlations are
being accumulated that hold within specific series of
reactants and solids.

These three avenues for transition state tuning are, in
principle, complementary, such that it is possible to use more
than one or even all at one time. It is likely that there are some
systems where more than one effect is present without being
presently appreciated. For example, it took some years to fully
understand the complex and dynamic reaction mechanism in

Figure 12. Correlation between the measured Prins condensation rate
constant (kPrinsKal−1, 473 K, 1 bar) versus the change in the Gibbs free
energy difference between the kinetically relevant transition state and

the precursor state, Gconfine
TS al , of Prins reactions in various

aluminosilicate frameworks. Inset: transition state structure of the
Prins condensation reaction between a butanal and an isobutene. The
energies were derived from ensemble-averaging over all T-site locations
(●) of MFI, TON, BEA, FAU, and Al-MCM-41 and all T-site locations
of the MFI intersections (○). The dashed line is provided as a visual
guide. Adapted from ref 108. Copyright 2017 Elsevier.

Figure 13. Schematic depicting self-coupling reactions of acetic acid
over Brønsted zeolites. Reprinted with permission from ref 119.
Copyright 2016 Elsevier.
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DeNOx over copper sites in zeolites.126,127 Even today, our
community is finding new reactions and new details on old
reactions for systems that have been studied for decades.
Elucidating and designing complex “active sites” requires some
combination of (a) careful experimental protocols, (b) chemical
kinetic modeling, and (c) electronic structure calculations. In
general, finding out the active structure of metal oxide surfaces
(particularly under catalytically active conditions) is nontrivial
and presents a major challenge when trying to accurately model
adsorbed species and reaction pathways. We are at an early stage
in understanding the inherent complexities that arise in dynamic
as well as solvated environments, and those complications will
provide an additional frontier for research for likely at least
another 10 years.
The importance of electronic structure calculations cannot be

overstated: In previous decades, the elementary step hypotheses
were built upon chemical intuition and experience. Today,
electronic structure searches for individual transition states are
routine and were essential for conclusions in each section of this
Perspective. Today, elementary step hypotheses are increasingly
accompanied by single state electronic structure calculations to
further strengthen arguments. As computational power and
methods continue to evolve, we anticipate the further step of
electronic structure molecular dynamics simulations also
becomingmore common. Suchmolecular dynamics calculations
will provide evidence beyond whether a transition state is
feasible and provide stronger evidence for which elementary step
pathways and configurations are dominant. Spatial kinetic
Monte Carlo methods will likely also play an advancing role in
the next 10 years, though they are likely to be less widely utilized
than electronic structure molecular dynamics.
We believe understanding the complex chemistry and sites

will lead to the following key considerations for future progress:
(1) Specialized experiments, especially kinetic and spectro-
scopic experiments, may need to be consciously designed for
mechanistic understanding. (2) Electronic structure calculations
(presently represented by density functional theory) will play an
increasingly integral role in elucidating such complex mecha-
nistic elementary steps, in part because potential pathways can
be nonintuitive or even nondiscriminable unless quantitative
comparisons are made to theoretical predictions. (3) It will
become increasingly important to build databases of information
known about such complex elementary steps over solid
catalysts�because both humans and machine learning will
need plausible predictions for how these elementary steps may
manifest over other solids, and in other environments, and such
predictions will not be possible in a general manner unless vast
and sophisticated databases are built.
Our hypotheses about elementary steps for organic reactions

on surfaces are rapidly being supplanted by knowledge of the
feasible and operative elementary steps for organic reactions on
surfaces. We anticipate this trend to continue.
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