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ABSTRACT: Hydrocarbon hydrogenation reactions are prevalent
routes to essential chemical intermediates. Lewis acid−base (LAB)
site pairs on earth-abundant m-ZrO2 are competent active sites for the
hydrogenation of ethene, propene, cyclopentene, and styrene. Chemical
treatments with dimethyl ether remove strongly bound titrants (H2O,
CO2) from LAB sites and uncover the most competent low-
coordination Zr−O pairs at much lower temperatures than treatments
that induce thermal desorption, leading to 30−100-fold enhancements
of hydrogenation rates. These treatments render earth-abundant m-
ZrO2 catalysts higher in reactivity than most dispersed metal catalysts
typically used in practice on both gravimetric and site bases. Kinetic
trends reflect the stoichiometry of each hydrogenation reaction, as is
also the case for their reverse directions (dehydrogenation), consistent
with sites that remain essentially bare during catalysis. DFT-derived energies and free energies indicate that hydrogenation involves
heterolytic channels and anionic organic intermediates that react with bound Hδ+ species in the rate-limiting step. Such inferences
lead to DFT-derived barriers that are negative and in agreement with measured values for acyclic alkenes (e.g., −58 vs −48 ± 2 kJ
mol−1 for C3H6). Reaction coordinates determined by DFT also show that the interconversion between n-C3H7

−/H+ and C3H8 (or
C2H4 analogs) remains the only kinetically relevant step at a wide range of conditions and in both reaction directions (hydrogenation
and dehydrogenation). Hydrogenation and dehydrogenation activation barriers differ by the overall reaction enthalpies for all
reactants. Consequently, De Donder formalisms can be applied to accurately predict dehydrogenation rate constants for alkanes,
cycloalkanes, and arene side chains from hydrogenation rates and thermodynamic data for each reaction.
KEYWORDS: hydrogenation, earth-abundant catalyst, Lewis acid−base pairs, ZrO2, reaction mechanism, site titration,
DFT (density functional theory), De Donder

1. INTRODUCTION
Catalytic hydrogenations of unsaturated hydrocarbons provide
routes for the manufacture of organic energy carriers and
chemical intermediates, as well as strategies for stabilizing and
upgrading polyunsaturated foodstuffs, pharmaceuticals, agro-
chemicals, and polymers.1 These reactions are typically
mediated by dispersed Pt, Pd, Rh, and Ni nanoparticles,
which enable practical rates and selectivities but also require
scarce elements that exhibit strong sensitivity to organosulfur
and organonitrogen feed impurities.2 The scarcity and cost of
these elements and their sensitivity to poisons have motivated
a persistent search for less costly and more sustainable
alternatives.3

The pursuit of solids based on earth-abundant elements led
to this study of ZrO2-based materials with surface Lewis acid−
base (LAB) Zr−O site pairs as catalysts for these reactions.
The most competent Zr−O pairs are typically covered by

strongly bound H2O and CO2 during synthesis and subsequent
exposure to ambient air,4−6 but chemical treatments that react
with such titrants without stranding organic residues are able
to uncover uniquely active LAB pairs without thermal
treatments at temperatures that sinter and anneal oxide
crystallites. Such effects of thermal treatments are evident for
butadiene hydrogenation reactions using ZrO2 catalysts, for
which higher thermal treatments first led to an increase in
hydrogenation rates with increasing treatment temperature,
but ultimately to much lower rates after treatments above 873
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K, a likely consequence of a significant loss of surface area.7,8

Dimethyl ether (DME) was shown to be especially effective as
a chemical treatment agent in uncovering such sites at mild
conditions that prevent catalyst degradation.4−6

This study reports the high turnover rates for hydrogenation
of alkenes, cycloalkenes, and unsaturated pendant chains in
arenes on LAB pairs exposed at monoclinic zirconia (m-ZrO2)
surfaces by chemical treatments.7,9−14 DME treatments at 723
K led to 30- to 100-fold increases in C�C bond hydro-
genation rates compared with the rates observed on samples
treated in He at the same temperature as a desorptive
treatment. Such rates can be preserved during catalysis only by
the strict removal of H2O and CO2 titrants (or any of their
precursors; e.g., O2) from inlet streams because such molecules
reverse the effects of chemical treatments during hydro-
genation reactions. The resulting gravimetric C3H6 hydro-
genation rates on DME-treated m-ZrO2 are comparable to
those reported on dispersed noble metal nanoparticles. These
remarkably active LAB site pairs represent a small fraction of
all Zr−O site pairs exposed at m-ZrO2 surfaces, as shown by
site counts derived from their purposeful titration with H2O
pulses during catalysis. Such sites expose low-coordination Zr
and O centers, which enable strong concerted interactions of
the C and H atoms with the Zr and O atoms at LAB pairs,
respectively, stabilizing the kinetically relevant C−H formation
transition state (TS) for these reactions.

The stability conferred by strictly anhydrous and anaerobic
conditions and the uncovering of low-coordination sites by
chemical treatments allows precise measurements of kinetic
trends and their unequivocal mechanistic interpretation in
terms of the H−H activation and H-addition elementary steps
that mediate hydrogenation turnovers. These steps include
heterolytic H−H cleavage at LAB site pairs with anionic and
cationic H species bound at the Zr and O atoms, respectively.
The anionic H species react with a bound alkene, cycloalkene,
or unsaturated arene side chain to form bound anionic alkyls,
to which cationic H species eventually add to form the
hydrogenated products in the sole kinetically relevant step for
C2H4, C3H6, cyclopentene, and styrene hydrogenation. DFT-
derived energies of bound intermediates and transition states
confirmed the mechanistic interpretation of these kinetic
trends in terms of these elementary steps and their respective
reversibility and kinetic relevance.

The rates of the reverse dehydrogenation reactions (of
C2H6, C3H8, cyclopentane, and ethylbenzene) are enhanced to
a similar extent as for their hydrogenation counterparts by the
uncovering of the same Zr−O pairs through chemical
treatments. Both hydrogenation and the reverse dehydrogen-
ation reactions occur on sites that remain essentially bare
during catalysis. They proceed via the exact microscopic
reverse elementary steps that mediate hydrogenation turnovers
on the same LAB site pairs; the reactions share in the two
directions the same kinetically relevant C−H formation/
cleavage event that interconverts anionic alkyls and saturated
hydrocarbon. The rates of each reaction depend on the
stoichiometry of the kinetically relevant TS and obey the law of
mass action in both directions, as expected from catalysis on
sites that remain largely unoccupied during catalysis. Such
kinetic trends allow the use of De Donder relations at the
kinetically relevant elementary step, even far from the
equilibrium conditions required for the rigorous enforcement
of microscopic reversibility principles. Measured activation
energies for hydrogenation and dehydrogenation differ by the

enthalpy of each gas-phase interconversion reaction and act as
compelling evidence for the conceptual and mechanistic links
between hydrogenation and dehydrogenation catalytic sequen-
ces and for the rigorous thermodynamic origins of the ratio of
their respective rate constants. These thermodynamic relations
enable accurate predictions of rates in one direction from those
measured in the reverse direction. The conclusions and
guidance from these mechanistic and thermodynamic treat-
ments are expected to broadly influence the design and use of
heterolytic cleavage channels for the activation of X−H bonds
(X = H, C, O) at low-coordination LAB pairs at oxides of
diverse compositions.

2. METHODS
2.1. Catalyst Synthesis Procedures. m-ZrO2 samples

were prepared by first mixing separate solutions of ZrO-
(NO3)2·xH2O (Sigma-Aldrich, 99%, 12.7 g) and CO(NH2)2
(urea; Sigma-Aldrich, 99.5%; 21.6 g) each in 30 cm3 H2O
(18.2 ΜΩ-cm) at 323 K.15 The combined mixture of solutions
was sealed within Teflon-lined autoclaves and held at 393 K for
20 h before cooling to ambient temperature and then isolating
the solids by centrifugation. The solids were rinsed three times
using 50 cm3 H2O with intervening centrifugation and then
treated in ambient air at 393 K for 12 h to give ZrO2‑x(OH)2x·
yH2O precursors. These were subsequently heated in flowing
dry air (ultra Zero, Praxair, 1.6 cm3 g−1 s−1) to temperatures
between 570 and 1108 K (at 0.17 K s−1); and held for 5 h. The
surface area of these powders was determined (after treatment
in dynamic vacuum at 473 K for 4 h) by N2 uptakes at its
normal boiling point (Micromeritics 3Flex analyzer) using the
Brunauer-Emmett-Teller formalism (air treatment temperature
and surface area; 573 K: 190 m2 g−1; 723 K: 130 m2 g−1; 853
K: 106 m2 g−1; 1023 K: 58 m2 g−1; 1108 K: 33 m2 g−1). ZrO2
crystal sizes were determined from surface areas and confirmed
by line breadth analysis of X-ray diffractograms (Rigaku
Miniflex, Cu−Kα radiation, 20−80° with a step scan of 0.01°
s−1) using the Scherrer equation;4 diffractograms also showed
that m-ZrO2 was the predominant crystal phase in these
materials.

