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ABSTRACT: Ethane turnovers to ethylene in either oxidehydrogenation with diverse oxidants (O2, CO2, H2O) or dehydrogenation
(without an oxidant) over two-dimensional MoOx dispersed on Al2O3 catalyst occur via a generalized mechanistic framework
encompassing ternary catalytic cycles of C2H6 activation, oxidant activation, and carbon removal. This is conﬁrmed from rate
assessments, detailed kinetic analysis accounting for active site loss, isotopic tracer studies, and detailed spectroscopic
characterization. Irrespective of the oxidant’s chemical identity, the C2H6 activation cycle occurs via the kinetically relevant C−H
bond activation of C2H6 on lattice oxygen of MoOx, forming C2H4. The concomitant oxidant activation cycle either replenishes the
oxygen vacancies or generates reactive oxygen species, which scavenge unwanted carbonaceous debris deposited on catalyst surfaces
at contents dictated by the chemical identity of the oxidant and oxygen chemical potential that it exerts. Among the oxidants, O2 is
the most eﬀective, as it removes coke eﬀectively, leading to essentially no rate decay. CO2 and H2O are alternate soft oxidants, and
their use prevents the overoxidation of ethylene, thus resulting in higher ethylene selectivity (80−85%) than using O2. CO2
activation is, however, severely restricted kinetically, as evidenced from the reverse water−gas shift reaction that is far away from
chemical equilibrium; thus, the generation of reactive oxygen species and their ability to concomitantly oxidize coke are much less
eﬀective than those with O2 oxidant. H2O dissociation is rapid and quasi-equilibrated, but its activation converts a portion of the
active lattice oxygen to hydroxy species, reducing the active oxygen centers and lowering C2H6 turnovers. The rates of the C2H6
activation cycle dictate the intrinsic rates, whereas those of the concomitant oxidant activation and carbon removal cycles dictate the
surface lattice oxygen density available for catalysis and in turn the extent of rate decay. Consolidating these ﬁndings within a
generalized mechanistic framework leads to a universal rate expression containing two terms, one accounting for an intrinsic C2H6
activation rate and a second one for the time-dependent rate decay. This universal rate expression captures the kinetic properties of
early transition-metal oxides in C2H6 catalysis, irrespective of the chemical identity of the oxidant.
KEYWORDS: ethane, molybdenum oxide, C−H activation, oxidative dehydrogenation, soft oxidants, CO2, deactivation,
reverse water−gas shift

1. INTRODUCTION

Thermal and catalytic dehydrogenations of ethane are
energetically intensive processes and prone to coke deposition.3,4 The reactions inevitably require high temperature,
because of their strong endothermicity, making them limited by
equilibrium at the lower temperatures (eq 1).

The marked increase in shale gas production has made light
alkanes abundant, alternative chemical feedstocks. For this
reason, ethane, the second most abundant component (up to 15
vol %) in shale gas,1 has become an attractive precursor,
replacing naphtha for the production of ethylene, a commodity
chemical for the synthesis of polyethylene, styrene, ethylene
oxide, ethylene glycol, and other value-added compounds.2 This
shift in petrochemical feedstock causes a concomitant shift in
ethylene production technology, from steam cracking to
dehydrogenation/oxidative dehydrogenation.
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Besides conventional ODH, which uses O2 as the coreactant,
ODH can also occur when using CO2 and H2O as alternative
oxidants:

C2H6 → C2H4 + H 2
ΔH 0 298K = +136.5 kJ mol−1

(1)

C2H6 + CO2 → C2H4 + CO + H 2O

Therefore, managing the energy transport in these heatintensive processes and suppressing coke formation inside the
reactor are the two major challenges, which often limit the
reactor operation to low ethane partial pressures and short
residence times.5
Oxidative dehydrogenation (ODH), which uses O2 as the
coreactant, is an alternative path for ethylene production from
ethane.

ΔH 0 298K = +177.6 kJ mol−1

ΔH 0 298K = +241.5 kJ mol−1

(2)

C2H6 + 2CO2 → 4CO + 3H 2
ΔH 0 298K = +429.0 kJ mol−1

(5a)

C2H6 + 2H 2O → 2CO + 5H 2

C2H6 + 3.5O2 → 2CO2 + 3H 2O

ΔH 0 298K = +346.6 kJ mol−1

(3a)

(5b)

H 2O + CO ↔ CO2 + H 2

C2H6 + 2.5O2 → 2CO + 3H 2O
ΔH 0 298K = −862.5 kJ mol−1

(4b)

CO2 and H2O are attractive alternatives to O2, because they are
considered as “soft oxidants”; that is, they would not undergo
total combustion reactions with ethane and ethylene. By
eliminating the total combustion routes, their use preserves
the overall carbon atom eﬃciency and can potentially enhance
the selectivity to ethylene. The use of CO2 and H2O co-oxidants,
however, promotes parallel dry reforming (eq 5a) and steam
reforming (eq 5b) processes, together with the forward/reverse
water−gas shift reactions (eq 6).

Through this reaction, O2 combines with the abstracted
hydrogen atoms, releasing heat, thus making the overall reaction
exothermic and altering the heat requirements such that the
process becomes energetically less intensive. A portion of the
oxygen, however, reacts with the ethane-derived carbonaceous
species, transforming them into COx (eqs 3a and 3b), decreasing
the overall selectivity to ethylene.

ΔH 0 298K = −1428.5 kJ mol−1

(4a)

C2H6 + H 2O → 0.5C2H4 + CO + 3H 2

C2H6 + 0.5O2 → C2H4 + H 2O
ΔH 0 298K = −105.4 kJ mol−1
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ΔH 0 298K = ±41.2 kJ mol−1

(3b)

(6)

These additional pathways, which either produce syngas or
shuﬄe CO2−CO (or the related H2O−H2), have further
complicated rate data analyses, making the kinetic assessments
and rate data interpretation diﬃcult.
Previous studies have established that molybdenum-based
catalysts (Mo2C) exhibit exceptional selectivity to ethylene
during ethane ODH with CO 2 .13,14 During C2 H 6 −CO 2
catalysis, Mo oxide moieties on Mo2C activate ethane,
preserving its C−C bond and at the same time retarding coke
formation.14 Incorporating Fe can stabilize MoOx eﬀectively and
enhance ethylene yield and catalyst stability.14 Other late
transition-metal catalysts such as Pt,13 Co,15 and Ni15 are
eﬀective catalysts for activating alkanes, but these catalysts,
unlike MoOx, are also reactive in cleaving the C−C bond via the
undesired reforming reactions, producing COx side products.
A detailed mechanism for ethane ODH with O2, CO2, or H2O
co-oxidants over molybdenum oxide catalysts that includes
carbon deposition and removal events has not yet been
established. Here, we describe the mechanistic similarities and
diﬀerences for ethane ODH using these diverse oxidants on
dispersed molybdenum oxide catalysts through a rigorous
kinetic assessment and characterization of the catalysts, upon
their contact with various reaction mixtures. Ethane oxidative
dehydrogenation catalysis follows three kinetically coupled
cycles, namely, the initial activation of the C−H bond of ethane,
the activation of O2, CO2, or H2O (which replenishes the oxygen
vacancies or generates reactive oxygen species), and the coke
formation and oxidation from catalyst surfaces. These common
mechanistic elements with similar kinetically coupled catalytic
cycles lead to a general rate expression capturing the reactivities
for the diﬀerent catalytic systems. The rate expression accurately
describes the intrinsic rates as well as secondary time-dependent

