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ABSTRACT: This study reports the discovery of CoMoO, moieties with synergistic catalytic roles in C,Hs—CO, catalysis. C,H—
CO, catalysis occurs through multiple, concomitant catalytic cycles, initiated by the dual cycles of C,Hy activation and CO,
activation, together with an undesired coke deposition cycle. C,Hg activation requires reactive oxygen species that assist with the
kinetically relevant C—H bond activation; these oxygen species are generated from the CO, activation cycle within the reverse water-
gas shift (RWGS) reaction. An efficient CO, activation in the RWGS reaction would retain higher O contents in CoMoO, moieties,
leading to more effective kinetically relevant C—H bond activation of C,Hy and oxidation of coke precursors and thus increasing
turnovers while mitigating deactivation. This mechanistic insight led us to design CoMoO, moieties, where the Co cation acts as a
Lewis acid. Together with a vicinal oxygen vacancy, the Co cation activates CO, via a Vacancy route through the formation of a
kinetically relevant [Co---C(O) = O o -Mo]* transition state, at which the Co interacts with the C and the oxygen vacancy
(Dvacancy) abstracts the leaving O of CO,. The kinetically coupled cycles lead the ethane conversion rates in dehydrogenation and
reforming reactions to both depend directly on the RWGS reaction rates. This mechanistic understanding of rate coupling has led to
the design of CoMoO, moieties with dual functionality for effective C,Hs—CO, catalysis.

KEYWORDS: cobalt-molybdenum oxides, ethane, oxidative dehydrogenation, C—H bond activation, CO, activation,
reverse water-gas shift, carbon deposition, deactivation

1. INTRODUCTION acetylene, benzene, etc.). For this reason, multiple downstream
separation trains, including energetically intensive compression
and distillation units, are unavoidable, as they are needed for
attaining high-purity ethylene from the reactor effluent.*’

A more energy and atomic efficient process is the catalytic
ethane conversion because it has the potential to operate at
lower temperatures and produce more selective products.
Scheme 1 summarizes plausible ethane reactions and the
associated reaction enthalpies (AH} ) at 298 and 873 K.

Natural gas contains predominantly light alkanes (C1—C4).!
Its supply increase, together with its low cost, has made it an
alternative feedstock for the production of commodity
chemicals.” With up to 15 vol% ethane,’ it is an attractive
precursor for synthesizing ethylene, a versatile platform
molecule for producing polyethylene, styrene, ethylene oxide,
ethylene glycol, and other commodity chemicals." Commer-
cialized recently is the ethane thermal dehydrogenation
process, which converts ethane to ethylene via an energetically
intensive route, carried out at elevated temperatures (1023— Received:  May 24, 2022
1173 K) in order to overcome the thermodynamic Revised:  August 10, 2022
constraints.” The thermally driven conversion is, however, Published: September 26, 2022
unselective, because of extensive carbon losses, not only as

coke deposited inside the reactor wall,”” but also as other

diverse carbonaceous side products (methane, propylene,
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Scheme 1. Plausible Reactions and Their Respective Reaction Enthalpy during Catalytic C,H4 Conversion to C,H, in the
Absence of an Oxidant or with CO,, H,0, or O, as the Oxidants

Reactions AHYgx (kJ mol)  AHY;; x (kJ mol™)

Ethane dehydrogenation C,Hg — C,Hy+H, +136.5 +143.0 (Ia)
Ethane oxidative dehydrogenation (with O2) C,H¢+0.50, — C,H,+H,0 -105.4 -103.9 (Ib)
H> oxidation H,+0.50, — H,0 -241.9 -247.0 (Ic)
Ethane total oxidation C,H4+3.50, — 2CO,+3H,0 -1428.5 -1426.1 (TTa)
Ethane partial oxidation C,Hg+2.50, — 2CO+3H,0 -862.5 -860.0 (TIb)
Reverse water-gas shift CO,+H, <CO+H,0 +41.2 +36.1 (1lTa)
Ethane oxidative dehydrogenation (with CO2)  C,Hg+CO, — C,H4+CO+H,0 +177.7 +179.1 (11Ib)
Ethane dry reforming C,H4+2CO, — 4CO+3H, +428.9 +447.0 (IVa)
Ethane steam reforming C,Hg+2H,0 — 2CO+5H, +346.6 +374.9 (IVb)
Ethane hydrogenolysis C,Hg+H,— 2CHy -65.7 -73.3 V)
Ethane decomposition C,Hg — 2C(graphite)+3H, +84.0 +85.2 (Vla)
Boudouard reaction 2CO — C(graphite)+CO, -172.5 -180.9 (VIb)