2.2. Chemical Treatment Procedures and Alkane
Dehydrogenation Rate Measurements. m-ZrO2 powders
(sieved to 180−250 μm aggregates) were mixed with inert
quartz diluent (Sigma-Aldrich, previously washed with 1 M
HNO3; from stock Nitric Acid, ACS Plus; A200C-212, Lot
233861 and treated in flowing dry air at 1073 K for 8 h; 180−
250 μm) to mass ratios of 1:50 (typically 0.02−0.1 g ZrO2).
The ZrO2-quartz mixtures were held by quartz wool within a
U-shaped quartz tubular reactor (internal diameter: 1 cm) or
straight reactor (inner diameter: 7 mm). The reactor was
heated resistively (3210, Applied Test Systems); the temper-
ature was controlled electronically (Watlow 96) and measured
by a K-type thermocouple in contact with the outer reactor
wall at the catalyst bed axial midpoint. The samples were
treated in flowing He (Praxair, 99.999%; 40−100 cm3 g−1 s−1)
by heating to 723 K (at 0.33 K s−1) and holding for 1 h before
DME or He treatments and reaction rate measurements.
Bound titrants were removed by contact with dimethyl ether
(DME; 1.5 kPa; Praxair, 5.0% DME, 5.1% Ar in He; 40 cm3

g−1 s−1) for 0.25 h at 723 K and subsequent exposure to
flowing He (40 cm3 g−1 s−1) for 0.42 h. O2 treatments (Praxair,
99.99%, 5% O2 in He; 40 cm3 g−1 s−1 for 0.5 h at 723 K) were
optionally used to remove any carbonaceous deposits that may
have formed after extended use.
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Rates and selectivities were measured by flowing mixtures of
He and H2 (Praxair, 99.999%) with C2H6 (Praxair, 50% in Ar,
99.999%), C2H4 (Praxair, 91% in Ar), C3H8 (Praxair, 20−50%
in Ar, 99.999%), or C3H6 (49.9% in He, 99.999%) through the
catalyst bed. Impurities were removed from reactants or
reactant mixtures by passage through a H2O/O2 scrubber
(Agilent 5182−9401, 5 ppb). Liquid hydrocarbons consisted
of ethylbenzene (Sigma-Aldrich, 99.5+%), cyclopentane
(Thermo Scientific Chemicals, HPLC grade), cyclopentene
(Alfa Aesar, ≥98%), and styrene (Sigma-Aldrich, 99.5+%,
stabilized with 4-tert-butylcatechol). Liquids were deaerated by
He flow for 0.5 h at 293 K and ethylbenzene and cyclopentane
were additionally purified by refluxing over freshly calcined
molecular sieves (CBV720; treated at 773 K in zero-air for 12
h). Cyclopentane and ethylbenzene liquids were then
contacted with molecular sieves (4A; freshly treated at 723
K in zero-air for 12 h) before placing them within a stainless-
steel vessel connected to the reactor influent stream through a
fine metering valve. These reactants were introduced by
heating the vessel and the contained liquid to a temperature
5−10 K above their respective boiling points and adjusting the
connecting needle valve to deliver the intended partial
pressures, which were confirmed chromatographically. Alter-
natively, styrene and cyclopentene were introduced via a
syringe pump. Gaseous alkenes and all reactants introduced by
vaporization were combined with the H2/He stream after the
scrubber, a requirement imposed by their retention or
hydrogenation by the absorbent present within the scrubber.

Reactant and product concentrations were measured by
online gas chromatography (Agilent 6890A GC) using flame
ionization detection (FID) and a capillary column (Agilent;
HP-1 or GS-GasPro). Rates were measured at different alkene,
alkane, and H2 pressures (1−100 kPa); they are reported as
molar rates of formation of the respective product per mass
(gravimetric), per surface area (areal) or per active site
(turnover rates, measured by site titration using H2O; see
Section 2.3). Forward rates (rf) were determined by correcting
measured rates (rnet) for approach to equilibrium (η),
calculated from the axial mean of the partial pressures of
reactants and products and the equilibrium constant (Keq) of
the respective reactions using eqs 1 and 2:

r
r

1f
net=

(1)

P

P
Kj j

i i
eq

1=
(2)

where P is the mean reactor pressure of products (j) or
reactants (i) (in units of bars). All selectivities are reported on
a carbon basis and contributions from homogeneous reactions
(typically <0.2% of the catalytic rates) were subtracted from all
reported rates and selectivities.

The presence of residual titrants in inlet streams after
purification leads to the gradual deactivation of chemically
cleaned catalysts through a first-order process that can be fully
reversed by chemical treatments with DME. Reported rates are
corrected for deactivation by extrapolating forward rates (rf, t)
to the initial time of contact with reactants by using such first-
order deactivation models:

r r et
k t

f, 0
d= (3)

where rf, t is the forward rate at time t, r0 is the reaction rate at
the initial time of reactant contact for the given condition, and
kd is the deactivation rate constant that reflects the rate of
arrival of the residual stoichiometric titrants in the inlet stream
(deactivation rates correspond to residual titrant levels of
about 100 ppb, estimated from deactivation rates and the
number of active sites determined by the intentional titration
of sites using H2O pulses).

2.3. Measurements of the Number of Active Sites by
H2O Titration Protocols during Catalysis. The strong
binding of H2O at the most competent LAB sites at m-ZrO2
surfaces was exploited to determine the number of such sites
during catalytic reactions after a given chemical treatment.
H2O pulses (0.29 μmol) were injected by preparing a stream of
He (0.167−0.833 cm3 s−1) that was saturated with H2O liquid
water at 273 K and injecting this mixture as aliquots held in the
sample loop of a six-port switching valve (423 K, 1 cm3; VICI)
into the reactant stream (0.833 cm3 g−1 s−1). Effluent
concentrations were measured using the chromatographic
protocols described in Section 2.2 and from fragmentation
patterns in a mass spectrometer (MKS Cirrus 3) using
reported deconvolution methods.16 These protocols were used
to determine the number of active sites from the number of
H2O molecules required to fully suppress the reaction rates.

2.4. Computational Methods. The Vienna ab initio
simulation package (VASP 5.4.417) was used to carry out
density functional theory (DFT) estimates of enthalpies and
free energies of reactants, products, intermediates, and
transition states for C2H4 and C3H6 hydrogenation reactions
on a model m-ZrO2(−111) surface at the Zr−O pair that binds
H2O most strongly (described below). These computations
used the generalized gradient approximation (GGA) as
prescribed in Perdew−Burke−Ernzerhof (PBE) methods
with18 Grimme’s dispersion corrections (D3)19 at each energy
minimization step to account for van der Waals interactions
and dipole corrections to eliminate long-range interactions
among periodic images. Valence and core electrons were
described using projector-augmented wave pseudopotentials
with plane-wave basis sets restricted by a cutoff of 450 eV.20

The Brillouin zone was sampled with a 3 × 3 × 1 Monkhorst−
Pack21 k-point grid. Energies converged with a criterion of
10−6 eV in self-consistent steps and forces were converged to
0.05 eV Å−1. Nudged elastic band (NEB) methods22 were used
to isolate transition states (TS) from typically 10−12 images,
and the saddle point was refined with the climbing image
method23,24 before further refinement of TS structures using
the Henkelman Dimer method.25 Reported energies are
referenced to the relevant structures of a bare surface, gaseous
alkene, and H2.

A 9 × 9 × 6 Monkhorst Pack k-point grid26 was used to
generate the slab model of m-ZrO2(−111)27,28 surface (the
lowest surface energy facet29−33) using optimized lattice
constants (a = 0.522 nm, b = 0.528 nm, c = 0.539 nm; within
2% of those reported in the literature).34−40 A [2 × 2]-
supercell was used to construct the slab model with four layers
(Zr basis in the c-axis direction) and a 1.65 nm vacuum layer
among the slabs. The bottom two layers of ZrO2 slabs were
frozen at their bulk crystallographic positions during all energy
optimizations of bound species in order to preserve the
integrity of the subsurface crystal structure. The top view41 of
the [2 × 2] m-ZrO2 supercell surface, is shown in Figure 1.
There are four coordinatively distinct Zr-atoms; Zr1, Zr2, and
Zr3 centers are six-coordinate and Zr4 is seven-coordinate.
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Computations were carried out on Zr2 and the two-coordinate
O1 atom along the a-axis; a Zr−O bond distance of 2.0 Å,
because H2O is known to bind most strongly on this Zr−O site
pair (−132 kJ mol−1) among all pairs surveyed on the surface
(−30 to −132 kJ mol−1) and hydrogenation active sites are
readily titrated by H2O.

Energies, enthalpies, entropies, and free energies were
computed from DFT electronic energies and vibrational
frequency assessments, as described in detail in Section S.1;
Supporting Information. Briefly, vibrational frequencies for all
structures were estimated with the harmonic oscillator
approximation using atomic displacements of ± 0.0015 nm.
Enthalpies were estimated from zero-point vibrational energies
(EZPV) and vibrational frequencies.42 Entropies were estimated
from DFT-derived vibrational frequencies using statistical
mechanics formalisms.42 The inaccuracies of harmonic
oscillator models in describing low-frequency modes lead to
large entropy overestimates for bound species;43 consequently,
contributions to entropies from low-frequency modes (<90
cm−1) were replaced with a fraction of the corresponding
rotational and translational entropies of the gaseous analogs of
bound species. A fraction of 0.7 is commonly applied,
reflecting the loss of one degree of translational freedom in
the axis normal to the surface when the molecule is bound to
the surface. The maximum number of low modes (#low‑modes)
that can be excluded is six for nonlinear and five for linear
molecules, corresponding to the number of translational and
rotational degrees of freedom for each molecule type. As such,
low-frequency modes were replaced with either (0.7 ×
(#low‑modes)/6) or (0.7 × (#low‑modes)/5) of the rotational and
translational energy of the gas phase, depending on the
adsorbate molecule.44−46

Free energies (G) were calculated using

i
k
jjj y

{
zzz

G E E H H

T S S0.7
5 or 6

0 ZPV vib trans rot

vib
low modes

trans rot

= + + +

+ #
+

+ (4)

where E0 is the DFT-derived electronic energy and the
vibrational (vib), translational (trans), and rotational (rot)
contributions to enthalpy and entropy are indicated by the
respective subscripts.47 All reported enthalpies, free energies,
and entropies are reported at a temperature of 723 K.