Among various catalysts investigated for ODH processes, the
redox-type, dispersed molybdenum oxides are attractive
candidates, because their lattice oxygen atoms assist with
activating the C−H bonds in light alkane (C2−C3) via a Marsvan Krevelen mechanism.6,7 On MoOx/Al2O3 catalysts, propane
ODH rates (per Mo atom) increase with increasing Mo surface
densities and approach a maximum value at ∼4.5 Mo·nm−2. This
observed rate increase appears to reﬂect an increase in the
reactivity of lattice oxygen sites, as the size of MoOx domains
increases and their footprint attains near monolayer coverages.
As the MoOx coverages increase to a monolayer, lattice oxygen
atoms become more weakly bound and MoOx reducibility
concomitantly increases.8 Beyond the monolayer coverage,
turnover rate (per Mo atom) decreases, as large, bulk crystalline
MoO3 structures form and a portion of the molybdenum (and
the associated oxygen) becomes inaccessible to the alkane
reactant for catalysis. Similar volcano type dependence between
turnover rates and MoOx surface densities was also reported for
ethane ODH, where two-dimensional molybdenum species with
their Mo ions fully dispersed on alumina surface are most
reactive.9,10 Previous studies have proposed that the MoO
bond strength correlates directly to its alkane ODH reactivity,
because the weakly bound lattice oxygen is more eﬀective than
those strongly bound ones in abstracting the leaving hydrogen
during the kinetically relevant C−H bond activation of alkanes,
thus leading to a higher reactivity.11 This mechanistic understanding is consistent with the reactivity trends when
incorporating alkali (Cs, K, Li) dopants into the catalysts
alkali oxides can decrease the reducibility of MoOx, strengthen
the MoO bond, and in turn inhibit ODH reaction, as found
for propane ODH on alkali doped MoOx/ZrO2 catalysts.12
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agent (Drierite, Sigma-Aldrich, 98% CaSO4 and 2% CoCl2, 8
mesh).
Transient experiments were performed using C2H6 mixtures
(without an oxidant, balanced with Ar) in the plug ﬂow reactor
system described above. Concentrations of H2 and H2O present
in the eﬄuent stream were quantiﬁed in an online mass
spectrometer (Pfeiﬀer OmniStar) using Ar as the internal
standard. Concentrations of CO, CH4, C2H4, and C2H6 in the
eﬄuent stream were determined using a micro gas chromatograph (Varian CP-4900).
Isotopic exchange studies were performed with H2-D2
(99.999% H2, Linde; 99.995% D2, Linde) and H2-D2O
(99.999% H2, Linde; 99.9 atom % D in D2O, Sigma-Aldrich)
mixtures using the same plug ﬂow reactor system. Concentrations of isotopomers, that is, H2, HD, D2, H2O, HDO, and
D2O in the eﬄuent streams, were determined by an online mass
spectrometer (Pfeiﬀer OmniStar), in which Ar was used as the
internal standard.
2.3. Catalyst Characterization. Powder X-ray diﬀraction
(XRD) patterns were recorded on a Rigaku Miniﬂex 600
diﬀractometer with Cu Kα (λ = 1.789 Å) radiation opening at 35
kV and 40 mA. A 2θ scan range from 10° to 80° with a step size
of 0.02° and a scan speed of 0.5 s/step were used for the analysis.
Raman spectra were collected using a custom-made Raman
instrument equipped with an imaging spectrograph (SpectroPro-2500i, Acton Research Corporation) and a liquid-nitrogencooled charge coupled device (CCD) detector (Acton). The
visible excitation at 532 nm was supplied by a diode-pumped
solid-state (DPSS) laser with a power of ∼2.0 mW at sample
position. A spectral resolution of less than 0.5 cm−1 was achieved
by using a 1200 lines/mm grating. The Raman shift was
calibrated by interpolation of the Rayleigh line and a silicon
wafer signal (520 cm−1). The main peak heights were used to
determine the D-to-G band intensity ratios (ID/IG). This
methodology was selected, as opposed to using the area ratios, to
avoid arbitrary assignment of the limits for the integral function
and the associated statistically larger standard deviations, as
found and reported previously.16 A localized Gaussian peakﬁtting methodology using Origin software was utilized to ﬁnd
both the absolute heights and wavenumber positions of D and G
bands.
High-resolution X-ray photoelectron spectroscopy (XPS) was
performed with a Thermo Scientiﬁc ESCALAB 250Xi photoelectron spectrometer (E. Grinstead) equipped with a
monochromatic Al Kα source (900 μm) and a sample
preparation chamber under 101 kPa Ar controlled to less than
1 ppm of O2. The fresh catalyst sample (sample f resh) was
directly transferred into the sample preparation chamber
without further treatment. The spent catalyst samples were
prepared by ﬁrst pelletizing the fresh powder samples into a selfsupporting wafer (5 mm diameter), loading the pellets into a
stainless steel plug ﬂow reactor (7 mm i.d.) equipped with two
isolation valves, and then treating it with a mixture containing 5
kPa C2H6 and either 3.2 kPa O2 (sample spent_O2), CO2
(sample spent_CO2), or H2O (sample spent_H2O) or with 5
kPa C2H6 (without an oxidant, sample spent_no), balanced in
Ar, for 15 h at 873 K. After the above treatment, the samples
were purged with ﬂowing Ar for 12 h isothermally before being
cooled to ambient temperature and subsequently isolated by
closing oﬀ the valves at both reactor inlet and outlet, prior to
transferring to the sample preparation chamber. Under the
controlled environment of the sample preparation chamber, the
sample was loaded onto a sample holder carousel and then

deactivation events. The intrinsic ethane turnover rates are
largely insensitive to the chemical identity of the co-oxidant, in
contrast to the time-dependent deactivation proﬁles, as the latter
is largely dictated by the ability of the co-oxidant to oxidize and
remove surface carbonaceous deposits.

2. EXPERIMENTAL METHODS
2.1. Synthesis of Molybdenum Oxide Catalysts. Al2O3supported molybdenum oxide catalysts were prepared by an
incipient wetness impregnation method. The Al2O3 particles
(Sasol, Puralox TH 100/150, 0.96 cm3 g−1 pore volume, 150 m2
g−1 surface area, less than 75 μm particle diameter) were ﬁrst
heated in stagnant air to 1023 at 0.083 K s−1 and then
isothermally held for 8 h before being cooled to 393 K. The
treated Al2O3 particles were impregnated with an ammonium
molybdate solution, prepared by dissolving (NH4)6Mo7O24·
4H2O (Sigma-Aldrich, ACS reagent, 99.98% trace metals basis)
precursor in deionized water (>18.2 MΩ cm) at the
concentration needed to achieve a molybdenum oxide loading
of either 13.5 or 25 wt %. SiO2-supported 13.5 wt %
molybdenum oxide catalyst was prepared using a similar
procedure, except that silica gel (Sigma-Aldrich, high-purity
grade, 1.15 cm3 g−1 pore volume, 300 m2 g−1 surface area, 35−75
μm particle diameter) was used as the support. After
impregnation, the samples were aged at ambient conditions
for 12 h and then dried at 393 K for 12 h in stagnant air.
Following this stage, samples were treated in ﬂowing dry air
(Linde, 99.99%, 0.33 cm3 gcat−1 s−1) by being heated at 0.033 K
s−1 to 873 K and held isothermally at 873 K for 4 h, before being
cooled to ambient temperature. Crystalline MoO3 catalyst was
prepared by treating the solid (NH4)6Mo7O24·4H2O precursor
following the same heating procedure.
2.2. Catalytic Tests and Isotopic Measurements. The
catalyst powders (<75 μm) were pressed into pellets using a
pellet die (Carver, 31 mm i.d.) at 130 MPa for 20 min in a
hydraulic press (Specac). The resulting pellets were then sieved
to obtain agglomerates between 125 and 180 μm. These
agglomerates were held on a quartz supporting frit to form a
packed catalyst bed within a tubular microcatalytic plug ﬂow
reactor (quartz, 8.1 mm i.d.) equipped with a K-type
thermocouple placed at the center (in both axial and radial
directions) of the packed bed. Prior to rate measurements, the
catalyst samples were pretreated in situ under 1.67 cm3 g−1 s−1
ﬂowing Ar (Linde, 99.999%) at a ramp rate of 0.05 K s−1 to 873
K before exposure to reactants. Reactant mixtures were prepared
by metering C2H6 (Linde certiﬁed standard, 20.0% C2H6 in Ar),
CO2 (Linde, 99.99%), O2 (Linde certiﬁed standard, 5.0% O2 in
Ar), and balanced Ar (Linde, 99.999%) independently with
thermal mass-ﬂow controllers (Brooks, SLA5850). Water vapor
was introduced by evaporating liquid water (doubly deionized,
>18.2 MΩ cm) into a vaporization zone, which was held
isothermally at 383 K, through a syringe (1 cm3, Hamilton)
mounted on a syringe infusion pump (KD Scientiﬁc, LEGATO
100), and then mixed with upstream reactant mixtures. All
transfer gas lines were heated and held at 383 K after water was
introduced to prevent its condensation. Chemical compositions
of the eﬄuent streams (CO, H2, CH4, CO2, C2H4, and C2H6)
were quantiﬁed by a micro gas chromatograph (Varian CP4900) equipped with HP-PLOT U and Mol Sieve 5A columns,
connected to a thermal conductivity detector (TCD). Before it
entered the micro gas chromatograph, water was removed from
the reactor eﬄuent stream by a water trap packed with drying
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Figure 1. (a) XRD patterns and (b) Mo 3d XPS spectra, together with the distribution of surface atomic composition and Mo chemical states, on 13.5
wt % MoOx/Al2O3 catalysts before and after C2H6 reactions with various oxidants (O2, H2O, CO2) and without an oxidant for 15 h at 873 K (6000 cm3
h−1 gcat−1).

straight line describing the near-edge region of the spectra,
plotted in [F(R∞)·hv]1/2 as a function of the energy of the
incident photon, hv, with the assumption of an indirect optical
transition formalism.
Temperature-programmed oxidation (TPO) measurements
were performed using the microcatalytic plug ﬂow reactor
system described above. For this purpose, 20 mg of spent
catalysts was placed into the reactor. The samples were heated at
5 K min−1 from ambient temperature to 1023 K in 1.1 kPa O2 at
90 cm3 min−1 (5.0% O2/He, Linde certiﬁed standard; He, Linde,
99.999%), during which all the carbon converted to CO2 (C +
O2 → CO2). The CO2 evolvement proﬁles were quantiﬁed using
a methanator-FID setup (FID = ﬂame ionization detector). The
methanator, which contains a Ni/Al2O3 catalyst, converted all
the evolved CO2 into CH4 for sequential quantiﬁcation using an
FID detector. After each experiment, the FID detector was
calibrated with pulses of CO2 (∼11.16 μmol), controlled by a
six-way valve (13T-0345 V, Valco Instrument). The cumulative
amount of CO2 is related to the amount of carbon on the
catalyst, which was then expressed as C/Mo atomic ratio. The
deconvolution of the TPO proﬁles into multiple peaks was
performed by ﬁtting the TPO proﬁles with Gaussian-type
functions using Origin software. The shift in the maximum
temperature of the peaks was within ±10 K.