Without the use of an oxidant, ethane dehydrogenation (eq Ia)
is an endothermic reaction (AHdy = +136.5 kJ mol™).
Several oxidation reactions, when made to occur together with
ethane dehydrogenation, produce heat, thus mitigating the
intensive energy requirements. One of them uses oxygen as the
oxidizer—the overall reaction is called ethane oxidative
dehydrogenation (ODH, eq Ib), which can be broken down
into two reactions, that is, the strong endothermic dehydrogen-
ation (eq Ia), which produces hydrogen as the co-product,
coupled with the sequential, highly exothermic oxidation of the
hydrogen (eq Ic; AH3gx = —241.9 kJ mol™"). This reaction
coupling transforms the highly endothermic, energetically
intensive reaction into one that is mildly exothermic (eq Ia
+ Ic, which equals eq Ib; AHJq ¢ changes from +136.5 to
—105.4 kJ mol™"), thus mitigating the significant external heat
input required for the process. The use of O,, however, leads
to the undesired oxidation of ethane, which cleaves its C—C
bond and converts it to CO, (eqs Ila and IIb), decreasing the
overall carbon atom efficiency."’

In contrast to O,, CO, is a milder oxidant—it is a much less
effective oxidizer than O, and therefore is called a “soft-
oxidant”.>'" Its use inhibits C,H, conversion into CO and
does not permit the total C,Hy oxidation to CO,, thus
suppressing the undesired carbon losses. Instead, CO, reacts
with the hydrogen byproduct in the reverse water-gas shift
(RWGS) reaction (eq Illa). This reaction, when coupled
together with ethane dehydrogenation, produces C,H,, CO,
and H,0 (eq IIb). For these reasons, CO, is an attractive
oxidant, alternative to O,, from the perspective of mitigating
carbon losses. The use of CO,, however, has the following
drawbacks: (i) it converts a portion of the ethane to CO via
the dry and steam reforming side reactions (eqs IVa and IVb)
and (ii) its activation requires cleaving of its strong C=0
bond, much more challenging than the activation of O,,
leading to catalyst surfaces with much lower concentrations of
reactive oxygen species and oxygen chemical potentials, thus
less effective oxidation of carbon debris, higher carbon

chemical potentials, and in turn higher thermodynamic
tendency of coke formation, compared with the use of O, as
the oxidant.'” An effective catalyst for C,H¢—CO, reactions
would require not only exceptional selectivity in taking ethane
to ethylene, but also should be highly effective in activating the
strong C=0 bonds in CO,, as the latter generates the reactive
oxygen species required for scavenging surface carbonaceous
debris, thus preventing active site losses and deactivation.
There must be an optimal rate coupling of ethane and CO,
activation cycles.

During C,H,—CO, catalysis, the identity and chemical state
of catalysts influence the individual rates of the various
concomitant reactions in Scheme 1 and the resulting carbon
product distributions. Late transition metals (Pt,""'® Ni,"’
Co'?) are known to activate ethane effectively, converting it
into syngas via the undesirable hydrocarbon reforming
reactions, making them unsuitable as catalysts for ethylene
production. In contrast, transition metal oxides (CoQ,,'*"®
Ga203,16 Cr,0;'7) exhibit favorable selectivity to ethylene.
These oxides, however, deactivate rather rapidly because of
severe carbon deposition, especially during catalysis at low
oxygen chemical potentials typically encountered in ethane
dehydrogenation or in C,Hs—CO, reactions.' '

Herein, we embark to explore the active site requirements to
realize the rate coupling of ethane and CO, activation cycles
while interjecting the undesired coke deposition cycle during
C,H4—CO, catalysis. We report a kinetic and catalyst design
strategy for retaining effective ethane activation while
mitigating the deactivation, through kinetic tuning of the
catalytic cycles enabled by bi-functional CoMoO, active
moieties. We report, through rate assessments of individual
catalytic cycles and spectroscopic characterization, as well as
computational studies, how the CoMoO, moieties invoke
concomitant, kinetically coupled ethane activation and CO,
activation cycles for selective and stable ethylene production.
Co ions in CoMoO, moieties promote the CO, activation step
through the creation of oxygen vacancy sites required for
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effective, kinetically relevant CO, activation. We illustrate that,
by deciphering the elementary steps within the concomitant
catalytic cycles and their relative rates, the CO, activation step
contained within the RWGS cycle is the key kinetic descriptor
for ethane turnovers and for maintaining the performance
stability in C,H¢—CO, reactions, as a direct mechanistic
consequence arising from the kinetic couplings of RWGS,
ethane activation (to ethylene and to reforming products), and
carbon deposition rates. The interplay between the various
catalytic cycles, through structures and their catalytic function
tuning, leads to a selective and stable catalyst for ethylene
production from C,H4—CO, mixture.