3. RESULTS AND DISCUSSION
3.1. Rates and Kinetic Trends for C�C Bond

Hydrogenation. 3.1.1. Hydrogenation of Linear Alkenes
(C2H4 and C3H6) and the Kinetic Competence of m-ZrO2 in
Hydrogenation Reactions. C2H4 hydrogenation rates (per
mass; 9.2 kPa C2H4, 5.6 kPa H2; 723 K) upon initial contact of
reactants with m-ZrO2 catalysts are about 80-fold higher for
samples that are chemically treated (723 K) with DME (rf: 230
mol kg−1 h−1) than when the same sample is treated in He at
723 K (2.8 mol kg−1 h−1; Table 1). DME treatments led to
similar rate enhancements for the reverse reaction (C2H6
dehydrogenation; 15 kPa C2H6; 773 K), for which rates
increased from 0.19 mol kg−1 h−1 after treatment in He at 723
K to 14 mol kg−1 h−1 after DME treatment at 723 K (Table 1).
The similar rate enhancements for hydrogenation and
dehydrogenation reactions indicate that the same active sites,
specifically those from which DME removes bound H2O,7,9−14

are responsible for the rates measured in both directions.
These results also show that DME treatments uncover LAB
site pairs at m-ZrO2 surfaces and that such sites are uniquely
competent at stabilizing the TS structure(s) that mediate
hydrogenation and dehydrogenation turnovers at m-ZrO2
surfaces.5 These DME-treated m-ZrO2 catalysts are used next
to measure rates and kinetic trends for the hydrogenation of
several unsaturated molecules and to assess the identity,
reversibility, and kinetic relevance of the requisite elementary
steps along the reaction coordinate at the most active LAB site
pairs on the m-ZrO2 surfaces.

C2H4 hydrogenation rates at different C2H4 (2−13 kPa) and
H2 (1−9 kPa) pressures were measured on DME-treated m-
ZrO2 at differential conditions (C2H4 fractional conversions
<0.1) and conditions far from equilibrium (η < 0.1; eq 2).
C2H4 hydrogenation rates upon initial contact of reactants with
DME-treated m-ZrO2 are shown in Figure 2a. C2H4 hydro-
genation rates (rh) were strictly proportional to the pressures
of C2H4 and H2:

Figure 1. Depiction of the model m-ZrO2(−111) surface, where
surface atoms are represented by ball and stick and subsurface atoms
by wireframe.

Table 1. Gravimetric Rates of Unsaturated Hydrocarbon Hydrogenation and Corresponding Reverse Dehydrogenation
Reactions on m-ZrO2 Treated with He or DME at 723 K

hydrogenation rates (mol·kg−1·h−1) corresponding dehydrogenation rates (mol·kg−1·h−1)

reactant He-treated DME-treated enhancement factore He-treated DME-treated enhancement factore

C2H4
a 2.8 230 82 0.19 14 74

C3H6
b 14 1360 97 0.30 36 120

cyclopentenec 0.2 5.4 27 0.005 0.19 38
styrened 0.3 15 50 0.015 0.94 62

a9.2 kPa C2H4, 5.6 kPa H2 at 723 K for hydrogenation and 15 kPa C2H6, 5.1 kPa H2 at 773 K for dehydrogenation. b13.7 kPa C3H6, 12.3 kPa H2 at
723 K for hydrogenation and 15 kPa C3H8 5.1 kPa H2 at 723 K for dehydrogenation. c1.6 kPa C5H8, 100 kPa H2 at 598 K for hydrogenation and
1.6 kPa C5H10, 12 kPa H2, 723 K for dehydrogenation. d1.9 kPa C8H8, 12 kPa H2 at 573 K for hydrogenation and 1.8 kPa C8H10 12 kPa H2, 723 K
for dehydrogenation. eEnhancement factors reflect the ratio of rates on samples treated with DME and He at 723 K.
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r k P Ph h C H Hn m 2
= × × (5)

with kh as the second-order rate parameter for each given
unsaturated hydrocarbon, CnHm. These kinetic trends reflect
the overall stoichiometry of the hydrogenation reaction and
thus the law of mass action kinetics, as previously observed for
the reverse reaction (ethane dehydrogenation) on m-ZrO2
catalysts, whose rates were also enhanced (74-fold) by DME
treatments.6

Gravimetric C3H6 hydrogenation rates (per mass; 13.7 kPa
C3H6, 12.3 kPa H2; 723 K) on He-treated m-ZrO2 were 14 mol
kg−1 h−1 after treatment in He at 723 K and 1360 mol kg−1 h−1

after DME treatment at the same temperature. This nearly
100-fold rate enhancement conferred by the DME-mediated
removal of strongly bound titrants is similar to that found for
C2H4 hydrogenation. C3H8 dehydrogenation rates were also
enhanced by DME treatments by a similar factor (∼120; from
0.30 to 36 mol kg−1 h−1). C3H6 hydrogenation rates were
proportional to C3H6 and H2 pressures (Figure 2b; 5−13 kPa
C3H6; 8−30 kPa H2), consistent with the hydrogenation
reaction stoichiometry and with the kinetic trends observed for
C2H4 hydrogenation; these rates are accurately described by
the functional form of eq 5. Rates of the reverse reaction
(C3H8 dehydrogenation) were proportional to C3H8 pressures
and consistent with the stoichiometry of the dehydrogenation
reaction and with the law of mass action kinetics. Hydro-
genation and dehydrogenation rates for both C2 and C3
(alkene/alkane) reactants show kinetic trends that reflect the
respective stoichiometry of the reaction in both directions, and
the proportional relations of rates with reactant pressures
reflect the prevalence of bare Zr−O pairs during steady-state
catalysis at all conditions.

C2H4 and C3H6 hydrogenation rates decreased with time, in
a manner described by first-order deactivation formalisms.
C2H4 hydrogenation rates (after initial DME treatment)
decreased from about 200 to about 100 mol kg−1 h−1 over
1.2 ks (first-order deactivation rate constant, kd: 0.7 ks−1) when
C2H4/He and H2 streams were passed through separate O2/
H2O scrubbers (Figure S1; Supporting Information). Sub-
sequent DME treatments fully restored initial C2H4 hydro-

genation rates, while He treatments cannot. Subjecting the
catalyst to reaction mixtures that have not passed through
scrubbers results in an increased deactivation rate (kd: 6.8
ks−1), but even under such conditions, DME treatments were
sufficient to restore the initial rates. Neither He nor O2
treatments at 723 K for 3.6 ks restored the initial rates after
deactivation, indicating that organic residues are not
responsible for the observed loss of reactivity and that DME
treatments react with strongly bound species. DME removes
bound H2O titrants via hydrolysis reactions at modest
temperatures (500−723 K),48 as shown by the formation of
CH3OH during such treatments by online mass spectrometry.
The congruence of evidence supporting site deactivation by
trace water impurities in the inlet stream justifies the rate
corrections for deactivation described in Section 2.3

The hydrogenation rate constants for acyclic alkenes were
determined from measured rates at different temperatures
(573−773 K) by using fast temperature decrease protocols and
correcting for any intervening deactivation (Figure 2c; C2H4
and C3H6 hydrogenation). These hydrogenation rate constants
show the expected Arrhenius-type temperature dependence
but decrease with increasing temperature, instead of the rate
increase with temperature typical of most chemical reactions.
This reflects a kinetically relevant TS for hydrogenation that is
lower in enthalpy than the reactants (unsaturated hydrocarbon
molecule, H2, and a bare LAB site pair), leading to these
negative apparent activation energies (−52 ± 9 and −48 ± 2
kJ mol−1 for C2H4 and C3H6, respectively). The functional
form of the rate expression (eq 5) requires that the kinetically
relevant TS contains an ensemble of atoms that include the
two H atoms in H2 and all of the C atoms and H atoms in each
alkene and that Zr−O pairs remain essentially uncovered by
bound species at all reaction conditions; similar conclusions
were reached for the reverse reaction (C2H6 and C3H8
dehydrogenation), for which activation barriers were positive,
but which also occurred on bare surfaces at rates limited by a
step involving a TS with the stoichiometric composition of an
alkane molecule.6 The functional form of the respective rate
equations for hydrogenation and dehydrogenation reactions
and the opposite temperature trends for their rate constants

Figure 2. (a) Gravimetric rates of C2H4 hydrogenation on DME-treated m-ZrO2 at 723 K as a function of C2H4 pressure (black circles, •••; at 9.5
kPa H2) and H2 pressure (red triangles, - - -; at 8.6 kPa C2H4). (b) Gravimetric rates of C3H6 hydrogenation on DME-treated m-ZrO2 at 723 K as a
function of C3H6 pressures (black circles, •••; at 14.7 kPa H2) and H2 pressure (red triangles, - - -; at 5 kPa C3H6). (C) Second-order rate
constants for C2H4 (black circles) and C3H6 (red squares) hydrogenation as a function of the reciprocal absolute temperature.
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suggest that the ratio of the two rate constants may simply
reflect the thermodynamics of the overall reaction, for which
enthalpies and entropies are known from tabulated data for the
gaseous species involved; these expectations and the
involvement of the same TS in both directions are confirmed
in Sections 3.3 and 3.4 by DFT assessments of the forward and
reverse reaction pathways, which shed light on the origins of
such a link between the kinetics and the thermodynamics of
these reactions.
3.1.2. Hydrogenation of C�C Bonds in Cyclic Alkenes

(Cyclopentene) and in Pendant Alkene Chains in Arenes
(Styrene). The reactivity of Zr−O site pairs for the
hydrogenation of C=C bonds in cycloalkenes and vinyl
pendant chains in arenes was examined for reactions of
cyclopentene (C5H8) and styrene (C8H8) with H2. Cyclo-
pentene hydrogenation (1 to 3 kPa C5H8; 50−100 kPa H2;
598 K) on DME-treated m-ZrO2 forms exclusively cyclo-
pentane without detectable ring-opening reactions. Likewise,
styrene (1−7 kPa) reactions with H2 (5−25 kPa) on DME-
treated m-ZrO2 (573−673 K) forms only ethylbenzene,
without any evidence for C−C cleavage or ring hydrogenation,
reflecting, at least in part, unfavorable thermodynamics. These
findings underscore the highly selective hydrogenation of vinyl
C�C double bonds relative to the hydrogenation of aromatic
rings and highlight the unique capability of Zr−O site pairs to
enable targeted hydrogenations under mild conditions.