transferred into the ultrahigh vacuum (UHV) compartment of
the spectrometer for XPS analysis. The vacuum pressure in the
analysis chamber was ∼2 × 10−9 Torr, and the charge
compensation was performed using an e−/Ar+ ﬂood gun.
Spectrum deconvolution was performed using Avantage and
Origin software with all electron binding energies referred to the
C 1s (adventitious carbon) peak at 284.5 eV. The spectra were
analyzed using a Shirley background subtraction followed by
deconvolution using mixed Gaussian−Lorentzian functions
(70%−30%). The distance of the two spin−orbit coupling
components of Mo, that is, Mo 3d5/2 and Mo 3d3/2, was ﬁxed at
3.1 eV with a peak area ratio of 3:2.17 The Mo 3d5/2 spectra were
deconvoluted, by assigning the Mo6+ at 233.6 eV, Mo5+ at 232.6
eV, Mo4+ at 231.6 eV, and Moδ+ (0 < δ < 4) at 229.5 eV, with
their full width at half-maximum (fwhm) of 1.7, 1.8, 1.7, and 2.2
eV, respectively, following previously established methodology.17,18 The C 1s spectra were ﬁtted using contributions
from O−CO at 288.4 eV, C−O at 285.2 eV, C−C at 284.1 eV,
and carbide (C−Mo) at 283.2 eV, with their fwhm of 3.4, 1.6,
1.5, and 1.0 eV, respectively, following again methodology
available in the literature.17 The binding energy values contain a
±0.15 eV error, and the fwhm values have a ±0.2 eV error.
Diﬀuse reﬂectance UV−vis spectroscopy studies were
performed in a Praying Mantis (Harrick Scientiﬁc) DRS cell
mounted onto a Shimadzu UV−vis 3600 spectrophotometer.
The optical absorption data were obtained using a tungsten lamp
(visible range, cut oﬀ at 360 nm) and a deuterium lamp (range of
360−190 nm). The UV−vis spectra were referenced to a
Spectralon standard (DRP-SPR, Harrick Scientiﬁc). The
acquired diﬀuse reﬂectance spectra were converted into the
Kubelka−Munk function [F(R∞)].19 The absorption edge
energies were determined using Tauc’s law following Davis
and Mott’s methodology,20 deﬁned as the x-intercept of the

3. RESULTS AND DISCUSSION
3.1. Chemical State, Size, and Structure of MoOx
Domains in the Fresh 13.5 wt % MoOx/Al2O3 Catalyst.
The XRD pattern for the fresh 13.5 wt % MoOx/Al2O3 catalyst
(Figure 1a, sample fresh) shows the characteristic diﬀractions of
γ-Al2O3 (19.35°, 31.86°, 37.55°, 39.28°, 45.68°, 60.56°, and
66.58°) but not those of crystalline MoO3 (23.7°, 25.8°, and
6955
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Figure 2. UV−Vis diﬀuse reﬂectance spectra (left) and Tauc plots (right) of 13.5 wt % MoOx/Al2O3, 25 wt % MoOx/Al2O3, and 13.5 wt % MoOx/
SiO2. Spectra of crystalline MoO3 and (NH4)6Mo7O24 are included as references.

conﬁrm that the molybdenum species are highly dispersed on
the Al2O3 surface.
UV−Visible absorption spectroscopy probes the ligand to
metal charge transfer band (LMCT) of molybdenum oxide and
correlates it to coordination environment and degree of
oligomerization.11,35,36 Figure 2 (left) shows the UV−vis
spectrum of the 13.5 wt % MoOx/Al2O3, together with those
of a higher loading of 25 wt % MoOx/Al2O3, reference 13.5 wt %
MoOx/SiO2, crystalline MoO3, and (NH4)6Mo7O24 samples.
The absorption maxima observed for the 13.5 wt % MoOx/
Al2O3 sample appears at ∼270 nm, while those of 13.5 wt %
MoOx/SiO2 and 25 wt % MoOx/Al2O3 sit at 290 and 285 nm,
respectively. Absorption bands centered at 230−260 nm are
characteristic of isolated tetrahedral molybdate species, while a
band at 280 nm can be ascribed to monomers, dimers, or
polymerized molybdate species in an octahedral environment.37
The surface of the 13.5 wt % MoOx/Al2O3 catalyst is probably
covered by diverse monomeric, dimeric, and polymerized
octahedral molybdate species, while more aggregated Mo
species are observed at a higher loading (25 wt % MoOx/
Al2O3) or when the interaction between Mo species and the
support is weaker (as in the case of the 13.5 wt % MoOx/SiO2
sample). For the bulk MoO3 sample, which consists of inﬁnite
distorted octahedral MoO6 units, the absorption maxima is
observed at ∼330 nm due to electronic delocalization through
Mo−O−Mo bridges.24,37 For the (NH4)6Mo7O24 compound,
oligomeric distorted MoO6 units result in an LMCT absorption
band at ∼320 nm. Linear extrapolation of the absorption edge of
the UV−vis diﬀuse reﬂectance spectra, using an indirect allowed
transition formalism, provides the electron transition energies
for the molybdenum moieties in the catalyst.35,38,39 The
absorption edge energy for 13.5 wt % MoOx/Al2O3, derived
from the spectrum in Figure 2 (right), is ∼3.3 eV, which is very
close to that reported for a polymolybdate monolayer.8 The 13.5
wt % MoOx/SiO2 and 25 wt % MoOx/Al2O3 samples exhibit
lower adsorption edge energies (3.25 and 3.05 eV, respectively),
as a result of a larger degree of metal oxide oligomerization. For
crystalline MoO3 reference sample, the edge energy value
obtained is found at 2.85 eV, consistent with the delocalization
of the electronic state through the bulk, continuous MoO3
lattice. The results clearly indicate that the molybdenum oxides
in the 13.5 wt % MoOx/Al2O3 catalyst are very well-dispersed.

27.4°), indicating that Mo is well-dispersed, likely as twodimensional moieties or three-dimensional nanoparticles with
an average domain size below 4 nm.21 Raman spectroscopy was
used to reveal molecular-level information on the MoOx
structure and its degree of oligomerization.22 The Raman
spectrum of the fresh catalyst (Figure S1) shows a major band
centered at 950 cm−1, previously assigned to the symmetric
stretching of the terminal MoO bond of two-dimensional
MoOx oligomers dispersed on alumina.8,23 The broad bands at
830 and 580 cm−1 are associated with the asymmetric and
symmetric vibrations of bridging Mo−O−Mo bonds in the
oligomers, respectively.24,25 The weak bands observed at 220
and 360 cm−1 are related to the bending modes of the same
species.25 In addition, there is a small shoulder that appeared at
∼1000 cm−1, likely arising from the MoO stretching of
crystalline MoO3 structures.8,26−28 However, this small shoulder
is not the main feature of the spectra, which suggests that the
amount of crystalline MoO3 is very small, consistent with the
absence of clearly deﬁned MoO3 diﬀraction features in XRD.
These results indicate that two-dimensional structures exist
dominantly on the alumina surface, even at 13.5 wt % MoOx
loading.
Figure 1b shows the high-resolution XPS spectrum in the Mo
3d region for the 13.5 wt % MoOx/Al2O3 catalyst and the
corresponding ﬁtting result of the same sample (sample f resh).
Spectrum deconvolution reveals the Mo 3d5/2 signals at 233.6
and 232.6 eV; the former is assigned to the Mo6+ species,29
corresponding well to the reported range of 233.2−233.8 eV,
and the latter is assigned to the Mo5+ species.30 The presence of
the Mo5+ (24.9%) might be an indication of the highly dispersed
nature of the molybdenum oxide, as previous reports9,31,32
indicate that, at lower Mo loadings, the binding energy of Mo
becomes smaller than that observed on samples with higher
loadings and bulk MoO3. The other possibility is the existence of
either absorbed water or OH groups on MoOx domains, which
could cause a shift in the Mo 3d5/2 binding energies to lower
values, as previously reported.33,34 Additionally, the surface
atomic fraction of Mo is 2.8%, while the surface atomic ratio of
Mo/Al is 0.075. These measured values, when compared to the
bulk atomic fraction of 2.1% and the related Mo/Al atomic ratio
of 0.055 (calculated by assuming 13.5 wt % of catalyst is bulk
MoO3 and 86.5 wt % of that is Al2O3 in a well-mixed phase),
6956

https://dx.doi.org/10.1021/acscatal.0c01073
ACS Catal. 2020, 10, 6952−6968

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

Figure 3. Time-dependent catalytic performance during C2H6−O2, C2H6−H2O, C2H6−CO2, and C2H6 reactions on 13.5 wt % MoOx/Al2O3 catalyst
at 873 K: (a) ethane turnover rate (per total Mo atom, the solid lines are the predicted rate proﬁles by ﬁtting the measured rate data after 4 h of reaction
to eq 15), (b) ethylene formation rate (per total Mo atom), (c) ethylene selectivity (reaction condition: 5 kPa C2H6 with 3.2 kPa O2, CO2, or H2O or,
alternatively, without any oxidant, 6000 cm3 h−1 gcat−1).

shift reactions (eq 6, in both directions) that interconvert CO2−
CO and H2O−H2 also occur, as these reactions are a part of the
catalytic routes of CO2 and H2O activation.
During the C2H6−CO2 and C2H6−H2O reactions, the
water−gas shift reaction may occur in either the forward or
reverse direction, depending on the feed compositions. During
C2H6−CO2 catalysis, the reverse water−gas shift reaction
(RWGS) occurs, and its approach-to-equilibrium (ηRWGS) is
deﬁned by the ratio of reaction quotient (QRWGS) to its
equilibrium constant (KRWGS).