2. METHODS

2.1. Synthesis of Monometallic Molybdenum Oxide,
Monometallic Cobalt Oxide, and Bimetallic Cobalt-
Molybdenum Oxide Catalysts. AL, O;-supported molybde-
num oxide, cobalt oxide, and cobalt-molybdenum oxide
catalysts were prepared by the incipient wetness impregnation
method. The Al O; particles (Sasol Germany, PURALOX TH
100/150, 0.96 cm?® g_l pore volume, 153 m’ g_l surface area,
<75 pum particle diameter) were first heated in stagnant air to
1023 K at 0.083 K s™' and then isothermally held for 8 h
before cooling to 393 K. Monometallic catalysts with either
13.5 wt% molybdenum oxide or 10 wt% cobalt oxide (denoted
as 13.5Mo0O,/ALO; or 10CoO/ALO;, respectively) were
synthesized by impregnating the treated Al,O; particles with
an ammonium molybdate solution (1.3 M) or cobalt nitrate
solution (0.48 M), prepared by dissolving (NH,)¢Mo,0,,
4H,0 (Sigma-Aldrich, ACS reagent, 99.98% trace metals
basis) or Co(NO;),"6H,0 (Sigma-Aldrich, 99.999% trace
metal basis) precursor, respectively, in deionized water (>18.2
MQ cm, 0.72 cm® (gu,0,)”" after the aforementioned heat

treatment). Bimetallic catalysts with 1.5—10 wt% cobalt oxide
and 13.5 wt% molybdenum oxide (denoted as yCoO—
13.5M00,/ALO;, y = 1.5-10) were synthesized using a
similar procedure with a solution containing both
(NH,)¢Mo,0,,-4H,0 and Co(NO,),-6H,0 precursors at
the targeted concentration (0.07—0.48 M cobalt nitrate
solution, 1.3 M ammonium molybdate solution). After the
impregnation, the samples were aged under 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 cm® g.,,~' s™') by heating
at 0.033 K s™' to 873 K and holding isothermally at 873 K for 4
h, before cooling to ambient temperature.

2.2. Kinetic and Isotopic Assessments. A packed
catalyst bed was prepared by pressing the catalyst powders
(<75 pm) into pellets using a pellet die (Carver, 31 mm i.d.) at
130 MPa for 20 min in a hydraulic press (Specac) and then
grinding and sieving the pellets to obtain agglomerates
between 125 and 180 ym. 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. Before rate
measurements, the catalyst samples were pre-treated in situ
under 1.67 cm® ¢! s7! flowing Ar (Linde, 99.999%) at a ramp
rate of 0.05 K s™' to 873 K before exposure to reactants.
Reactant mixtures were prepared by metering C,H (Linde
certified standard, 20.0% C,Hy in Ar), CO, (Linde, 99.99%),
and balanced Ar (Linde, 99.999%) independently with thermal

mass flow controllers (Brooks, SLAS850). All transfer gas lines
were heated and held at 383 K to prevent the condensation of
water, a byproduct. Chemical compositions of the effluent
stream (CO, H,, CH,, CO,, C,H,, and C,H) were quantified
using a micro gas chromatograph (Varian CP-4900), equipped
with HP-PLOT U and Mol Sieve SA columns, connected to a
thermal conductivity detector. Before entering the micro gas
chromatograph, water was removed from the reactor effluent
stream by a water trap packed with Drierite drying desiccants
(Sigma-Aldrich, 98% CaSO, and 2% CoCl,, 8 mesh). Steady-
state rates were defined as the rates after steady-state reactions
with 5 kPa C,H4—10 kPa CO, feed mixtures for 15 h at 873 K.

Isotopic exchange studies were carried out with H,-D,
(99.999% H,, Linde; 99.995% D, Linde) and H,-D,O
(99.999% H,, Linde; 99.9 at% D in D,O, Sigma-Aldrich)
mixtures using the plug flow reactor system described above.
Concentrations of isotopologues, that is, H,, HD, D,, H,O,
HDO, and D,0, in the effluent stream were determined using
an on-line mass spectrometer (Pfeiffer Omni Star), 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 Ka (4 = 1.789 A) radiation operating at
35 kV and 40 mA. A 20 scan range from 10° to 80° with 0.02°
increment and 0.5 s step™' scan speed was used for the
analysis.

Raman spectra were collected using a custom-made Raman
instrument equipped with an imaging spectrograph (Spec-
troPro-2500i, Acton Research Corporation) and a liquid
nitrogen-cooled 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 around
2.0 mW at sample position. A spectral resolution of <0.5 cm™
was achieved by using a 1200 lines mm ™" grating. The Raman
shift was calibrated by interpolation of the Rayleigh line of a
silicon wafer signal (520 cm™).