Cyclopentene hydrogenation rates on m-ZrO2 (1.6 kPa
cyclopentene, 100 kPa H2, 598 K; Table 1) increased from 0.2
to 5.4 mol kg−1 h−1 by treatment with DME at 723 K
compared to treatment in He at 723 K, a 27-fold enhancement.
The reverse cyclopentane dehydrogenation reaction shows a
38-fold rate enhancement upon DME treatment (cf. He
treatment; 723 K; Table 1) and forms only cyclopentene.
Cyclopentadiene was not detected, as expected from low
cyclopentene pressures in the catalyst bed, which would lead to
cyclopentadiene pressures below detection limits (0.2 Pa
C5H8; assuming similar dehydrogenation rate constants for
each hydrocarbon).

The rates of styrene hydrogenation to ethylbenzene (1.9 kPa
styrene, 12 kPa H2, 573 K, Table 1) increased 50-fold (0.3 to
15 mol kg−1 h−1) after treatment of m-ZrO2 with DME at 723

K. The reverse ethylbenzene dehydrogenation reaction (to
styrene) increased 62-fold by DME treatment (Table 1).
Lower rate enhancements for both hydrogenation and reverse
dehydrogenation reactions for cyclopentene/cyclopentane and
styrene/ethylbenzene pairs compared to linear alkene/alkane
transformations may reflect inhomogeneities of active site
sampling by the kinetically relevant TS for each substrate class.
The broad H2O desorption profile observed during thermal
treatment in He (303−1108 K) of m-ZrO2 samples initially
exposed to ambient moisture indicates a range of H2O binding
energies, and presumably a range of TS stability. Relations
between the TS for H2O and hydrocarbon binding depend on
the lateness for each specific reactant, but nonequivalent
binding indicates that Zr−O sites differ in their competence for
adsorbate binding (described in Section 3.2). The larger
molecules would apparently benefit less from the broader
distribution of sites made available by DME treatment
compared to the short, acyclic alkenes. Such assessments are
outside the scope of this work but will be addressed by
theoretical treatments in future work.

Cyclopentene and styrene hydrogenation rates on DME-
treated m-ZrO2 are proportional to the hydrocarbon (0.4−4
kPa) and H2 (8−100 kPa) pressures (Figure 3a,b), as also
observed for ethene and propene hydrogenation (Figure 2).
These kinetic trends reflect the respective reaction stoichio-
metries and obey the functional form of eq 5. They indicate
that the kinetically relevant TS contains one molecule of the
unsaturated substrate and two H atoms and that Zr−O site
pairs remain essentially bare during these hydrogenation
reactions. Second-order kinetic constants for hydrogenation
reactions exhibit an Arrhenius-type temperature dependence
over 573−673 K (Figure 3c) with the activation energies of
−36 ± 5 and −10 ± 3 kJ·mol−1 for cyclopentene and styrene
hydrogenation, respectively. These inverse effects of temper-
ature indicate that the kinetically relevant TS has a lower
enthalpy than the reactant state for both reactions, as also
found in the case of ethene and propene hydrogenation
(Figure 2c). The rates of their respective reverse dehydrogen-
ation reactions are also proportional to reactant pressures
(Figure S2; Supporting Information) and their rate constants
increase with temperature, consistent with positive apparent

Figure 3. (a) Gravimetric rates of C5H8 hydrogenation on DME-treated m-ZrO2 at 598 K as a function of C5H8 pressure (black circles, •••; at 100
kPa H2) and H2 pressure (red triangles, - - -; at 1.6 kPa C5H8). (b) Gravimetric rates of C8H8 hydrogenation on DME-treated m-ZrO2 at 573 K as a
function of C8H8 pressures (black circles, •••; at 12 kPa H2) and H2 pressure (red triangles, - - -; at 1.9 kPa C8H8). (C) Second-order rate
constants for C5H8 (green triangles) and C8H8 (blue diamonds) hydrogenation as a function of the reciprocal absolute temperature.
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activation energies. The thermodynamic links between each
forward and reverse rate constant are confirmed by theoretical
analyses in Sections 3.3 and 3.4, showing that reactions that
proceed through the same TS in the forward and reverse
directions on bare sites exhibit rates that are directly related by
the thermodynamics of the overall reaction, even those far
from equilibrium conditions.

The competence of the Zr−O pairs uncovered by chemical
treatments for C�C bond hydrogenation in alkenes, cyclo-
alkenes, and side chains in arenes is explored next explored
(Section 3.2). Turnover rates are determined by normalizing
rate constants by the number of active sites, required for
rigorous benchmarking with reported materials and with
theoretical assessments of the reaction pathway. The strong
binding of H2O at active sites of m-ZrO2 is used to determine
active site densities by using H2O titration during catalysis.
This analysis shows that active sites represent only a small
fraction of Zr−O pairs at ZrO2 surfaces and provides a metric
for site reactivity used in comparison to literature-reported
materials and also determines site-normalized rate constants,
which are necessary for comparison to theoretical free energies
computed by DFT in Sections 3.3.

3.2. Determining the Number of Active Lewis Acid−
Base Site Pairs at m-ZrO2 Surfaces and Site Compe-
tence for C3H6 Hydrogenation. Thermal treatment of m-
ZrO2 leads to the desorption of H2O from ZrO2 surfaces, as
shown by mass-spectrometric detection in the effluent stream
during temperature ramping in He (303 to 1108 K; 0.167 K
s−1; after treatment at 303 K for 1 h; Figure 4a). The H2O
evolution rate generally decreases over the reported temper-
ature range. The broad desorption profile indicates a range of
H2O binding strengths and suggests site heterogeneity among
binding locations of H2O. The area under this broad feature
indicates that 1.9 H2O nm−2 desorbed from m-ZrO2 between
303 and 723 K, corresponding to weakly bound H2O that is
readily removed by the He treatments at 723 K. The more
strongly bound H2O molecules that desorb between 723 and
1108 K correspond to those present at m-ZrO2 surfaces before

contact with DME in the reactivity assessments; 0.62 H2O
nm−2 (130 m2 g−1 at 723 K basis) desorb above 723 K, serving
as an estimate for the maximum H2O that occupies the active
sites and prevents hydrogenation reactivity.

H2O and CO2 (and the O2 molecules that can form them
during hydrogenation-dehydrogenation reactions) irreversibly
titrate the LAB pairs responsible for hydrogenation-dehydro-
genation reactions on m-ZrO2. The purposeful introduction of
known amounts of H2O into reactant streams allows for the
counting of the sites responsible for these reactions from the
number of titrant molecules required to fully suppress reaction
rates. C3H8 dehydrogenation is used herein as the reaction
probe, but the results also reflect the sites that are active for
C3H6 hydrogenation. This is obvious from the similar rate
enhancements conferred by DME treatments for a given
reaction pair in both directions, the demonstration of these
reactions occurring on the same model sites in both directions
described in Section 3.3, and the thermodynamic links between
the two reactions described in Section 3.4 that are possible
only for reaction pairs that occur on the same sites. The H2O
required to achieve full suppression of C3H8 dehydrogenation
rates serves as an estimate of the number of sites blocked in the
process of deactivating the catalyst.

Figure 4b shows areal propane dehydrogenation rates on m-
ZrO2 treated in He at different temperatures (723, 853, 1023,
and 1108 K; 5 h), then treated with DME (723 K), and then
exposed to a sequence of H2O pulses during C3H8
dehydrogenation (procedures in Section 2.3). Areal C3H8
dehydrogenation rates (15 kPa of C3H8) on m-ZrO2 treated
in He (723 K) and then in DME at 723 K (black circles;
Figure 4b; 723 K; 130 m2 g−1) decreased linearly with the
amount of H2O introduced, confirming the strong binding of
H2O at the Zr−O site pairs responsible for measured rates. A
linear extrapolation to zero rates (Figure 4a) gives the number
of H2O molecules required to titrate all sites and thus the areal
LAB site densities after samples were sintered and annealed to
different extents by the preceding He treatments. Such areal
densities decreased with increasing He treatment temperature

Figure 4. (a) H2O desorption rates from m-ZrO2 in flowing He as the temperature increased from 303 to 1108 K (0.167 K s−1). (b) Areal C3H8
dehydrogenation rates (15 kPa C3H8; 723 K) on DME-treated m-ZrO2 [prior thermal treatments of 723 K (closed black circles, •••), 853 K (open
red squares, − − ), 1023 K (closed blue diamonds, -•-), and 1108 K (closed green triangles, - -)] vs titrant molecules introduced during on-stream
pulse titrations with 0.66 kPa H2O. c) Areal C3H8 dehydrogenation rates and site-normalized rate constants (listed in parentheses) on DME-treated
m-ZrO2 as a function of crystallite size varied by He treatment temperature (arrows). Crystallite sizes were determined from surface areas
determined from N2 uptakes and the BET equation. Dashed lines and curves indicate visual trends.
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(Figure 4b) and are 0.55 nm−2 for DME-treated m-ZrO2 that
was initially treated in He 723 K. This site density is similar to
the number of bound H2O molecules that desorb above 723 K
in He (0.62 nm−2; Figure 4a); it represents the removal of all
bound molecules retained after He treatment at 723 K by a
DME chemical treatment at this same temperature. This areal
density is much smaller than the number of Zr−O pairs at m-
ZrO2 surfaces (e.g., 7 nm−2 for (001) and 11 nm−2 for
(011)),60 indicating that a minority of sites bind H2O strongly
and DME removes these titrants at much lower temperatures
than does thermal desorption in He. These sites that bind H2O
strongly are responsible for catalytic (de)hydrogenation
reactivity.