3.2. Oxidant Chemical Identity Eﬀect on Turnover
Rates, Selectivity, and Catalyst Stability during C2H6
Catalysis. Catalytic rates and selectivities during ethane
reactions with O2, CO2, or H2O oxidant on the 13.5 wt %
MoOx/Al2O3 catalyst were evaluated and compared with those
obtained in the absence of an oxidant. Depending on whether an
oxidant is used and its chemical identity, multiple reactions (eqs
1−6), that is, oxidative dehydrogenation, direct dehydrogenation, combustion, dry reforming, steam reforming, forward/
reverse water−gas shift, hydrogenolysis, and carbon deposition
may concomitantly occur. The selectivities toward species j (Sj, j
= C2H4, CO, CO2, and CH4) are deﬁned, per carbon basis, as the
fraction of ethane converted to j (eq 7)

Sj =

ηRWGS =

rj
∑ rj

Q RWGS
KRWGS

=

[PCO][PH2O]
[PCO2 ][PH2 ]

×

1
KRWGS

(8a)

ηRWGS values range from 0.08 to 0.18 during 15 h of reaction (5
kPa C2H6, 3.2 kPa CO2, 873 K, 6000 cm3 h−1 gcat−1). During
C2H6−H2O catalysis, the forward water−gas shift reaction
(WGS) occurs, as the feed mixture contains excess water with
chemical compositions residing at the opposite side of the
equilibrium position. The approach-to-equilibrium (ηWGS) is
deﬁned similarly as

(7)

where rj is the net C2H6 turnover rate (per total Mo atom) for
product j formation. Figure 3a−c shows the time-dependent
C2H6 turnover rates, ethylene formation rates, and ethylene
selectivities during these reactions, respectively; Table S1
summarizes the detailed carbon selectivities at diﬀerent timeon-streams.
The C2H6−O2 system forms predominantly C2H4 (∼65%
selectivity) with undetectable deactivation. Side reactions
include hydrogenolysis, which cleaves the C−C bond of C2Hx
intermediates, followed by their partial or total oxidation,
producing COx and a very small amount of CH4 (<1.5%
selectivity). In the contrasting cases of the C2H6−CO2 and
C2H6−H2O reaction systems, C2H6 conversion rates were lower
than those observed in the C2H6−O2 reaction system. When the
rates are compared at a ﬁxed time-on-stream (0.5 h), the rates
for C2H6 reactions with CO2 or H2O were 2−3 times lower than
those obtained using O2 oxidant. After 8 h, these rates decreased
further by nearly an order of magnitude. However, the C2H6
reaction with CO2 or H2O formed C2H4 at much higher
selectivities than with O2, reaching 77−85% after 4 h, as shown
in Figure 3c. This higher selectivity is expected, since total
combustion cannot occur with these soft oxidants, while side
reactions such as ethane reforming (eqs 5a and 5b) and
hydrogenolysis could occur, leading to the formation of CO and
additional H2 and CH4 as the side products, but at relatively low
rates compared to that of ethylene formation, thus maintaining
the high carbon selectivity. Additionally, secondary water−gas

ηWGS =

Q WGS
KWGS

=

[PCO2 ][PH2 ]
[PCO][PH2O]

×

1
KWGS

(8b)

where QWGS and KWGS are the reaction quotient and equilibrium
constant for the forward water−gas shift reaction, respectively.
ηWGS values remain below 0.08 during 15 h of reaction (5 kPa
C2H6, 3.2 kPa H2O, 873 K, 6000 cm3 h−1 gcat−1). These
approach-to-equilibrium values ηRWGS and ηWGS, which are far
away from unity, conﬁrm that the water−gas shift reactions are
not equilibrated; thus, activation of either CO2 or H2O, or both,
is kinetically restricted.
Lastly, the rates of direct C2H6 dehydrogenation, in the
absence of an oxidant, decrease rapidly during the ﬁrst hour,
exhibiting the lowest conversions among the four catalytic
systems. However, its ethylene selectivity is the highest, reaching
90% after 15 h of reaction.
The selectivity to CH4 remains small (<7% for all cases), and
therefore hydrogenolysis is not a dominant reaction path. The
selectivities for all products (i.e., C2H4, CO2, or CO) reached
constant values within a 4 h period for C2H6 dehydrogenation
and C2H6−H2O reactions and within a much shorter time scale
for C2H6−CO2 and C2H6−O2 reactions. During the initial
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Figure 4. Dependences of initial C2H4 formation rate (per total Mo atom) on (a) C2H6 pressure in C2H6−O2 (3−9 kPa C2H6 and 3.2 kPa O2), C2H6−
H2O (3−9 kPa C2H6 and 3.2 kPa H2O), and C2H6−CO2 (2−9 kPa C2H6 and 10 kPa CO2) reactions and (b) oxidant pressures in C2H6−O2 (1.5−3.5
kPa O2 and 5 kPa C2H6), C2H6−H2O (0.8−3.2 kPa H2O and 5 kPa C2H6), and C2H6−CO2 (4−16 kPa CO2 and 5 kPa C2H6) reactions obtained by
Method 1 on 13.5 wt % MoOx/Al2O3 catalyst at 873 K (6000 cm3 h−1 gcat−1); (c) dependences of r(rref)−1 (eq 11) on C2H6 pressure (2−9 kPa C2H6
and 10 kPa CO2) and CO2 pressure ( 4−16 kPa CO2 and 5 kPa C2H6) in C2H6−CO2 reactions obtained by Method 2 on 13.5 wt % MoOx/Al2O3
catalyst at 873 K (6000 cm3 h−1 gcat−1).

oxygen contents relate directly to the probabilities of these
oxygen species to encounter and react with vicinal carbonaceous
deposits, the oxygen chemical potential therefore directly
regulates the ability of the MoOx domains to retard coke
deposition. Carbon deposition, likely resulting from the
formation and dimerization of ethylene, occurs much more
prominently in the C2H6−CO2 system, gradually decreasing the
number of unoccupied sites available for ethane activation. This
site decrease, however, does not signiﬁcantly alter the carbon
selectivities, because the identity and reactivity of the active sites
remain unchanged during the entire reaction duration, but their
density varies with time-on-stream as a consequence of carbon
deposition, site occupation, and site loss events.
Since the initial MoOx reconstruction and loss of active sites
both inﬂuence markedly the rates, their analyses, and the
resulting mechanistic interpretation, we decouple these eﬀects
caused by structural changes, from the intrinsic kinetic
dependencies, by probing the rate dependencies of the diﬀerent
catalytic systems using two separate methodologies.
(1) The initial rate method (Method 1), by extrapolating the
rate data back to the initial time. The initial rate (rm,i,0) reﬂects
the C2H6 turnovers on largely uncovered, pristine sites. Its values
are determined by linearizing eq 9, followed by regressing this
relation against the rate data in a semilogarithmic plot of rate
versus time-on-stream.
(2) The rate ratio method (Method 2), which assesses the rate
ratios under two separate conditionsby comparing the rates
measured at diﬀerent reactant pressures (r) to a reference rate
(rref) value, under conditions in which the reaction occurs on
catalyst surfaces with identical structures and coverages of all
species, including various carbonaceous debris, and, in turn,
instantaneous working site density. This condition is enabled by
rapidly switching between the two reaction conditions, as
described in detail in Section S4 of the Supporting Information.
In this rapid switching mode, it is assumed that any deactivation,
caused by the structural transformation of Mo oxide to carbide
moieties and by coke deposition and nucleation of larger
carbonaceous intermediates, occurs over a much larger time
scale than that of the rate measurements (i.e., hours vs minutes).
First, this method expresses rate equation (r) into two terms, by

exposure of the MoOx catalyst to the reaction mixture, the
potential structural transformation of MoOx, that is, formation
of Mo oxycarbides, Mo carbides, etc., could occur. As the MoOx
underwent reconstruction, its reactivity for catalyzing each of the
various reaction pathways concomitantly changed. After an
extended period of time, the selectivities and product
distributions became largely unchanged, although all rates,
except for those in the C2H6−O2 system, continued to decay.
This indicates that, at this point, the number of active sites
continued to decay, but their reactivity (per site) remained the
same. In other words, the deactivation detected in the extended
time scale was simply related to the loss of a single type of active
site. Thus, the extent of catalyst deactivation in these C2H6
reactions, after initial deactivation, can be represented by a
deactivation time constant (αm,i; subscript “m” deﬁnes the type
of reaction, m = total C2H6, dehydrogenation, combustion,
reforming, or hydrogenolysis reaction, and subscript “i” denotes
the oxidant chemical identity), with the additional assumption
that the deactivation follows a ﬁrst-order decay,40,41 where rate is
proportional to the surface density of accessible active sites
rm,i
rm,i,0

= exp( −αm,it )

(9)

where rm,i is the rate at time-on-stream t, and rm,i,0 is the rate at
zero reaction time (t = 0). Figure S2 illustrates the deactivation
proﬁles in C2H6−CO2 and C2H6−H2O reactions, ﬁtted with eq
9. The deactivation time constant αm,i measures the extent of
deactivation. The obtained values are presented in Table S1. For
total C2H6 turnovers, the deactivation time constants αtotal,i
(Figure 3a) for the diﬀerent reaction systems decreased
according to the trend of C2H6 > C2H6−CO2 > C2H6−H2O
and eventually reached near zero for C2H6−O2, as no detectable
reactivity loss was observed in oxidehydrogenation catalysis
using O2. Compared with the system without any oxidant, the
introduction of H2O or CO2 mitigates the deactivation but not
as eﬀectively as O2 does. This trend in rate decay mirrors the
increase in the oxygen chemical potential at the catalyst surface,
a thermodynamic property that dictates the equilibrium surface
oxygen contents on the MoOx domains. Since the surface
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Figure 5. (a) TPO proﬁles and (b) Raman spectra of 13.5 wt % MoOx/Al2O3 catalysts after C2H6 (5 kPa) reactions with various oxidants (3.2 kPa O2,
H2O, or CO2) and without an oxidant at 873 K for 15 h (6000 cm3 h−1 gcat−1).