High-resolution X-ray photoelectron spectroscopy (XPS)
was performed in a Thermo Scientific ESCALAB 250Xi
Photoelectron Spectrometer (E. Grinstead, UK) equipped with
a monochromatic Al Ka source (900 ym) and an environ-
mental sample preparation chamber, which was maintained at
101 kPa with <1 ppm O,. The fresh catalyst (labeled oxidized
sample) was prepared by pelletizing catalyst powders into a
self-supporting wafer (5 mm diameter) and then directly
transferred into the sample preparation chamber without
further treatment. The reduced or spent catalyst sample was
prepared by treating the pelletized catalyst wafer (S mm
diameter) in a stainless-steel flow reactor (7 mm i.d.) equipped
with two isolation valves in either (i) flowing H, for 2 h at 873
K (reduced sample) or (ii) in flowing H, for 2 h at 873 K and
then in § kPa C,Hs—10 kPa CO, reaction mixture for 15 h
(spent sample). After these treatments, the treatment reactor
was purged with flowing Ar for 12 h at 873 K before cooling to
ambient temperature and subsequently isolated by closing off
the valves at both ends of the reactor, before transferring to the
sample preparation chamber. Under the controlled environ-
ment, the sample pellets were loaded onto a sample holder
carousel and then transferred into the UHV compartment of
the spectrometer for XPS analysis. The vacuum pressure in the
analysis chamber was ~2 X107 Torr, and the charge
compensation was carried out using an e /Ar" flood gun.
Spectrum deconvolution was carried out using Avantage and
Origin software with all electron-binding energy (B.E.) values
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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 error of the binding
energy is estimated to be +0.2 eV, and that of FWHMs is +0.2
eV.

Diffuse reflectance UV—vis spectroscopy was carried out 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 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 Kubelka—Munk
functions [F(R,)]."

Temperature-programmed oxidation (TPO) measurements
were carried out using the microcatalytic plug flow reactor
system described above. For this purpose, 20 mg of spent
catalyst was placed into the reactor. The sample was heated at
5 K min™ from ambient temperature to 1023 K in 1.1 kPa O,
at 90 cm® min™' (5.0% O,/He, Linde certified standard; He,
Linde, 99.999%), during which all carbon deposits were
converted to CO, (C + 0,—CO,). The CO, evolution
profiles were quantified using a methanator-FID setup. The
methanator, which contains a Ni/Al,Oj5 catalyst, converted all
the CO, into CH,, which was then quantified using an FID
detector. After each experiment, the FID detector was
calibrated with pulses of CO, (~11.16 umol), dosing into
the carrier gas stream through a six-way valve (13 T-0345 V,
Valco Instrument). Through an atomic carbon balance, the
cumulative amount of CO, formed equals the amount of
carbon deposited on the catalyst, assuming complete oxidation
of the carbon. The carbon deposited on each catalyst is
reported in terms of the C/Mo atomic ratio.

2.4. Density Functional Theory (DFT) Calculations.
Periodic plane-wave DFT calculations were performed usin
the Vienna ab initio simulation package (VASP 5.4).°°7*
Wavefunctions of valence electrons were determined using the
Perdew—Burke—Ernzerhof exchange-correlation functional®
and plane wave basis functions included up to a 400 eV
kinetic energy cut-off. The interactions of valence electrons
with atom cores were described by the projector augmented
wave method.”* D3BJ empirical dispersion corrections™® were
used for calculating electronic energies and forces. All
calculations were spin-polarized, and electronic energies were
converged to <1 X 107> eV energy differences. The difference
between the number of spin-up and spin-down electrons was
set based on three unpaired electrons per Co*" cation. Higher
and lower differences were tested for all calculations to
determine the electronic configurations with the lowest energy.
Electron distributions near the Fermi level were treated using
Gaussian smearing of 0.1 eV width, and energies were
extrapolated to zero smearing.

The atomic positions in the cobalt molybdate surface were
derived from the structure of CoMoO, used in a previous DFT
study.”**” The bulk unit cell containing two CoMoO, units
and orthogonal edges of lengths 4.62 A X 5.64 A X 4.90 A was
relaxed symmetrically in steps of 1%, and dimensions without
the expansion or contraction were found to be most stable (SI,
Figure S1). The unit cell was used to generate (001), (010),
and (111) surfaces to determine their stability (details in SI,
Figure S2). The (010) surface was found to be the most stable
surface, which is consistent with the literature®” and was used

for subsequent calculations. This surface is represented by a
slab with alternating Co and Mo oxide layers with four metal
cations in each layer, leading to 8 Co, 8 Mo, and 32 O atoms in
2924 A X 98 A X 18.0 A supercell (Figure 1). The first

Figure 1. (a) Top view and (b) side view of the two-layer
CoMo00,(010) surface and the 9.24 A X 9.8 A X 18.0 A supercell
used in DFT calculations.