He treatments at the higher temperatures required to desorb
H2O from the strongest binding and most competent catalytic
sites led to the sintering of m-ZrO2 samples (130 m2 g−1 at 723
K to 33 m2 g−1 at 1108 K from N2 uptakes) and significant
crystal growth (9−35 nm for He treatments ranging from 723
to 1108 K). Crystallite sizes determined from surface areas
(assuming spherical particles) agree well with those derived
from diffraction line breadth (Figure S3; Supporting
Information). Initial areal C3H8 dehydrogenation rates
decreased with increasing He treatment temperatures (340
to 176 μmol m−2 h−1 for 723 and 1108 K treatments,
respectively; Figure 4b), consistent with lower areal site
densities on larger crystals. Indeed, areal site densities (from
H2O titrations; Figure 4b and inset) decreased monotonically
with increasing He treatment temperatures (0.55 sites nm−2 at
723 K; 0.35 sites nm−2 at 1108 K). Figure 4c shows that areal
dehydrogenation rates decrease as ZrO2 crystallites grow as a
consequence of decreasing areal site densities. The increased
prevalence of sites on smaller crystallites implicates the
involvement of Zr−O site pairs at corners and edges, whose
relative abundance is highest (per mass) for the smallest
crystallites. The edge sites provide significant coordinative
unsaturation (due to fewer bonds with other surface Zr and O
atoms) that enables adsorbates to bind strongly. This allows
these sites to stabilize bound H2O and the kinetically relevant
TS for both hydrogenation and dehydrogenation (as described
in Section 2.3 by DFT calculations). Their decrease with the
He treatment temperature shows that such sites become less
prevalent as crystallites grow.

Gravimetric hydrogenation and dehydrogenation rates
reflect the number of sites per mass of catalysts, which, in

turn, depends on the surface area and areal site density; both of
these attributes decrease with increasing treatment temper-
atures. Site-normalized rates and rate constants are unaffected
by treatment temperature and crystallite size (rate constants
per site of 24 to 22 h−1 kPa−1 for treatments from 723 to 1108
K treatment; Figure 4c). These similar site reactivities indicate
that the Zr−O pairs that form most of the products are similar
in structure and reactivity, but different in number, over this
range of treatment temperatures. These data also demonstrate
that such sites are reliably probed during reaction using H2O as
a quantitative titrant otherwise a variation in site reactivities
would be evident and site densities from titration protocols
would not match the H2O quantity desorbed during
temperature increase protocols (Figure 4a). DME treatments
preserve higher surface areas and areal site densities compared
to He treatments at higher temperatures that remove the same
quantity of H2O. These combined contributions give rise to
100-fold higher rates over those obtained after He treatments
at the same temperature (e.g., 723 K) for acyclic hydro-
genation and dehydrogenation (Table 1).6

The measured site densities enable estimates of turnover
rates of C3H6 hydrogenation reactions for benchmarking
against those reported on dispersed metal nanoparticles. Rates
are reported in Table 2 (per mass of catalyst and per site, when
site counts or dispersions are reported) for catalysts based on
Pd,49,50 Pt,51,52 Ni,53 Ir,54,55 Rh,55−57 and Co58 together with
their respective reaction conditions. The entries in the table
were selected from more than 40 reports (listed in Table S1;
Supporting Information). Gravimetric C3H6 hydrogenation
rates on these noble and transition metal catalysts range from
100 to 105 mol kg−1 min−1, typically at temperatures around
300 K to avoid deactivation processes typical at higher
temperatures. The reported rate expressions are quite disparate
among these previous studies and, in fact, are neither measured
nor reported in most cases. When rate equations are reported,
they exhibit diverse and mechanistically implausible fractional
kinetic orders in reactant pressures, often with denominator
terms that account for significant coverage of intermediates or
spectators. These complex and contradictory kinetic trends
reported for dispersed metals stand in contrast with the simple
rate equations reported here for acyclic alkenes on LAB pairs,
thus precluding benchmarking by bringing these reported rates
to the conditions of the present study and requiring that the

Table 2. Reported C3H6 Hydrogenation Rates (per Mass and Site) and Reaction Conditions on Ni-, Rh-, Pt-, Pd-, Ir-, Co-, and
Zn-Based Catalysts Compared to Expected Hydrogenation Rates for DME-treated m-ZrO2 Using the Rate Relations Shown in
Equation 5 and Figure 2cd

pressure (kPa)

catalyst C3H6 H2

temperature
(K)

hydrogenation rates (mol
kg−1 min−1)

turnover ratesb
(s−1)

rates on m-ZrO2 (mol kg−1

min−1)a
turnover rates on m-

ZrO2
c (s−1)

Ni(K)53 11.1 11.1 313 4.6 × 105 - 2.0 × 105 2.9 × 104

Rh/TiO2-RNR55−57 2 2 373 5.3 - 454 63
0.72% Pt/TiO2

51,52 10 20 313 19 35 3.3 × 105 4.6 × 104

Pd49,50 10 90 308 1.7 × 103 62 1.9 × 107 2.8 × 104

[Ir4(CO)12]/
NaY54,55

0.9 2.1 673 7.5 × 10−2 - 0.36 0.05

12% Co-0.5%Re/
Al2O3

58
25.7 154 393 1.7 0.07 2.1 × 105 2.9 × 104

3.9% Zn/SiO2
59 0.6 3.4 473 3.3 × 10−3 - 11 1.6

aComputed by extrapolation of the rate relations from Figure 2 to the experimental conditions listed for the literature catalysts. bFrom site counts
measured by H2 chemisorption and electron microscopy cFrom site densities measured with H2O titration during reaction; Section 3.2 d“-”
indicates insufficient information reported to determine.
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rates of the present study be interpolated and extrapolated to
the reported conditions.

To benchmark m-ZrO2 against materials reported in the
literature, the rate eq (eq 5) and temperature dependence of
rates (Figure 2c) for C3H6 hydrogenation is used to calculate
the gravimetric rates on DME-treated m-ZrO2 at the
temperatures and pressures reported for each literature catalyst
(Table 2; details in Section S2; Supporting Information). The
reports in Table 2 reflect the catalyst from each metal type that
compared best to the predicted rates of m-ZrO2. Gravimetric
rates on m-ZrO2 are slightly lower than those reported on Ni
(2.0 × 105 and 4.6 × 105 mol kg−1 min−1, respectively), but
much higher than on Rh, Pt, Pd, Ir, or Co catalysts (by factors
of 10 to 104). Measured site densities of m-ZrO2 were used to
calculate turnover rates at the reported literature reaction
conditions (Table 2). C3H6 hydrogenation turnover rate
predictions on m-ZrO2 catalysts treated by DME at 723 K
were 5 × 10−2 − 4.6 × 104 s−1 over the range of temperatures
(308−673 K) and reactant pressures (0.6−154 kPa) in
literature reports. Turnover rates on Pd,49,50 Pt,51,52 and
Co58 catalysts reported in Table 2 were estimated from
reported dispersions (by H2 chemisorption or electron
micrographs). Turnover rates were lower for each Pt-, Pd-,
and Co-based catalyst (0.1 to 100 s−1) than for m-ZrO2 at the
respective conditions (each ∼104 s−1). These turnover rates for
DME-treated (723 K) m-ZrO2, indicate the high intrinsic
hydrogenation reactivity of these Zr−O LAB active sites.
These comparisons show the potential practical relevance of
earth-abundant m-ZrO2 for the hydrogenation of acyclic
alkenes.

DME treatments at 723 K uncover the most active sites for
H−H cleavage and C−H formation in C3H6 (and other)
hydrogenation reactions as well as for the respective
dehydrogenation reactions. The unblocking of these active
sites at temperatures below those required for titrant thermal
desorption avoids the sintering and annealing of the catalyst.

Their accessibility and the stability conferred by ensuring
anhydrous and anaerobic conditions allow the kinetic
evaluation required for assessments of the mechanism of
their action in alkene hydrogenation based on elementary
steps. The next sections extend from mechanistic insights
informed by kinetic evaluation to theoretical and conceptual
descriptions of alkene hydrogenation to determine the kinetic
relevance of the elementary steps that mediate hydrogenation
reactions and the lack of site coverage using DFT methods
(Section 3.3). Energies derived from these DFT models
demonstrate that forward and reverse reactions are mediated
by a single kinetically relevant TS on bare sites, underscoring
the thermodynamic links that connect the rate parameters and
mechanism for hydrogenation and dehydrogenation reactions
(Section 3.4).

3.3. Identity and Kinetic Relevance of Elementary
Steps in C2H4 and C3H6 Hydrogenation at Zr−O Pairs at
m-ZrO2(−111) Surfaces: DFT-Derived Energies of Bound
Intermediates and Transition States. The results
described in Sections 3.1 and 3.2 indicate that Zr−O site
pairs on m-ZrO2 stabilize the kinetically relevant TS for
hydrogenation and dehydrogenation reactions. Kinetic trends
for hydrogenation (Section 3.1) and dehydrogenation6 rates
indicate that Zr−O LAB site pairs remain essentially free of
bound species during catalytic turnovers; these catalytic cycles
require the cleavage (or formation) of H−H bonds and the
formation (or cleavage) of C−H bonds during each catalytic
hydrogenation (dehydrogenation) turnover. Scheme 1 depicts
a plausible sequence of elementary steps that is consistent with
these data and their interpretation.

This sequence can be assessed using DFT methods and low-
index m-ZrO2(−111) surface models and specifically those
pairs on the surface that bind H2O most strongly (described in
Section 2.4). In this sequence, the Zr−O site pairs with open
coordination (I, in Scheme 1) bind H2 molecules (II) and
dissociate them heterolytically via TS III‡ to form a cation−

Scheme 1. Catalytic Cycle for C2H4 Hydrogenation on ZrO2
a

aRoman numerals correspond to the intermediates and TS species involved in the elementary steps.
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anion pair interaction with the Zr and O atoms, respectively
(IV). The hydridic species in IV migrates to a vicinal bridging
Zr−H−Zr configuration, and the alkene binds weakly at the Zr
center, which is made accessible by this Hδ− shift, to form V.
The Hδ− species then forms a bond with a C atom in the
alkene via TS VI‡ to form a loosely bound carbanion. The Hδ+

then reacts with a C atom vicinal to that which reacted with
Hδ− and is bound to Zr in a step mediated by TS VIII‡ to form
the bound alkane (IX), which ultimately desorbs, yielding bare
Zr−O site pair and thus completing a hydrogenation turnover.