decoupling its intrinsic component rint (per active site) from the
rate decay caused by the decrease in active site density. Second,
the intrinsic rate rint is the product of the intrinsic rate constant
kint and the partial pressures of ethane and oxidant, PC2H6 and
Poxidant, each raised to its respective reaction order α and β.
Third, the decay of active site density is quantitatively described
by the instantaneous density of active working sites N(t), which
depends on the total site density of fresh catalyst NT and fraction
of poisoned sites, θC*(t). Therefore, the full rate expression is

sites are being covered with carbon debris. This assumption is
valid, as observed from the relatively constant product selectivity
values after 4 h time-on-stream (Figure 3c).42,43
With the initial rate method (Method 1), Figure 4a,b shows
the dependence of C2H4 formation rates on C2H6 and oxidant
pressures, respectively, for the diﬀerent reaction systems. With
the rate ratio method (Method 2), Figure 4c shows the r(rref)−1
ratios (eq 11) for the C2H6−CO2 reaction system. The ﬁndings
from both of these methods, taken together, allow us to probe
the intrinsic rate dependencies, by removing corruptions caused
by the loss of active sites during catalytic sojourns due to carbon
deposition and other reasons. Irrespective of the co-oxidant
identity, the intrinsic rates for species j (j = C2H4, CO, CO2, and
CH4) formation in the C2H6−O2 (rint,j, O2) and C2H6−CO2
(rint,j, CO2) reaction systems all increase proportionally with C2H6
pressure and remain insensitive to the oxidant pressure (Figure 4
and Figures S4−S6 in Section S5 of the Supporting
Information). The one exception is for the case of the C2H6−
H2O system, where its reaction rates (rint,j, H2O) deviate slightly
from the linear dependence, as their values increase slightly less
than proportionally with the C2H6 pressure (0.9) and display a
slight negative dependence on H2O pressure (−0.1).
3.3. Structure of 13.5 wt % MoOx/Al2O3 Catalyst after
Exposure to C2H6−O2, C2H6−CO2, and C2H6−H2O Reaction Mixtures. After C2H6−O2 (sample spent_O2), C2H6−
CO2 (sample spent_CO2), and C2H6−H2O (sample spent_H2O)
catalysis for 15 h at 873 K, structural changes take place in the
MoOx/Al2O3 samples, as detected by XRD and high-resolution
XPS (Figure 1a,b, respectively). Speciﬁcally, two new diﬀraction
peaks appeared at 26.1° and 53.5° in XRD patterns, which can be
ascribed to crystalline MoO2, suggesting that MoOx species were
partially reduced during these reactions.44 These peaks were not
present on the spent sample after exposure to C2H6, without an
oxidant (sample spent_no).

r = rintN (t ) = rintNT[1 − θC *(t )]
= k intPC2H6 αPoxidant βNT[1 − θC *(t )]

(10a)

where
N (t ) = NT[1 − θC *(t )]

(10b)

Fourth, the rate diﬀerence between the two reaction conditions,
measured on catalyst surfaces with identical structure and
coverages of reactive intermediates, is expressed as their rate
ratio r(rref)−1. Illustrating this method through the case of
C2H6−CO2 reactions, the ratio of a rate (r), measured at a
condition (PC2H6, PCO2), to that (rref) at a reference condition
(PC2H6, ref = 5 kPa, PCO2, ref = 10 kPa) at the same temperature is
r
rref

=

rint
rint,ref

ij PC H yz
2 6 z
zz
= jjjj
j PC H ,ref zz
2
6
k
{

α

ij PCO yz
2 z
jj
zz
jj
j PCO ,ref zz
2
k
{

β

(11)

The reaction orders for C2H6 and CO2 (α and β) can be
determined by simply plotting r(rref)−1 as a function of C2H6 and
CO2 pressures, respectively, as illustrated in detail in Section S4.
We note that this method requires the assumption that, despite a
decrease in the working site density, the identity and reactivity of
the active site remain the same, irrespective of how their vicinal
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Scheme 1. A Generalized Mechanistic Frameworka

a

A generalized mechanistic framework, capturing the two tandem, kinetically coupled catalytic cycles for ethane dehydrogenation without any
oxidant (cycles 1 and 3) and the three tandem, kinetically coupled catalytic cycles for ethane reactions (cycles 1−3) with various oxidants (O2,
CO2, or H2O) on 13.5 wt % MoOx/Al2O3 catalysts (for simpliﬁcation purposes, an isolated MoOx is used to denote an active site); ( ) denotes a
quasi-equilibrated step, (⇄) a reversible step, ( ) a rate-determined step, and (→) an irreversible step; Ki is the equilibrium constant; ki is the
rate constant; and ki,f and ki,r are the forward and reverse rate constants, respectively, for a reversible elementary step “i”).

Moδ+ moieties suggest that MoOx clusters were partially reduced
and/or carburized during catalysis. After C2H6 catalysis with
either O2 or H2O oxidant, a larger fraction of Mo retained its
initial Mo6+ state (34.0% and 33.4%, respectively). In contrast,
only 19.1% and 15.6% Mo6+ remained after C2H6 catalysis with
either CO2 oxidant or without any oxidant, and in turn, Mo
species were much more reduced with the majority of them as
Mo5+ (45−47%) on these two systems. Unlike the fresh catalyst,
all spent samples after reactions with O2, CO2, and H2O oxidants
contained a relatively large fraction of Mo4+ (22−33%), which
can be ascribed to those in the MoO2 (as observed in XRD) or

The high-resolution XPS spectra in the Mo 3d region and
associated surface atomic content, derived from peak
deconvolution ﬁttings (Figure 1) of these spent MoOx/Al2O3
samples, show changes in the Mo chemical states. Mo in the
fresh catalysts (sample fresh) existed mostly as Mo6+ (75.1%)
with a smaller portion as Mo5+ (24.9%). After catalysis (with or
without oxidant), the fraction of Mo6+ decreased to below 35%,
as Mo underwent reduction to Mo5+, Mo4+, and Moδ+ (0 < δ <
4). It is noted that features corresponded to metallic Mo
(binding energy ≈ 227.8 eV)45 were undetected. The increased
proportion of Mo5+ species and the appearance of Mo4+ and
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oxy-carbide (MoOxCy) phase.18,44,46 As expected, the sample
exposed to only C2H6 (sample spent_no) contained a large
fraction of highly reduced Moδ+ species with oxidation states less
than four (28.9%), ascribed to molybdenum oxy-carbides
(MoCxOy) or molybdenum carbide (Mo2C) species.47 The
presence of carbide or oxy-carbide species can also be conﬁrmed
by C 1s spectra (Figure S7) of the same samples, in which a peak
at 283.2 eV (Mo−C) was observed.48 Without an oxidant, the
reaction mixture contains predominantly C2H6−C2H4−H2; the
chemical composition of this mixture mimics those used for
molybdenum oxide carburization, which contain H2 and
hydrocarbons (e.g., CH4, C2H6, or C4H10) that convert the
oxide to carbide.49−51 Under this highly reducing condition,
MoOx species are more likely to be reduced and carburized into
amorphous oxy-carbides or carbide phases, undetectable by
XRD,44 and the resulting MoOx moieties in molybdenum oxycarbide species show low intrinsic reactivity (Figure 4a) in
ethane dehydrogenation reaction.14 As MoOx loses its lattice
oxygen atoms, each remaining oxygen binds to the MoOx
moieties much more strongly; thus, their reactivity decreases
commensurately. This structural transformation most likely
caused the drastic change in selectivity observed during the
initial period of the reaction (Figure 3c).
Temperature-programmed oxidation gives the CO2 evolution
proﬁles and associated carbon contents for the same series of
spent catalysts (Figure 5). From the TPO experiments, the
carbon content (in C/Mo atomic ratio) of these spent samples
decreases for over an order of magnitude from 9.53 to 0.85,
starting from the spent sample with the highest amount of
carbon in the decreasing order, for samples exposed to C2H6
(without an oxidant) (spent_no) > C2H6−CO2 (spent_CO2) >
C2H6−O2 (spent_O2) > C2H6−H2O (spent_H2O), which is in
agreement with the XPS-derived surface carbon content,
obtained from elemental analysis (Figure 1). Correspondingly,
the surface O content, as obtained by XPS surface analysis,
shows an inverse trend, once again conﬁrming the lack of
signiﬁcant surface carburization in the presence of oxidant.
Figure 5b shows the Raman spectra of these spent catalysts.
Two major bands, which correspond to the D and G bands of
carbon, are observed. The shift at ∼1586 cm−1 (G band) is
related to the vibration of sp2-bonded carbon atoms in a twodimensional hexagonal lattice, indicative of the presence of a
crystalline graphite phase.52 The D band, located at ∼1354
cm−1, is commonly assigned to structurally disordered
(amorphous) carbon.52 The presence of these two bands
indicates the heterogeneity of the carbon species formed on
MoOx during ethane reactions. The intensity ratios (height
ratios) of D to G band, that is, ID/IG values, as shown in Figure 5,
are in the range of 1.01−1.19 on all spent samples, suggesting
that similar types of coke deposited after various C2H6 reaction
systems. The TPO proﬁles in Figure 5a show three types of
deposited carbon speciesthe CO2 evolution at the lower
temperature of ∼680 K can be typically attributed to the
molybdenum carbide species (type 1),53 while that at ∼750 K
can be attributed to nonrefractory (soft) coke or oxy-carbide
species (type 2).44 The peak at higher temperature (∼780 K)
can be ascribed to the presence of graphitic coke,54 as suggested
by the presence of the G band on the Raman spectra. A1, A2, and
A3 denote the C/Mo atomic ratio for these three types of carbon,
respectively. The atomic ratio of carbon species evolved at lower
temperatures (types 1 and 2) to that at the higher temperature
(type 3), (A1 + A2)/A3, reﬂects the ratio of amorphous to
crystalline carbon; these ratios for diﬀerent reaction systems are
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listed in Figure 5. The values obtained (1.18−1.30) are in good
agreement with those observed during Raman analysis on the
same samples (ID/IG = 1.01−1.19).
3.4. A Generalized Mechanistic Framework for C2H6,
C2H6−O2, C2H6−CO2, and C2H6−H2O CatalysisThree
Tandem Catalytic Cycles. We propose, in Scheme 1, a
generalized mechanistic framework that captures the catalytic
sojourns of ethane dehydrogenation and oxidehydrogenation on
dispersed molybdenum oxide surfaces, which contains three
tandem, kinetically coupled cycles of ethane activation (cycle 1),
oxidant activation (cycle 2), and carbon removal (cycle 3). As
revealed by Raman and UV−vis analyses, isolated and
oligomeric MoOx species coexist on Al2O3 surfaces. Although
it is generally accepted that C2H6 activates on a lattice oxygen,
and the catalytic reactivity depends largely on the binding energy
of this oxygen atom,8,11 we are unable to pinpoint the exact
location of the active lattice oxygen and its associated Mo
structure, for example, isolated, oligomeric, or bulk MoOx
domains, that are most eﬀective for C2H6 activation. For
simpliﬁcation, an isolated MoOx is used to represent the active
site when describing the mechanisms in Scheme 1. On the basis
of the similar rate dependencies (Figure 4 and Figures S4−S6)
for the formation of each product across the three C2H6 reaction
systems (with O2, H2O, or CO2) and, for each reaction system,
constant selectivities attained above 4 h time-on-stream, we
hypothesize that C−H bond activation in C2H6 remains as the
kinetically relevant step for ethane dehydrogenation, oxidehydrogenation, and for the much slower reforming or hydrogenolysis reactions in all three catalytic systems. The diﬀerence
in C2H6 conversion rates across these catalytic systems must
arise from the diﬀerent extents of the undesired C2Hx*
oligomerization, which produces unwanted carbonaceous
debris, or from site occupation by other intermediates. The
carbon content deposited on catalyst surfaces depends directly
on the oxygen chemical potential, a thermodynamic property
that rigorously dictates the actual concentration of the oxygen
species at the catalyst surfaces and their reactivity in oxidizing
and removing the carbon debris.
Cycle 1: Ethane Activation. In the Ethane Activation cycle
(cycle 1), ethane ﬁrst adsorbs by interacting with a lattice oxygen
site (Olattice*) of dispersed MoOx moieties in a quasiequilibrated step (Step E1). Next, a neighboring lattice oxygen
assists with the kinetically relevant C−H bond cleavage of
ethane, by abstracting one of its hydrogens (Step E2). The ﬁrstorder rate dependence suggests that C2H6 activation on MoOx
surfaces saturated with lattice oxygen atoms limits rates, as
previously reported for C2H6−O2 and C3H8−O2 reactions
catalyzed by MoOx,55 VOx,55−58 WOx,55 and MoVTeNbO58
catalysts. The lack of C3H8−xDx (0 < x < 8) mixed isotopomer
formation during C3H8−C3D8−O2 reactions on MoOx/ZrO259
conﬁrms that the initial C−H bond activation (Step E2) is not
only a kinetically relevant but also an irreversible step in this
cycle, consistent with the highest barrier found for this initial C−
H dissociation of alkanes (ethane and propane) than any other
elementary steps involved in ODH catalyzed by MoOx
clusters,60 V2O5(001) surface,61,62 V2O5(010) surface,63 and
V2O5 dimers.64 After the initial C−H bond cleavage, a β-hydride
elimination step (Step E3) evolves the ethylene, leaving a total of
two hydroxyl species at the Mo center. These hydroxyl species
recombine and desorb as H2 (Step E4), leaving behind two
oxygen sites. This cycle, when coupled with the Carbon Removal
cycle, describes the ethane dehydrogenation reaction (eq 1).
When coupled with both the Oxidant Activation and Carbon
6961