Brillouin zone for this surface was sampled using 2 X 2 X 1
Monkhorst—Pack k-point meshes.”® The convergence criterion
for geometry optimizations was a maximum force of less than
0.05 V A™' on any of the atoms. Dipole corrections along the
[010] direction were applied to remove any long-range
interactions among neighboring slabs.”> Minimum energy
paths connecting reactants, products, and surface intermediates
were determined using the nudged elastic band (NEB)
method.”® Structures near the maxima in these paths were
used as starting guesses to obtain transition states using the
Dimer method.” Formation energies of all surface inter-
mediates and transition states are referenced to bare surfaces
and isolated gas-phase molecules.

Enthalpies, entropies, and Gibbs free energies were
calculated using DFT-derived electronic energies and vibra-
tional frequencies based on the formalism of ideal gas statistical
mechanics, as described elsewhere® and in the SI (Section
S3). Vibrational frequencies were calculated within harmonic
approximation using 0.01 A perturbations of atomic positions
of all atoms in reactive molecular species. The imaginary
frequency for each formal transition state was confirmed to be
the vibration along the reaction coordinate. Low-frequency
modes (below 65 cm™') were removed from vibrational
partition functions and replaced by a fraction (0.7) of the
partition function of gaseous CO, molecules because the
harmonic approximation leads to significant overestimation of
entropy for such low-frequency modes.

3. RESULTS AND DISCUSSION

3.1. Connections among the Rates and the Resulting
Product Distributions during C,Hs—CO, Catalysis on
Co0-MoO,/Al,0; and Reference Monometallic
13.5M00,/Al,0; and 10Co0/Al,0; Catalysts. During
C,H¢—CO, catalysis, C,H,, H,, CO, CH,, and H,O are
formed in concomitant dehydrogenation (eq Ia, Scheme 1),

https://doi.org/10.1021/acscatal.2c02525
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Figure 2. Formation rates and carbon selectivities of the various products, together with the rates (per mass of catalyst) of total ethane conversion
(rc,n.), dehydrogenation (ry.), reforming (r.), hydrogenolysis (rhyd), and the concomitant rates of RWGS reaction (rpygs) on 13.5Mo0,/AlO;,
10Co0/AlL, O, and a series of CoO—Mo0, /AL O, (1.5—10 wt% CoO, 13.5 wt% MoO,,) catalysts during C,Hs—CO, catalysis (S kPa C,H,, 10 kPa
CO,, 6000 cm® g.,~') at 873 K and a time-on-stream of 15 h, after (al,a2): pre-treatments in H, for 2 h (labeled reduced) or (b1,b2): pre-
treatments in the inert atmosphere without a reductant (Ar for 0.5 h, labeled oxidized) at 873 K (for reduced catalyst series: C,Hg conversion <19%
and CO, conversion <9%; for oxidized catalyst series: C,Hg conversion <10% and CO, conversion <4%).

dry or steam reforming (eqs IVa—IVb, Scheme 1), hydro- CoO, 13.5 wt% MoO,) and reference monometallic
genolysis (eq V, Scheme 1), and RWGS (eq IIla, Scheme 1) 13.5M00,/AL,O; and 10CoO/AlLO; catalysts, the rates and
reactions. On CoO—Mo0,/Al,O; catalysts (1.5—10 wt% selectivities depended sensitively on the pre-treatment

12231 https://doi.org/10.1021/acscatal.2c02525
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conditions of: (a) H, for 2 h (labeled reduced, upper panel)
and (b) Ar for 0.5 h (unreduced, thus Co and Mo both retain
their oxidized states, labeled oxidized, lower panel), as shown
in Figure 2. These product distributions translate to steady-
state catalytic rates (normalized by catalyst mass, 873 K,
measured after 15 h time-on-stream) of total ethane
conversion (rcy,), ethane dehydrogenation (r4y), ethane

reforming (r.), and ethane hydrogenolysis (rhyd), together
with those of the concomitant RWGS reaction (rpywgs) shown
in Figure 2a2,bl for reduced and oxidized treatments,
respectively. The total ethane conversion rate (rcy,) was

defined as the sum of ethane dehydrogenation rate (rg),
ethane reforming rate (r.g), and ethane hydrogenolysis rate

(Vhyd):
Te,Hy = Tdeh T Tref + Thya (1)

The ethane dehydrogenation rate (r4;) was obtained from
the rate of ethylene formation; the ethane hydrogenolysis rate
(Fhya) was determined from the rate of methane formation,
accounting for its stoichiometry, given that dry reforming is
much more dominant than steam reforming (e.g., the outlet
H,O pressure of <0.6 kPa, at least an order of magnitude
smaller than that of CO, of >9 kPa). Together with the low
CO product pressures (<1.4 kPa), a product from both
reforming reactions and the RWGS reaction, we can conclude
that the dry reforming is the dominant reforming reaction;
omitting the ethane steam reforming turnovers, the rates of
ethane reforming () and RWGS (rpwqs eq 11la) reactions
were calculated from the H, and CO formation rates,
accounting for their respective reaction stoichiometries.