DFT-derived enthalpies and free energies of the inter-
mediates and transition states involved in these C2H4 and
C3H6 hydrogenation elementary steps (Scheme 1) are used to
assess their reversibility and kinetic relevance. These energies
were determined at the Zr2−O1 LAB site pair in m-
ZrO2(−111) surfaces (depicted in Figure 1) because it
shows the lowest coordination among exposed pairs and
binds dissociated H2O most strongly (ΔH: −132 kJ mol−1)
among all Zr−O pairs (−30 to −132 kJ mol−1); the strong
binding of H2O on active sites is expected from H2O titration

of the most competent hydrogenation-dehydrogenation active
sites (Figure 4b). Enthalpies (Figure 5a) and free energies
(Figure 5b; 723 K; η: 0.1) of intermediates and TS in the
sequence of elementary steps comprising a catalytic turnover
are shown in Figure 5 and Table 3. All energies represent those
for the formation of each moiety from gaseous H2, the bare
Zr2−O1 LAB site pair in m-ZrO2(−111), and either C2H4 or
C3H6 gaseous reactants for hydrogenation reactions (methods
described in Section 2.4) or a gaseous alkane for dehydrogen-
ation reactions. The geometries of the relevant intermediates
and transition states are shown in Figure 6. Free energies
depend substantially on the conditions (P and T) for which
they are evaluated. The relationship of free energy with
temperature (T; 723 K here) is reflected in the T·S term in the
free energy equation, but the specific pressures of reactants and
products also substantially influence the free energy of product,
reactant, and intermediate species, since entropy depends on
pressure. The entropy for species i, ΔSi, at a given pressure
(P1) differs from that at the reference pressure (P; defined by
convention, but otherwise arbitrarily as 1 bar) according to

Figure 5. Reaction coordinate diagrams (723 K) for C2H4 (open red, -•-) and C3H6 hydrogenation (closed black, ---) showing the change in a)
enthalpy and b) free energy for η of 0.1. c) Free energy for C3H6 hydrogenation (closed black, ---) and C3H8 dehydrogenation (open blue, -•-) at
723 K and η=0.1 for each reaction. Species I is the reference state for hydrogenation while species X is the reference state for dehydrogenation. (d)
Coverage of bound C3H7

− (species VII) the Zr2−O1 LAB site pair of m-ZrO2(−111) as a function of pressure at 293 K (blue, - - -), 723 K (black, -
• -), and 873 K (red, •••) with the free energies of the species (1 bar, with respect to a bare site, C3H6(g), and H2(g)) labeled for reference.
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S R P Pln( / )i i i,1 ,ref= × (6)

where Pi,1 is the pressure of species i, which differs from the
standard reference pressure of species i, Pref (e.g., Pi,1: 0.01 bar,
Pi,ref: 1 bar). Lower gas-phase pressures increase S for gas-phase
species, consequently decreasing G. Since only a fraction (e.g.,
0.7; details inSection 2.4 and S1; Supporting Information) of
the gas-phase entropies are retained upon adsorption of a
gaseous molecule, lower pressures also cause a decrease G for
surface-bound species, but to a smaller extent than for the gas-
phase species to which they are referenced. This results in an
overall increase in formation-free energies (ΔG°) for bound
species. In contrast, lower product pressures (for a given
reactant pressure) lead to lower free energies of bound
product-like species since the Sproduct increases, but the
reference reactant entropy is unchanged. This decrease in
free energy of product-like species as their pressure decreases
enables reactions to proceed in directions consistent with
thermodynamics (i.e., η < 1 gives spontaneous forward
reactions). The recognition that relative pressures influence
the free energy landscape led to the use of an η value of 0.1
(total pressure of 1 bar) to assess the reaction coordinate at
conditions consistent with experimental assessments to most
accurately compare DFT results to the measured kinetics.

C3H6 hydrogenation turnovers require H2 dissociation and
the reaction of both H atoms in H2 with the two C atoms in
the alkene C�C bond. H−H cleavage proceeds via molecular
adsorption (ΔH: −6 kJ mol−1; ΔG°: + 78 kJ mol−1, ΔG° is the
formation free energy at 723 K for η = 0.1 with respect to a
bare site, and gaseous H2 and C3H6) at locations distant from
the Zr−O site pair where dissociation occurs (2.7 Å from the
Zr atom; species II). Dissociation occurs by placing one H at
the Zr atom (1.9 Å; H−Zr distance) and the other one at the

O atom (0.97 Å; O−H) (species IV). The formation enthalpy
of these fragments is +23 kJ mol−1 and the free energy is
unfavorable (ΔG°: + 132 kJ mol−1), indicative of surface
coverages that are kinetically undetectable at all reaction
conditions (e.g., < 10−7 fractional coverage H* at 1 bar H2 and
723 K), as inferred from rate data (eq 5). This Hδ+−Hδ− pair
(Species IV) forms via TS III‡ with an enthalpy of 43 kJ mol−1

(ΔG‡: 161 kJ mol−1) from gaseous reactants and a bare Zr−O
pair. The Hδ− species subsequently migrates to a bridging
location between the Zr1 and Zr2 atoms (IVc; Scheme 1) via
TS IVb‡ with a TS formation enthalpy and free energy of 32
and 148 kJ mol−1, respectively. The product state, with Hδ+ at
the O atom and Hδ− at the Zr−H−Zr bridge (IVc), is slightly
more stable than IV (ΔH: + 7 kJ mol−1; ΔG°: + 118 kJ mol−1).
Bader charges show that H−H dissociation proceeds
heterolytically (+0.57 and −0.52 e for the H atoms bound at
the O atom and at the Zr1−Zr2 bridge position, respectively.
This displacement of Hδ− provides sufficient open coordina-
tion for interactions with C3H6 at the LAB site pair.

The C3H6 molecule binds at the LAB site pair after Hδ−

migration to the Zr1−Zr2 bridge position (3.0 Å nearest C
atom to Zr distance) via species V (ΔH: −44 kJ mol−1; ΔG: +
138 kJ mol−1). The first C−H bond formation reaction can
occur at either the terminal or internal C atom in the C�C
bond in C3H6 (the two C atoms in C2H4 are identical). Either
Hδ+ (bound to O1) or Hδ− (bound between Zr1 and Zr2) adds
to the terminal (to form n-C3H7) or the internal (to form i-
C3H7) C atoms in bound C3H6 via TS VI‡. Hδ− addition from
Zr1−H-Zr2 to the secondary C atom of C3H6 in VI‡ forms n-
C3H7 species bound to Zr1 (VII) with a TS formation enthalpy
of −40 kJ mol−1 and a free energy of 141 kJ mol−1. The
formation enthalpy of VII is −109 kJ mol−1 (ΔG: + 92 kJ
mol−1). Bader charges confirmed that the charge from Hδ−

(−0.52 in V) is transferred to the Zr-bound n-C3H7, during the
formation of TS VI‡; the latter shows a −0.47 charge (at
species VII), consistent with the anionic character of this alkyl
fragment and with the absence of any net transfer of charge to
the Zr−O site pair. The charge at the Hδ+ fragment bound at
the O atoms remains unchanged during the formation of the
alkyl anion.

An alternate route in which Hδ− adds to the terminal C atom
in C3H6 to form a bound i-C3H7 anion involves a TS with a
formation-free energy that is 23 kJ mol−1 larger than that for
the formation of n-C3H7. As a result, the addition of Hδ− to the
secondary C atom in C3H6 to form n-C3H7 is the more facile
route. If instead the cationic Hδ+ fragment adds to either C
atom in C3H6, a cationic alkyl species (n-C3H7

δ+: + 0.76 e; i-
C3H7

δ+: + 0.7 e) forms at the O atom in the LAB site pair.
Again, no net transfer of charge occurs to either the Zr or the
O atom. These alternate routes are enthalpically disfavored
over those leading to alkyl anions (by +44 kJ mol−1 for n-
C3H7

δ+ and +36 kJ mol−1 for i-C3H7
δ+). The product state free

energy of the addition of Hδ+ to C3H6 is also less favorable
than that of Hδ− addition routes (higher by +53 kJ mol−1 for n-
C3H7

δ+ and +39 kJ mol−1 for i-C3H7
δ+). These enthalpies and

free energies indicate that the addition of the anionic H-
fragment (Hδ−) to the methylene C atom in bound C3H6, with
the formation of ann-C3H7

δ− species, is the preferred route for
the formation of the first C−H bonds in C3H6 hydrogenation.