https://dx.doi.org/10.1021/acscatal.0c01073
ACS Catal. 2020, 10, 6952−6968

ACS Catalysis

pubs.acs.org/acscatalysis

Removal cycles (cycles 2 and 3, respectively), it describes the
C2H6−O2 (eq 2), C2H6−CO2 (eq 4a), and C2H6−H2O (eq 4b)
systems.
Figure 6a,b shows the reactant and product evolution and the
rates of oxygen vacancy (□) formation from MoO x ,
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performed after reducing the catalyst in H2 at the same
temperature for 2 h. These □/Mo ratios, given by both the
transient C2H6 dehydrogenation reaction and oxygen vacancy
titration study, give an average Mo oxidation state of ca. +3,
which is close to that of +3.89 determined from XPS analysis on
MoOx catalyst, after 15 h C2H6 reaction (no oxidant) at 873 K
(spent_no, Figure 1), where a large portion of Mo (28.9%) was
below +4, which can be assigned to Mo oxidation states in
molybdenum oxy-carbide (Mo3+) or carbide (Mo2+) species.18
Cycle 2: Oxidant Activation. The diﬀerence among C2H6−
O2, C2H6−CO2, and C2H6−H2O catalysis lies in the mechanism
to which the reduced Mo undergoes reoxidation via Oxidant
Activation cycle (cycle 2), during which the oxidant O2, CO2, or
H2O activates and removes carbonaceous debris from the
catalyst surfaces.
O2, when used as an oxidant in the ethane ODH reaction
(cycle 2-O2), dissociates via an irreversible O2 dissociation step
(Step O1), as conﬁrmed from negligible 16O2-18O2 scrambling
during C3H8-16O2-18O2 isotopic exchange probe reactions on an
MoOx/ZrO2 catalyst.59 Moreover, the barrier for oxygen
dissociation on the oxygen vacancy sites of MoO3 (010) surface
is 0.90 eV with a large negative free energy change (ΔG = −3.63
eV, 623 K),65 suggesting that this step is irreversible.
CO2, when used as an oxidant (cycle 2-CO2), activates on
either a lattice oxygen (pathway CO2-a) or a hydroxy group
(pathway CO2-b). In the CO2-a pathway, CO2 absorbs on a
lattice oxygen, Olattice, as a carbonate (CO3*) intermediate (Step
O4a), followed by OCOI bond cleavage and then the transfer
of the OI to a neighboring reduced Mo center, leaving an
adsorbed CO* on the Olattice site (OCO*, Step O5a), which
subsequently desorbs as CO to regenerate the Olattice (Step O6).
In the alternate CO2-b pathway, a hydroxyl hydrogen assists with
CO2 activation, forming a COOH intermediate absorbed at an
oxygen site (HCO3*, Step O4b), followed by its decomposition
to OH* and OCO* (Step O5b) before the desorption of CO*
and regeneration of the Olattice (Step O6).
H2O, when used as a coreactant (cycle 2-H2O), dissociates on
an oxygen vacancy and a lattice oxygen site pair to produce two
OH* groups (Step O2) that then recombine to desorb as H2
(Step O3). In contrast to using O2 or CO2 oxidant, H2O
dissociation does not generate reactive oxygen species required
for carbon oxidation and removal in cycle 3. The dissociation
also does not replenish and retain Olattice on MoOx, and instead,
it converts them into hydroxyl species.
Embedded within these CO2 and H2O activation cycles
(cycles 2-CO2 and 2-H2O) are the elementary steps for the
water−gas shift reaction in both the forward and reverse
directions (Steps O2-O3, O4a-O5a or O4b-O5b, and O6), and
their rates directly reﬂect the oxygen contents on MoOx. The
oxygen chemical potential is quantitatively represented by the
oxygen virtual pressure (PO2(v), eqs 12a and 12b), a ﬁctitious

Figure 6. (a) C2H6 reactant and product concentrations and (b) rates
of oxygen vacancy formation, which equal the rates of lattice oxygen
removal from the MoOx to evolve oxygen-containing products (H2O
and CO), plotted as a function of time-on-stream during transient C2H6
(without an oxidant) reactions at 873 K (5 kPa C2H6, 13.5 wt % MoOx/
Al2O3 catalyst, 6000 cm3 h−1 gcat−1).

respectively, during transient C2H6 dehydrogenation reaction
(without an oxidant) on the 13.5 wt % MoOx/Al2O3 catalyst at
873 K. Upon the initial C2H6 introduction, C2H4, CH4, and H2
were detected together with the oxygen-containing products CO
and H2O. These oxygen-containing products were formed
because of lattice oxygen involvement in ethane activation
catalysis; thus, CO and H2O formation rates equal the lattice
oxygen removal rates, presented in Figure 6b as the oxygen
vacancy (□) formation rates. During the ﬁrst 30 min of C2H6
exposure, a large amount of H2 formed; however, during this
time interval C2H4 was not detected in the reactor eﬄuent,
indicating signiﬁcant carbon deposition onto the catalyst.
During this interval, C2H6 reacted with a portion of MoOx,
converting it to molybdenum carbide in a noncatalytic process,
as established previously.49−51 After the ﬁrst 0.5 h, when a
portion of molybdenum oxide (∼32% Mo) was converted to
carbide or oxy-carbide, C2H4 began to appear, and, as a result,
the H2-to-C2H4 ratio began to decrease (e.g., to 2.2 at 15 h),
approaching but not reaching unity, the value expected for
dehydrogenation stoichiometry, because of continuous carbon
deposition in the absence of oxidant. The total number of
oxygen vacancies on MoOx, which equals the cumulative
amount of oxygen vacancy formed over the entire initial reaction
period (0−3 h), is 1.51 □/Mo atomic ratio, determined from
integrating the oxygen vacancy formation rate evolution proﬁle,
as shown in Figure 6b. This value is consistent with a □/Mo
ratio of 1.50 obtained from a separate oxygen vacancy titration
study (described in Section S7 of the Supporting Information),

oxygen pressure that is in equilibrium with the instantaneous
Olattice*-to-* ratio during steady-state C2H6−CO2 and C2H6−
H2O catalysis, [O*]/[*]steady‑state catalysis
PO (v) y
i
[O*]
= jjjjK O2 2θ zzzz
[*] steady‐state catalysis k
P {

0.5

(12b)

θ

where P is the standard atmosphere. When the WGS reaction
reaches chemical equilibrium, the oxygen content, [O*]/
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Figure 7. (a) The partial pressures of dihydrogen isotopomers of (i) H2-D2 (5 kPa H2, 5 kPa D2) feed mixture bypassing the reactor, (ii) during H2-D2
(5 kPa H2, 5 kPa D2) reactions, and (iii) during H2-D2-CO2 (5 kPa H2, 5 kPa D2, 10 kPa CO2) reactions. (b) The partial pressures of dihydrogen and
water isotopomers of (i) H2-D2O (5 kPa H2, 2 kPa D2O) feed mixture bypassing the reactor, (ii) during H2-D2O (5 kPa H2, 2 kPa D2O) reactions, and
(iii) during H2-D2O-CO2 (5 kPa H2, 2 kPa D2O, 10 kPa CO2) reactions (13.5 wt % MoOx/Al2O3 catalyst, 873 K, 6000 cm3 h−1 gcat−1).