For reduced catalysts (Figure 2al,a2), Co incorporation into
MoO, catalysts significantly increased the total C,Hq
conversion rates and the concomitant RWGS reaction rates,
per mass of catalyst, over those of the unpromoted 13.5MoO,,
catalyst. Co incorporation initially increased the dehydrogen-
ation rates, but excess Co (10 wt%) led to lower dehydrogen-
ation rates, while the reforming rates concomitantly increased;
thus selectivities toward ethylene decreased markedly from
~80+6% (1.5—8 wt% Co content) to ~37% (10 wt% Co
content), as CO and H, became the predominant products.
Despite the significant shift in the selectivity and dominant
reaction pathway, ethane conversion rates (rcy,) remained

essentially the same for the series of Co-promoted MoO,
catalysts at 0.57—0.67 pmol s g ~". We have included in
Table SI of Section S4, SI, a comparison of the catalytic
performance of the CoO—MoO,/Al, O catalyst with those
reported in the literature. These results suggest that, on
reduced CoO—MoO,/Al,O; catalysts, the initial C—H bond
activation limits the overall turnovers, but upon its activation,
the sequential catalytic fate of adsorbed C,H:* intermediates,
which traverse down the reaction coordinate and form either
C,H, or CO,, depends on the Co loadings. For the contrasting
case of the monometallic 10CoO catalyst (10 wt% CoO),
ethane conversion rates were much higher (>20 times) than
those of the CoO—MoO, catalyst series; all of the reacted
C,H¢ was essentially converted to CO and H, via the
reforming reactions, without forming any ethylene. This sharp
decrease in ethylene selectivity on the monometallic CoO
catalyst suggests that Co metal clusters, formed after the
reduction, are highly effective in activating C,H, but not
selective toward ethylene production.

For oxidized catalysts (Figure 2b1,b2), Co incorporation
increased all rates, and the resulting carbon selectivities to
ethylene remain largely unaltered (83—90%) with side
products of CO (7—11%) and CH, (2—4%), where the full
selectivity data are shown in Table S2. Compared to their
reduced counterpart (in Figure 2al,a2), however, the rates
(per mass of catalyst) were 2~3 times lower. Irrespective of the
treatment conditions, all catalysts (monometallic and bimet-
allic) exhibited low carbon selectivities to CH, (<6%); thus
hydrogenolysis is not a dominant reaction path.

Irrespective of the Co content, the related Co-to-Mo ratios,
and their pre-treatment environment, the rates of the
individual reactions (rc i, rdew s Trwes) are interrelated to

each other, because they are direct consequences of kinetically
coupled molecular sojourns—as evidenced in Figure 3, the
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Figure 3. (a) Rates (per mass) of total C,H4 turnover (rcs),

dehydrogenation (ry.,), and reforming (r.) versus the RWGS rates
(rpwas), after C,Hg—CO, catalysis (S kPa C,Hg, 10 kPa CO,, 6000
cm?® g, ") for 15 h at 873 K on 13.5MoO, (star symbol) and on a
series of yCoO—13.SMoO, catalysts, and (b) corresponding active
phases, where for oxidized catalysts, CoMoO, and Co;0, co-exist,
and for reduced catalysts, CoMoO, becomes deficient of lattice
oxygen, whereas any excess Co atoms not a part of the CoMoO,
convert to metallic cobalt clusters. Data points are labeled according
to CoO loadings, round = 1.5 wt%; up triangle = 3 wt%; down
triangle = 5 wt%; diamond = 6.5 wt%; left triangle = 8 wt%; right
triangle = 10 wt%. The catalysts were pre-treated in either H, for 2 h
(reduced, hollow data points) or Ar for 0.5 h (oxidized, solid data
points) before exposure to the reactant mixture.

individual rates (in y-axis) of ethane dehydrogenation (r4),
ethane reforming (r,.), and total ethane conversion (rc ),

taken from Figure 2 for the entire series of unpromoted and
Co-promoted MoO, catalysts, each shows a single correlation
with the rate of RWGS reaction (rgygs in x-axis) during
C,H¢—CO, catalysis at a constant C,H, pressure (S kPa).
These rate correlations between ethane activation (rge, 7rep
rc,) and CO, activation via the RWGS reactions (rgwas)

prevail, irrespective of the pre-treatment conditions and the Co
loadings, as all rate data points across the entire series of
catalyst fall onto the same trendlines. These results confirm

https://doi.org/10.1021/acscatal.2c02525
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Figure 4. (a) XRD patterns, (b) Raman spectra (the bands in the shade ascribed to the Mo—O—Co stretching vibrational modes of f-CoMoO,),
and (c) UV—vis diffuse reflectance of oxidized, reduced, and spent 8CoO—13.SMoO;, catalysts (oxidized: pre-treated in Ar for 0.5 h at 873 K, where
metal oxides retain their oxidized state; reduced: pre-treated in H, for 2 h at 873 K; spent: exposure of the reduced sample to 5 kPa C,Hs—10 kPa

CO, mixture at 873 K, 6000 cm® h™' g_..™").

that ethane and CO, activation are catalytic events that are
kinetically coupled together and that the rates of the RWGS
reaction, which reflect the rates of CO, activation, dictate
ethane activation and turnovers.