Hydrogenation turnovers require subsequent reactions of
Hδ+ with n-C3H7

δ− to form gaseous C3H8 products. In this
step, the terminal CH2 group in n-C3H7

δ− weakens its
interaction with the Zr atom as it incipiently reacts with Hδ+

Table 3. DFT-Derived Enthalpies (ΔH) and Free Energies
(ΔG) of C2H4 (C2) and C3H6 (C3) Hydrogenation on m-
ZrO2(−111) at 723 K for η = 0.1 at 1 bar Total Pressure

species description ΔH (kJ mol−1) ΔG°η: 0.1 (kJ mol−1)

IC2 ZrO2, bare 0 0
IIC2 ZrO2, H2* −6 +86
III‡

C2 (ZrO2, H2*)‡ 43 168
IVC2 ZrO2, 2H* +23 +140
IVb‡

C2 (ZrO2, 2H*)‡ 32 156
IVc C2 ZrO2, 2H* +7 +126
VC2 ZrO2, C2H4−2H* −38 +166
VI‡

C2 (ZrO2, C2H4−2H*)‡ −36 169
VIIC2 ZrO2, C2H5−H* −119 +94
VIII‡

C2 (ZrO2, C2H5−H*)‡ −68 154
IXC2 ZrO2, C2H6* −174 +8
XC2 ZrO2, C2H6 −152 −51
IC3 ZrO2, bare 0 0
IIC3 ZrO2, H2* −6 +78
III‡

C3 (ZrO2, H2*)‡ 43 161
IVC3 ZrO2, 2H* +23 +132
IVb‡

C3 (ZrO2, 2H*)‡ 32 148
IVc C3 ZrO2, 2H* +7 +118
VC3 ZrO2, C3H6−2H* −44 +138
VI‡

C3 (ZrO2, C3H6−2H*)‡ −40 141
VIIC3 ZrO2, C3H7−H* −109 +92
VIII‡

C3 (ZrO2, C3H7−H*)‡ −58 166
IXC3 ZrO2, C3H8* −180 −6
XC3 ZrO2, C3H8 −136 −21
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to form a bound C3H8 molecule. This step is mediated by TS
VIII‡, with a formation free energy of 166 kJ mol−1 (ΔH‡: −58
kJ mol−1); the formation enthalpy of bound C3H8 (Species IX)
is −180 kJ mol−1 (ΔG: −6 kJ mol−1). The final step desorbs
weakly bound C3H8, a step that reforms the bare site and
C3H8(g) (species X) with a formation enthalpy of −136 kJ
mol−1 (ΔG: −21 kJ mol−1), a value in agreement with the heat
and free energies of reaction for C3H6 hydrogenation (−130 kJ
mol−1; ΔG°723 K: −27.4 kJ mol−1). These positive free energies
along the C3H6 hydrogenation reaction coordinate indicate
that no species bind strongly to Zr−O site pairs, consistent
with experimental assessments. The energy profile can also be
used to identify key elementary steps that inhibit rates by
limiting the turnover frequency; the kinetic relevance of
elementary steps is discussed next.

The kinetic relevance of elementary steps is determined by
the formation of the TS with the highest free energy along the
reaction coordinate. The kinetically relevant step is not, in
general, the step with the highest enthalpy barrier, but its
corresponding enthalpy dictates the measured temperature
dependence of rates (apparent activation energy). The highest
free energy along the reaction coordinate for C3H6 hydro-
genation corresponds to TS VIII‡, which mediates the Hδ+

addition to form C3H8 (ΔG‡: 166 kJ mol−1); this free energy
barrier agrees well with measured activation free energies
derived from site-normalized rate constants (ΔG‡: 158 kJ
mol−1). The measured activation energy (−48 ± 2 kJ mol−1,

Figure 2c) is consistent with DFT-derived enthalpies of
formation (−58 kJ mol−1) for the kinetically relevant TS in
C3H6 hydrogenation when the reactant state consists of a bare
LAB site pair and the two gaseous reactants; this reference
state is dictated by hydrogenation rates that are proportional to
both alkene and H2 pressures (Figure 2b).

Forward hydrogenation reactions are favored, by definition,
when the corresponding η is less than unity, consistent with Le
Chatelier’s principle, but the kinetic relevance of steps may
shift with temperature (T) and pressure (P) because of their
concomitant effects on the free energies of reactants, products,
and TS for different elementary steps along the reaction
coordinate. Those effects for C3H6 hydrogenation are shown in
Figure S4 (Supporting Information) at η = 0.01, 0.1, 1, and 10.
Higher η values lead to higher free energies of product-like
species and higher reaction free energies. For η > 1, the overall
reaction favors the reverse dehydrogenation path, but TS VIII‡

remains the highest free energy barrier across this wide range
of conditions (η). The unwavering kinetic relevance of steps
mediated by TS VIII‡ indicates that both hydrogenation and
dehydrogenation share the interconversion of Hδ+ and n-
C3H7

δ− with C3H8 as the sole kinetically relevant step and that
other elementary steps can be treated as quasi-equilibrated.

The kinetic relevance of steps mediated by TS VIII‡ in both
forward and reverse directions over a wide range of conditions
(at least 0.01 < η < 10; shown in Figure S4; Supporting
Information) is supported by the free energy landscapes of the

Figure 6. Space-filling representations of DFT-optimized structures for intermediates and TS of C3H6 and H2 in hydrogenation on m-ZrO2(−111)
and select bond lengths. Zr: green; O: red; C: brown; H: white.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.5c03523
ACS Catal. 2025, 15, 12610−12626

12621

https://pubs.acs.org/doi/suppl/10.1021/acscatal.5c03523/suppl_file/cs5c03523_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.5c03523/suppl_file/cs5c03523_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.5c03523/suppl_file/cs5c03523_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.5c03523/suppl_file/cs5c03523_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c03523?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c03523?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c03523?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c03523?fig=fig6&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.5c03523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


reaction coordinate diagram in Figure 5c, which shows both
C3H6 hydrogenation and C3H8 dehydrogenation at an η value
of 0.1 for their respective reactions. The selection of η enforces
thermodynamic favorability in their respective forward
directions, and TS VIII‡ exhibits the highest free energy of
formation among all TS for both hydrogenation and
dehydrogenation. The kinetic relevance of this step was
shown previously for alkane dehydrogenation.6 Additionally,
the free energies of all bound intermediates remain positive
across both reaction profiles, consistent with Zr−O pairs that
remain essentially unoccupied throughout the reactions�a
prerequisite for kinetic trends governed by the overall
stoichiometry in either direction. The difference in DFT-
derived activation enthalpies for C3H6 hydrogenation (−58 kJ
mol−1) and C3H8 dehydrogenation (78 kJ mol−1) is 136 kJ
mol−1, closely matching the overall reaction enthalpy (130 kJ
mol−1). The involvement of a single kinetically relevant step at
bare Zr−O site pairs also accounts for the close correspond-
ence between the forward/reverse rate constant ratios and
equilibrium constants at each temperature (see Section 3.4).
Although such consistency is generally attributed to the
principle of microscopic reversibility only at equilibrium, De

Donder relations may be applied even under nonequilibrium
conditions when: (i) a single kinetically relevant step mediated
by a shared transition state governs both directions, and (ii)
the surface remains essentially bare throughout. Having
established the kinetic relevance of VIII‡ for both reactions,
the evidence supporting the persistence of bare surface sites
under all conditions is next examined.

The kinetic relevance of specific elementary steps can shift as
surfaces become populated by intermediates. Langmuirian
adsorption treatments of intermediate species’ free energies (η
of 0.01, the 1 bar condition) were used to estimate surface
coverages of all intermediates for C3H6 hydrogenation (free
energies in Table S2; Supporting Information). Positive
formation free energies are evident for nearly every
intermediate state except for that of bound C3H8 in species
IX (−21 kJ mol−1), which favorably desorbs to form a bare site
(−35 kJ mol−1). The preeminence of bare sites is shown by the
expected coverage of the next most stable bound intermediate
(anionic alkyl species of VII) over a range of pressures (10−6−
1014 kPa) and temperatures (293−873 K) shown in Figure 5d.
Active sites remain essentially bare at relevant pressures (e.g., 1
kPa) and higher temperatures (723 and 873 K), consistent

Figure 7. Rate constants for (a) C2H4 hydrogenation (kh, open diamonds, dashed line indicating exponential regression, 52 ± 9 kJ mol−1) and
C2H6 dehydrogenation (kd, closed triangles, dashed line indicating exponential regression, 84 ± 7 kJ mol−1), (b) C3H6 hydrogenation (−48 ± 2 kJ
mol−1) and C3H8 dehydrogenation (84 ± 3 kJ mol−1), (c) cyclopentene hydrogenation (−39 kJ mol−1) and cyclopentane dehydrogenation (83 ± 8
kJ mol−1), and (d) styrene hydrogenation (−10 ± 3 kJ mol−1) and ethylbenzene dehydrogenation, with comparisons of equilibrium constants
(solid lines) to the ratio of kh/kd (dashed lines, a−c). The dashed line in (d) instead predicts kd from kh/Kh.
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with experimental assessments. At temperatures <293 K, the
free energy is sufficiently low (−32 kJ mol−1) to enable
detectable coverage at 1 kPa, but the barrier for H-insertion is
also substantially decreased at these conditions (ΔG‡:: 17 kJ
mol−1). The weak binding of hydrocarbons over a wide range
of conditions results in sites that remain essentially bare also
under reaction conditions, as suggested by the kinetic rate
expressions consistent with the law of mass action on m-ZrO2.

DFT-derived enthalpies and free energies (η: 0.1) for the
hydrogenation of C2H4 were likewise assessed. The energies of
all steps, intermediates, and transition states are shown in
Table 3, and the DFT-derived overall reaction enthalpy (−152
kJ mol−1) is consistent with gas-phase thermochemistry (−142
kJ mol−1).61 Figure 5a,b depicts the enthalpy and free energy
(723 K) reaction coordinate profiles for C2H4 hydrogenation.
These profiles indicate high barriers for H2 dissociation (III‡;
ΔH‡: 43; ΔG‡: 168 kJ mol−1), the first H-addition step (VI‡;
ΔH‡: −36; ΔG‡: 169 kJ mol−1), and the second H-addition
step (VIII‡; ΔH‡: −68; ΔG‡: 154 kJ mol−1). The free energies
of these TS are similar, suggesting that the kinetic relevance of
steps for C2H4 hydrogenation may be more sensitive to the
experimental conditions. The consistency of the formation
enthalpy of the second H-addition TS, VIII‡ (−68 for C2H4
hydrogenation), and the experimentally assessed activation
enthalpy (−52 ± 9 kJ mol−1), implicate it as kinetically
relevant at the conditions of our experiments.

The C3H6 hydrogenation reaction coordinate diagrams at
0.01 < η < 10 show that TS VIII‡ is the sole kinetically relevant
step along the reaction coordinate for both hydrogenation and
dehydrogenation reactions at 723 K. Formation free energies at
conditions corresponding to 1 bar of each gaseous species are
commonly used to assess kinetic relevance, but this treatment
neglects both the thermodynamic preference of the reaction
and the effect that such pressures have on the formation free
energies of TS species. Without further model manipulations,
this typically used standard convention only discriminates the
kinetically relevant step if all reactants and products were
present at 1 bar, seldom the case in either academic or practical
reaction conditions. The kinetic relevance of TS VIII‡, the
interconversion of n-C3H7

δ− and C3H8, at 1 bar of all species
(η: 0.01) is reasonable in this case only because it is true for a
wide range of conditions, including those where dehydrogen-
ation reactions prevail (η: 10). Both hydrogenation and
dehydrogenation reactions occur on Zr−O site pairs that
essentially remain devoid of bound species across a wide range
of temperatures and pressures, and the activation enthalpies
indicate that there are thermodynamic links between the
kinetics of the two reactions. The next section demonstrates
these thermodynamic links by assessing the kinetics of forward
and reverse reactions of acyclic, cyclic, and pendant side chains
of arenes.