[*]steady‑state catalysis, WGS, eq, where subscript WGS, eq denotes
equilibrium, equals

H2O and H2 activation within the oxidant activation cycles.
During H2-D2 reactions (5 kPa each, 873 K), dihydrogen
isotopomer distributions attain binominal distributions (2.58
H2/4.85 HD/2.58 D2) identical to those expected at equilibrium
of 2.52 H2/4.96 HD/2.52 D2, within the experimentally
measurable accuracy, as shown in Figure 7a. These distributions
correspond to an approach-to-equilibrium for H2-D2 exchange
of 0.92. Incorporating CO2 (10 kPa) into the H2-D2 feed
mixture leads to dihydrogen isotopomer distributions of 1.84
H2/3.52 HD/1.70 D2 and an approach-to-equilibrium of 1.16.
Thus, the hydrogen dissociation-recombination step is quasiequilibrated (Steps E4 and O3). Similarly, the H2-D2O (5 kPa
H2, 2 kPa D2O) and H2-D2O-CO2 (5 kPa H2, 2 kPa D2O, 10 kPa
CO2) reactions, which probe the reversibility of H2O activation,
lead to the eﬄuent H2/D2O/HD/HDO isotopomer distributions of 2.48:0.30:2.59:0.95 and 1.95:0.33:1.94:1.10, which
translate to approach-to-equilibrium values of 1.09 and 1.10,
respectively. These isotopic exchange results suggest that the
H2O activation step (Step O2) is quasi-equilibrated (Figure 7b).
The reversible steps for water formation are in agreement with
the observed water inhibition eﬀects during C2H6−H2O
catalysis (Figure 4b) and with those observed when introducing
water into the feed during C2H6−O2 catalysis on VOx/Al2O366
and during C3H8−O2 catalysis on MoOx/ZrO255 and VOx/
ZrO2.57 On the Mo (010) surface, density functional theory
(DFT) studies show that two surface hydroxy groups recombine
to form a water (Step O2) with an extremely low barrier of 0.10
eV and a free energy change of −0.02 eV (623 K).65 Thus, H2O
converts the reactive oxygen species to inactive surface
hydroxyls, inhibiting the C2H6 turnovers; it also does not assist
with the removal of carbonaceous debris, as its activation does
not generate reactive oxygen species. These ﬁndings are
consistent with both the low reactivity and low carbon
deposition after C2H6−H2O catalysis.
The quasi-equilibrated nature of hydrogen and water
activation further conﬁrms that, within the RWGS catalytic
cycle embedded in this Oxidant Activation cycle, CO2 activation
(Step O5a or O5b, forward) limits rate. Similarly, the WGS
catalysis during C2H6−H2O reactions must also be limited by
CO2 formation (Step O5a or O5b, reverse). This ﬁnding is in
contrast to those expected on late transition metals, Pt,67 Ni,68
Co,68,69 and Ru,70 as those metals catalyze the water−gas shift
reaction eﬀectively under comparable conditions (773−873 K),
often attaining chemical equilibriums at all conditions relevant
to alkane-reforming catalysis.

[O*]
[*] steady‐state catalysis,WGS,eq

ij PCO2 yz
zz
= K CO2−COjjj
j PCO zz
k
{ WGS,eq

ij PH O yz
= K H2O−H2jjjj 2 zzzz
j PH z
k 2 { WGS,eq

(13)

where KCO2−CO and KH2O−H2 are the equilibrium constants for
2CO2 ↔ 2CO + O2 (Step C1 + Step O1 in Scheme 1) and 2H2O
↔ 2H2 + O2 (Step O1 + Step O2 + Step O3 in Scheme 1)
reactions, respectively. At WGS equilibrium, the O2 virtual
pressure is on the order of 10−22 kPa, (e.g., 1.45 × 10−22 kPa,
estimated by assuming WGS reaction reaches its equilibrium
during C2H6−CO2 catalysis, with 3.2 kPa CO2 and 1.7 kPa H2
(the product of ethane dehydrogenation) as the feed
composition at 873 K. Since the WGS reaction does not reach
chemical equilibrium, as evidenced from the approach-toequilibrium values that are much lower than unity, during
C2H6−CO2 catalysis (ηRWGS, eq 8a, 0.08−0.18) and during
C2H6−H2O catalysis (ηWGS, eq 8b, 0.04−0.08) at 873 K, at least
one of the elementary steps within the WGS catalytic cycle (in
the forward and reverse directions) does not reach equilibrium.
Thus, oxygen chemical potentials at the catalyst surfaces, PO2(v),
and [O*]/[*]steady‑state catalysis are much lower than those dictated
by the water−gas shift equilibrium.
ÄÅ
ÉÑ
ÅÅÅ [O*]
PO2 zy0.5ÑÑÑ
i
j
ÅÅ
zz ÑÑÑ
= jjK
ÅÅ
ÅÅ [*] steady‐state catalysis jk O2 P θ z{ ÑÑÑ
ÅÇ
ÑÖ
ÅÄÅ
ÅÅ
ij PH O yz
Å
ji PCO2 zyz
< ÅÅÅÅK CO2 − COjjj
= K H2O − H2jjjj 2 zzzz
z
z
j PCO z
ÅÅ
j PH z
k
{ WGS,eq
ÅÅÅ
k 2 { WGS,eq
Ç
ÑÉÑ
ÑÑ
ÑÑ
[O*]
ÑÑ
=
[*] steady‐state catalysis,WGS,eq ÑÑÑÑ
ÑÑÖ
(14)
Isotopic exchange reactions with H2-D2, H2-D2-CO2, H2D2O, and H2-D2O-CO2 mixtures probe the reversibility of the
6963

https://dx.doi.org/10.1021/acscatal.0c01073
ACS Catal. 2020, 10, 6952−6968

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

Table 1. Deactivation Constants (αdeh, i, eq 9), Intrinsic Rate Expressions (eqs S9−S11), Rate and Equilibrium Parameters, C−H
Bond Activation Barriers, and Expressions of *-to-O* and OH*-to-O* Coverage Ratios for the Rate Expressions (eq 15) during
C2H6−O2, C2H6−CO2, and C2H6−H2O Reactions on 13.5 wt % MoOx/Al2O3 Catalyst

a

873 K.

Cycle 3: Carbon Removal. The reactive oxygen species
formed in the Oxidant Activation cycle are being consumed in
the Carbon Removal cycle. In this cycle, oxygen species migrate
to and react with adjacent carbon atoms (C*), forming CO*
species before CO desorption (Steps C2 and C3). The steps for
CO2 activation to CO (Step C1), together, describe the reverse
Boudouard reaction (CO2 + C → 2CO). Carbon deposition is
more severe in C2H6−CO2 than in C2H6−O2 reactions (C/Mo
atomic ratio of 6.89 vs 2.71, respectively), because of the much
less eﬀective CO2 activation (compared to O2), given by the
lower O2 virtual pressure (on the order of 10−22 kPa vs 1.75−
1.80 kPa O2 during C2H6−O2 reactions) for generating reactive
oxygen species.
3.5. Generalized Rate Expression for Ethane Oxidative
Dehydrogenation with Various Oxidants (O2, CO2, H2O)
on 13.5 wt % MoOx/Al2O3 Catalyst. All reaction systems
share an identical kinetically relevant C−H activation step (Step
E2) assisted by a lattice oxygen atom, but their relative surface
abundances of [*], [OH*], and [C*] diﬀer. The mechanistic
similarities in Scheme 1 lead to a time-dependent generalized
rate expression for ethylene site-time-yield (rC2H4,i, i = O2, CO2,
or H2O) during C2H6−O2, C2H6−CO2, or C2H6−H2O catalysis
(eq 15), accounting for the loss of active site during steady-state
catalysis (as a function of time-on-stream t) of