As shown in Figure 3, as the RWGS rates increased, the
ethane dehydrogenation rates increased, whereas the reforming
rates remained relatively small and increased minimally. For
RWGS rates above ~0.35 ymol g.,,~' s, the dehydrogenation
rates decreased markedly while the reforming rates increased.
Among the CoO—MoO,, catalysts, the highest RWGS rate was
attained at the highest Co-to-Mo atomic ratio (1.42), after
reduction for 2 h at 873 K (reduced 10CoO—13.5MoO,), but
this rate was much lower than that of the monometallic Co
catalyst (reduced 10CoO), as shown in Figure 2al. The
reductive treatment, when carried out on the 10CoO-—
13.5Mo0O,, catalyst, changes the electronic environment around
a portion of the Co atoms and likely promotes their
agglomeration into Co’ ensembles that are not only highly
effective in activating CO, but also in activating and cleaving
the C—C bond of C,Hg thus promoting the undesired
reforming reaction and decreasing the C,H, selectivity.

Taken together, these rate correlations suggest that C,Hs—
CO, reactions that produce C,H, occur via ethane activation
on active CoMoO, moieties, where the Co’* cations promote
CO, activation, but not active in cleaving the C—C bond of
ethane. Large Co° ensembles, segregated from the CoMoO,
moieties, activate CO, and promote the RWGS reaction
effectively, but they are also highly effective for cleaving the
C—C bond in ethane, promoting the undesired reforming
pathways, which form CO and H,. For this reason, large Co°
ensembles formed at high Co contents on reduced 10CoO—
13.5MoO, or found on the monometallic 10CoO catalyst are
undesired catalytic sites, because although they are effective in
activating C,Hg, they are not selective toward C,H, formation.

3.2. Active Site Structures of CoO—MoO,/Al,O; and
Reference Monometallic 13.5Mo00,/Al,0; and 10Co0O/
Al,O; Catalysts from Spectroscopic Characterization.
Figure 4a,b shows the X-ray diffractograms and Raman spectra
of the 8Co0O—13.5MoO,, samples, after oxidized treatment and
reduced treatment, and after exposure of a pre-reduced sample
to C,H4—CO, reaction mixtures for 15 h, labeled oxidized,
reduced, and spent, respectively. Included in Figure 4a is the
XRD of the bare Al,O; support. The XRD of oxidized 8CoO—
13.5MoO, reveals diffraction peaks attributed to f-CoMoO,
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crystalline (JCPDS: 21-0868), in addition to those of y-Al,04
support (JCPDS: 00-010-0425), indicating that f-CoMoOQ, is
the dominant crystalline phase formed after the oxidized
treatment. The presence of the f-CoMoO, phase in the
oxidized 8CoO—13.5MoO, sample is confirmed also with
Raman spectroscopy, by the Mo—O—Co stretching vibrations
observed at ~813, 872, and 933 cm™" (Figure 4b)*** and the
three-shouldered bands present in the UV—vis diffuse
reflectance spectra (Figure 4c) at S00—650 nm.*> Raman
shifts centered at 679, 473, and 513 cm™ are also observed,
which correspond to the Ay, E,, and F,, vibrational modes of
Co0,0,,% respectively. Co;0,, however, is not detected in
XRD, likely due to its small crystallite size. These results
indicate the coexistence of crystalline CoMoO, and small
Co;0, clusters on the oxidized 8CoO—13.5MoQO,, catalyst.

After reductive treatment (H, for 2 h at 873 K, reduced
8Co0—13.5M00O,) and sequential C,H;—CO, catalysis for 15
h (873 K, S kPa C,H,—10 kPa CO,, spent 8CoO—13.5MoO,),
the XRD diffraction patterns assigned to the CoMoO,
crystalline structure disappeared and only those of the y-
AL, O, support remained. As patterns associated with CoMoO,
disappeared, diffraction patterns for metallic cobalt at 26
equaling 44.35°, 51.65°, and 75.95°%7 were undetected,
confirming that fully reduced cobalt species exist as small
domains after reduction. Additionally, the Raman bands of f-
CoMoO, and Co;0, both became weaker and broader,
showing a slight downshift after these two treatments—the
peak at 933 cm™ (-CoMoO,) shifted to 929 cm™ and that at
679 cm™ (Co;0,) shifted to 669 cm™ for reduced and spent
samples, respectively, which can be attributed to the generation
of oxygen vacancies in the oxide lattice under H,.***’