3.4. Thermodynamic Links between Hydrogenation
of Unsaturated Hydrocarbons and Reverse Hydro-
carbon Dehydrogenation. Kinetic trends for the hydro-
genation of C2H4, C3H6, and cyclopentene and their respective
reverse dehydrogenation reactions all reflect the corresponding
reaction stoichiometries. Further, the relationship between
measured rate constants for forward and reverse reactions is
demonstrated for C2H4, C3H6, and cyclopentene. Rate
constants for hydrogenation reactions (per active site, 573−
773 K) are shown in Figure 7 for C2H4, C3H6, cyclopentene,
and styrene. These hydrogenation rate constants decrease with
increasing temperature, indicating that the TS is lower in

enthalpy than the reactant state (unsaturated hydrocarbon, H2,
and the bare surface). In contrast, dehydrogenation rate
constants increase with temperature. The ratio of the
Arrhenius dependencies of forward and reverse rate constants
(kh/kd) was evaluated for each reaction pair, and this ratio
reflects the equilibrium constant of the corresponding reaction
(within a factor of 2.5). The relative rate constants for i-C4H8
hydrogenation and i-C4H10 dehydrogenation also appear to
conform to these relations, but this was not extensively
investigated. The equivalence of the ratio of rate constants and
the equilibrium constant indicates that the free energies of each
reaction pair are related by gas-phase reaction thermodynamics
as prescribed by DeDonder relations:62

K e
k
k

G RT
h

( )/ h

d
= =°

(7)

The relationship is further reflected in the van’t Hoff
dependence of equilibrium constants on temperatures (eqs
S13−S16; Supporting Information), demonstrated for C2H4,
C3H6, and cyclopentene hydrogenation. The activation
enthalpies for C2H4, C3H6, cyclopentene, and styrene are
−52 ± 9, −48 ± 2, −39 ± 4, and −10 ± 3 kJ mol−1,
respectively. Rate constants for reverse reactions of C2H6,
C3H8, and cyclopentene dehydrogenation obey the law of mass
action and exhibit activation barriers of 84 ± 7, 84 ± 3, and 83
± 8 kJ mol−1, respectively. The difference in measured barriers
of hydrogenation and dehydrogenation for each set of
reactions (136, 132, and 122 kJ mol−1, for C2H6, C3H8, and
cyclopentane, respectively) matches well to the heat of reaction
for each reaction pair (142, 130, and 115 kJ mol−1,
respectively). These thermodynamic links indicate that De
Donder formalisms64 can be extended beyond elementary
steps at equilibrium to an entire catalytic pathway mediated by
concerted interactions on active site pairs if the following three
conditions are satisfied: (i) forward and reverse pathways each
obey the law of mass action and (ii) both forward and reverse
reactions occur on active sites devoid of significant coverage of
intermediate species, and (iii) these forward and reverse
reactions are mediated by a sole kinetically relevant step. These
criteria were verified by measured reaction kinetics that obey
the law of mass action and indicate bare sites under the
conditions of both reactions as well as by DFT-based
assessments of the reaction pathways, which demonstrated
that sites remain bare and identified the common kinetically
relevant TS in both reaction directions (over a wide range of
conditions). The resulting rate constant ratios for forward and
reverse reactions consequently yield the equilibrium constant.
This evidence indicates that the rate relations governed by
microscopic reversibility can be applied to this whole catalytic
sequence, even if they are far from equilibrium conditions.
Previous work on acidic zeolites with isolated active sites
showed that it is possible to accurately predict rates of the
forward−reverse reaction pairs in alkene hydrogenation from
measured rates of one reaction using thermodynamic links,62,63

but the present study demonstrates that such relations can be
applied to heterolytic activation processes at site pairs far from
equilibrium, enabling accurate predictions of reverse reaction
rates from thermodynamics if forward reaction rates are
known.

The predictive capabilities were deployed to assess the
viability of industrially significant reactions of the pendant
chains of arenes. Styrene hydrogenation was used as a
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representative example due to the commercial relevance and
potential competence of the reverse reaction of ethylbenzene
dehydrogenation, used in practice to produce styrene as a
monomer for plastics synthesis.65 The hydrogenation of
styrene was carried out on DME-treated m-ZrO2 at 573−673
K. The hydrogenation rates are directly proportional to styrene
and H2 pressures and they decreased with increasing
temperature with an apparent activation barrier of −10 kJ
mol−1. Rates of ethylbenzene dehydrogenation were estimated
on DME-treated m-ZrO2 by using hydrogenation rate
constants and the gas-phase heat of reaction (126 kJ mol−1).
The predictions in the large, dashed line of Figure 7d (kh/Kh)
reflect dehydrogenation rate constants that are similar to those
of other alkane dehydrogenation reactions shown above. This
prediction was confirmed by a reaction of ethylbenzene on m-
ZrO2 at 648 K (closed triangle; Figure 7d), showing promise
for the LAB site pairs of nonreducible oxides as alternative
catalysts for ethylbenzene dehydrogenation, as well as the
rigorous nature of these predictive capabilities. Comprehensive
testing of DME-treated m-ZrO2 for ethylbenzene dehydrogen-
ation and its potential practical relevance are the subject of
ongoing investigation. The accurate prediction of dehydrogen-
ation or hydrogenation rates from the reverse reaction through
relations with thermodynamics is a powerful tool for screening
potential applications of a catalyst for a broad range of
reactions.

These results demonstrate that the removal of bound titrants
from the surfaces of earth-abundant oxide catalysts using DME
treatments uncovers the most competent Zr−O LAB sites for
hydrogenation reactions of alkenes, cycloalkenes, and arene
pendant side chains. Such treatments also increase the
reactivity of LAB-based catalysts for the reverse reactions of
alkane, cycloalkane, and arene pendant side chain dehydrogen-
ation to the same extent. The active sites are minority LAB site
pairs that possess an invariant intrinsic reactivity irrespective of
particle size, surface area, or site density for a given catalyst.
These Zr−O site pairs must remain devoid of H2O or CO2
titrants to keep sites available for catalysis since they strongly
bind these titrants, thus requiring anhydrous and anaerobic
conditions for the target catalytic reactions. These sites do not
strongly bind hydrocarbon species and, therefore, remain bare
during reactions. Because the forward and reverse reactions
both follow the law of mass action and proceed through a
single, kinetically relevant C−H activation step, De Donder
relations can be applied to show that alkene (and cycloalkene
or arene side chain) hydrogenation and alkane (or cycloalkane
or arene side chain) dehydrogenation have rate constants
linked by gas-phase thermodynamics. This relationship holds
even under conditions far from equilibrium and provides a
powerful predictive tool for evaluating plausible reactions on
these uniquely active, earth-abundant oxides.

4. CONCLUSIONS
The catalytic competency of m-ZrO2 for hydrogenation of
alkenes, cycloalkenes, and arene pendant chains is demon-
strated by employing chemical treatments with DME that react
with hydroxyl groups to expose the most active Lewis acid−
base (LAB) site pairs. Chemical treatments preserve surface
area typically lost during high-temperature H2O desorption
protocols and enhance hydrogenation rates by up to 2 orders
of magnitude, enabling kinetic analysis on these otherwise
inaccessible sites. Both hydrogenation and the corresponding
dehydrogenation reactions obey the law of mass action and

exhibit first-order kinetics with respect to reactant pressures,
consistent with a surface free of hydrocarbon-derived species
during turnover. Negative apparent activation energies for
hydrogenation suggest transition states (TS) that are enthalpi-
cally stabilized relative to gas-phase reactants. Moreover, the
difference in activation barriers between forward and reverse
reactions matches the enthalpy of the reaction, directly linking
kinetics to thermodynamic driving forces.

Quantitative titration with H2O reveals an active site density
of 0.56 nm−2 for m-ZrO2 treated at 723 K, confirming that
catalytically competent LAB pairs represent a minority of
surface Zr−O motifs. These sites persist under rigorously
anhydrous and anaerobic conditions, sustaining high turnover
frequencies that rival or exceed those of noble metals and other
transition metal catalysts. Mechanistic interpretations from
kinetic data, supported by DFT, indicate that hydrogenation
proceeds via heterolytic H−H activation and a sole kinetically
relevant C−H bond-forming step at undercoordinated Zr−O
pairs. Importantly, the reversible interconversion between
surface-bound n-C3H7

δ− and C3H8 governs both hydro-
genation and dehydrogenation rates and this kinetic relevance
preserved over a wide range of conditions (0.01 < η < 10 and
beyond).

Because both forward and reverse reactions occur on the
same bare sites via the same TS and adhere to mass action
kinetics, the De Donder relations apply to the full catalytic
sequence, even under conditions far from equilibrium. This
framework enables the predictive determination of rate
constants for alkane and cycloalkane dehydrogenation from
measured rates of their corresponding hydrogenation reactions
using only gas-phase thermodynamics. This approach was
extended to accurately predict ethylbenzene dehydrogenation
rates from styrene hydrogenation data, positioning m-ZrO2 as a
promising alternative to state-of-the-art ethylbenzene dehydro-
genation catalysts. More broadly, these findings not only
reframe the role of metal oxides in selective hydrogenation but
also establish a thermodynamically grounded predictive
framework for (de)hydrogenation kinetics. The ability of
LAB sites to activate X−H bonds (X = H, C, and O) further
suggests that these earth-abundant materials could be broadly
applicable in non-noble metal catalysis for selective bond
activation.
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