E1, as deﬁned in Scheme 1; NT is the number of total active sites
in the fresh MoOx catalyst. The time-dependent term captures
the reduction of working, catalytically active sites due to carbon
deposition. The individual expressions for the [OH*]-to-[O*]
and [*]-to-[O*] coverage ratios diﬀer among these reaction
systems with their exact formulas summarized in Table 1.
For the C2H6−O2 and C2H6−CO2 reaction systems, the
intrinsic rate expressions rint,C2H4,O2 and rint,C2H4,CO2 both reduce to
ﬁrst-order dependence on C2H6 pressure and zeroth-order
dependence on coreactant pressure (eqs S9 and S10), because
O* is the most abundant surface intermediate (MASI). These
expressions are mechanistically analogous to those reported
during ethane ODH on VOx56,58 and MoVTeNbO58 and
propane ODH on MoOx, VOx, and WOx catalysts.55,57,59 On
such surfaces, increasing the oxidant pressure alters neither the
lattice oxygen concentrations nor the resulting turnover rates
(when normalized to the catalytically available sites). Nonlinear
regression analyses of the rate data (Figures 3a and 4a,b) during
C2H6−O2 and C2H6−CO2 catalysis give the ﬁtted rate proﬁles in
Figure 3a, the time-dependent behavior in Figure 9, kinetic
parameters in Table 1, and the parity plots in Figure S8. The
value of KE1kE2 in C2H6−O2 catalysis is higher than that in
C2H6−CO2 catalysis at 873 K, most likely caused by the
presence of additional fraction of active sites (lattice oxygen),
available only in the presence of O2 but not in the presence of
CO2 oxidant.
During C2H6−H2O catalysis, a portion of the O* is converted
to hydroxy (OH*), and both of these species coexist at
substantial surface coverages as the MASI. As a result, the
intrinsic rate expression rint,C2H4,H2O deviates from the ﬁrst-order

rC2H4,i = rint,C2H4,i × N (t ) = rint,C2H4,i × NT exp( −αdeh,it )
=

kE2KE1PC2H6[O*]2
× NT exp( −αdeh,it )
([O*] + [*] + [OH*])2

(15)

This rate expression contains two parts, that is, an intrinsic rate
term (rint, C2H4,i), which captures catalysis on uncovered MoOx,
and a time-dependent term [NT exp(− αdeh,i t)], which accounts
for the time-dependent working site density N(t), as derived in
Section S8 of the Supporting Information. kE2 is the rate
constant of Step E2, and KE1 is the equilibrium constant of Step

dependence.
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in Scheme 1, and it reﬂects the elementary rate constant for C−
H bond activation of C2H6 on MoOx. These catalytic systems,
however, exhibit similar activation energies (101 vs 105 kJ
mol−1), because the measured barriers reﬂect the identical C−H
bond activation step. It is plausible that the portion of the highly
reactive MoOx sites binds to the CxHy* fragment strongly during
the reaction with CO2 but not with O2 oxidant, even at its ﬁrst
turnover. For the case of the C2H6−H2O reaction, the measured
activation energy (123 kJ mol−1) deviates from the other two
cases, because rates are not strictly ﬁrst-order with respect to
C2H6 pressure, and the ﬁrst-order rate coeﬃcient k1st int,C2H4,H2O
is corrupted by changes in OH* coverages and in the heat of
H2O adsorption (KH2O) with temperature (833−873 K).
The kinetic, isotopic, and characterization studies suggest that
all reaction systems share the common Ethane Activation cycle;
the oxidants O2 and CO2 are involved in catalysis solely through
the generation of lattice oxygen atoms required for scavenging
the carbonaceous debris and for activating the C−H bond in
ethane, thus preventing the over-reduction and carburization of
MoOx domains; the oxidant H2O, however, titrates the lattice
oxygen atoms, thus retarding the C−H activation step. The
diﬀerent ethane conversion rates among the various reaction
systems reﬂect the ability of the oxidant in generating reactive
oxygen (O*) species at coverages and reactivities required to
scavenge the carbonaceous species. Figure 9 correlates the

Nonlinear regression of this intrinsic rate expression and its
time-dependent full rate expression (eq 15) against the rate data
(Figures 3a and 4a,b) during C2H6−H2O reactions gives the
predicted rate proﬁle in Figure 3a, the time-dependent behavior
in Figure 9, and the K O3−1 value of 0.0188 at 873 K. This value,
together with the operating C2H6 and H2 pressures (3−9 kPa of
C2H6 and 0.4−0.9 kPa of H2), gives OH* fractional coverages
ranging from 0.11 to 0.18, consistent with the observed water
inhibitive eﬀect (Figure 4b). The similar values of KE1kE2 in
C2H6−CO2 and C2H6−H2O reactions at 873 K indicate that
these reactions share the same kinetically relevant step of C−H
bond activation and that the identity of the oxidants does not
aﬀect the intrinsic rate, but instead it aﬀects the removal of the
carbonaceous intermediates, surface densities of actual working
sites, and in turn the time-dependent term [NT exp(−αdeh,i t)] in
the full rate expression (eq 15).
The ﬁrst-order, intrinsic rate coeﬃcient for ethylene
formation (k1st int,C2H4,i ) is deﬁned by the intrinsic ethylene
formation rate (rint,C2H4,i, per total Mo atom) divided by the C2H6
pressure (PC2H6):
rint,C2H4,i
k1st int,C2H4,i =
PC2H6
(17)
Figure 8 shows the Arrhenius dependences (773−873 K for
C2H6−O2, 823−873 K for C2H6−CO2, and 833−873 K for

Figure 9. Deactivation constants (αtotal,i, h−1, eq 9), and carbon
contents (atomic C/Mo) determined from both TPO (Figure 5) and
XPS (Figure 1) on 13.5 wt % MoOx/Al2O3 catalysts after C2H6
reactions with O2, H2O, CO2, or without an oxidant for 15 h at 873
K (reaction condition: 5 kPa C2H6; 3.2 kPa O2, CO2, or H2O, if added;
6000 cm3 h−1 gcat−1).

deactivation constants for ethane turnovers (αtotal,i) and carbon
contents (as atomic C/Mo); the latter were determined
independently from TPO and XPS studies on spent catalysts
after steady-state reactions. Except for the C2H6−H2O reaction,
there is a direct correlation between the deactivation constants
and carbon contents, left by C2H6 during catalysis in each
catalytic system. During catalysis with O2, the rapid, irreversible
O2 dissociation generates O* eﬀectively, which scavenges
carbonaceous intermediates and prevents deactivation. However, these species also react with ethylene product, converting it
to COx, lowering the C2H4 selectivity. The use of CO2 oxidant
can retain higher ethylene selectivity than O2, but its activation
and concomitant generation of reactive O* species are
kinetically restricted, as shown from the RWGS reaction,
which is far away from chemical equilibrium. Even if the CO2
activation and the related RWGS reaction would attain chemical
equilibrium, the oxygen content on the surface is signiﬁcantly
lower than that in the C2H6−O2 ODH reaction, determined to

Figure 8. Arrhenius dependencies of the ﬁrst-order, intrinsic rate
coeﬃcient (k1st int,C2H4,i , eq 17) for ethylene formation during C2H6−O2
(■), C2H6−CO2 (●), and C2H6−H2O (▲) reactions on 13.5 wt %
MoOx/Al2O3 catalyst (6000 cm3 h−1 gcat−1).

C2H6−H2O reaction, respectively) of this rate coeﬃcient for the
diﬀerent catalytic systems, and Table 1 gives the activation
barriers. At the initial time, the ﬁrst-order rate coeﬃcient is
higher for the C2H6−O2 than for the C2H6−CO2 reactions,
within the accuracy of rate data extrapolation to the zero time. In
these reaction systems, k1st int,C2H4,i also equals kE2KE1, as deﬁned
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be ∼1022 magnitude smaller. CO2 removes carbon debris
through the kinetically restricted reverse Boudouard reaction
(CO2 + C (graphite) → 2CO, ΔH 0 298K = +172 kJ mol−1), in
much less eﬀective manner than O2 would do. Lastly, the use of
H2O does prevent coke deposition, as shown in Figure 9. In fact,
the carbon content is the lowest among all four catalytic systems.
H2O suppresses coke deposition by titrating away the reactive
O*lattice species required for C−H bond activation, converting
them to inactive OH*, which neither participates in activating
the C−H bond nor assists with the removal of carbonaceous
debris.
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4. CONCLUSIONS
We have presented an integrated framework for ethane ODH
over molybdenum oxide catalysts using diﬀerent co-oxidants
(O2, CO2, and H2O). The proposed framework describes three
concomitant, interconnected catalytic cycles: ethane activation,
oxidant activation, and carbon removal. The experimental
ﬁndings presented herewith conﬁrm that the kinetically relevant
step (C−H bond activation) remains the same regardless of the
identity of the oxidant; the observed diﬀerence in rates was
rationalized in terms of the chemical identity of the co-oxidant in
determining the oxygen chemical potential at the catalytic sites
and the ability of the catalysts to sustain continuous scavenging
of carbon debris during dehydrogenation. A universal rate
expression was synthesized, to incorporate these mechanistic
ﬁndings, containing two separate terms: one describing the
intrinsic C2H6 activation rates (independent of oxidant identity)
and the other one accounting for the time-dependent rate decay
(dependent solely on the oxidant ability in scavenging carbon
debris). Our ﬁndings highlight the critical mechanistic
similarities of these diverse ethane (oxy)dehydrogenation
systems and provide a diﬀerent mechanistic perspective, by
interpreting a seemingly complex chemistry through a simple
mechanistic framework.

■

■

ACKNOWLEDGMENTS
This study was supported by the Natural Science and
Engineering Research Council of Canada, DCL International
Inc., and the Canada Foundation for Innovation. We thank R.
Dorakhan for carrying out the O2 uptake measurements, and
Prof. Song (UWO) for allowing us access to the Raman
instrument. R.Y. acknowledges the China Scholarship Council
for the ﬁnancial support.

■

ASSOCIATED CONTENT

sı Supporting Information
*

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscatal.0c01073.

■

REFERENCES

(1) Wang, Y.; Tsotsis, T. T.; Jessen, K. Competitive Sorption of
Methane/Ethane Mixtures on Shale: Measurements and Modeling. Ind.
Eng. Chem. Res. 2015, 54, 12187−12195.
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