Figure 5 shows the high-resolution Mo 3d and Co 2p XPS
spectra of these samples (oxidized, reduced, and spent
13.5MoO, and 8CoO—13.5M00,), together with the chemical
state distributions of Mo 3d, obtained from peak deconvolu-
tion, and that of Co 2p, derived from assigning the
spectroscopic features to Co chemical species instead of their
oxidation state due to the complexity of the spectra, as
previously established.**** For the latter case, the satellite peak
features were used to differentiate between CoMoO, and
Co;0, species, which are the dominant Co phases present on
the oxidized 8CoO—13.5MoO, catalyst, as evidenced from
XRD, Raman, and UV—vis analysis, as described above.

https://doi.org/10.1021/acscatal.2c02525
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Figure S. Mo 3d and Co 2p XPS spectra of 13.5M00O,/Al,O5 and 8CoO—13.5Mo0O,/Al, O catalysts after (a) (oxidized) oxidized treatment (Ar
for 0.5 h), (b) (reduced) reduced treatment (H, for 2 h), and (c) (spent) reduction in H, for 2 h followed by exposure to the C,H,—CO, reaction
mixture (5 kPa C,Hs—10 kPa CO,, 6000 cm® h™* g, ") for 15 h at 873 K, together with (d) their respective distributions of Mo chemical states

and Co species.

After the oxidized treatment, Mo ions in both the 13.5MoO,
(spectrum al) and 8CoO—13.5MoO, (spectrum a2) catalysts
present as a mixture of Mo® and Mo®* at ~75:25 atomic ratio,
with the B.E. sitting at 233.6 and 232.6 eV, respectively.*"**
The presence of Mo as the minority species could be
attributed to the existence of strongly bound surface OH
groups.*”** For the oxidized 8CoO—13.5MoO, catalyst, the
Co 2p region shows two features with B.E. values centered at
780.0 and 781.5 eV (spectrum a3), which can be assigned to
Co0;0, and CoMoO, species, distributed in the sample at 34.3
and 65.7%, respectively (atomic fraction based on the Co XPS
signal).45 Taken together with the findings from XRD, Raman,
and UV—vis analyses, we conclude that the dominant phases
on the oxidized 8CoO—13.5Mo0O, catalyst are Co;O, and
CoMoOQ, crystallites, as shown in Scheme 2a. We note that, in
all spectroscopic analyses, neither the MoOj; crystalline
structure nor two-dimensional MoO, species was detecte-

d—(i) if bulk crystalline MoO; exists, it would give
characteristic XRD diffractions at 26 equaling 23.7°, 25.8°,
and 27.4°* and Raman bands at 580, 830, and 1000 cm™'; we
note that there is a small shoulder appeared at 1000 cm™!, but
it is not the main feature of the spectra, suggesting that the
amount of crystalline MoQ; is very small;*’ > (i) if two-
dimensional MoO,, species exists, it would give the Mo=0
stretching vibrational band centered at ~950 cm™ in the
Raman spectrum, as found in the monometallic 13.5 wt%
MoO,/Al,O; catalyst (in Figure S3).

After the reductive treatment, the Mo®" fraction in the
monometallic 13.5MoO, catalyst markedly decreased from
75.1 to 22.0%, where a majority of the Mo ions exists as Mo®*
(36.6%), Mo** (34.6%), and Mo’ (6.8%, 0 < & < 4) states
(reduced 13.5MoO,, spectrum bl). The same reductive
treatment carried out on the 8CoO—13.5MoO, catalyst
(reduced 8CoO—13.5Mo0,, spectrum b2) decreased the
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Scheme 2. Schematic Representation of Co and Mo Species Present on (a) Oxidized, (b) Spent, and (c) Reduced 8CoO—
13.5MoO, Catalysts, Respectively; (d) Oxygen Vacancy Densities ([;,cync,-to-Total Metal Atomic Ratio (Where Metal = Co +
Mo in the Catalyst Bulk), Derived from Oxygen Chemical Titration, on 8CoO—13.5MoO, (orange rectangle) and 13.5MoO,,
(green rectangle) Catalysts after Treating at 873 K under (i) (Condition 1; ) in 100 kPa H, Treatment, (ii) (Condition

pubs.acs.org/acscatalysis

2c0, + u,) in 10 kPa CO,—0.5 kPa H,, and (iii) (Condition 3¢, ) in 10 kPa CO,

(a) Oxidized 8C00-13.5Mo0O,

Lattice oxygen (Ojasice)
/

A COMOO4

[ Co,0, h

(d) Oxygen vacancy titration

Condition 3, : H, with sequential 10 kPaCO,

[ Al,O,

(65.7%) (34.3%)
(b) Spent 8Co0-13.5MoO,

Oxygen vacancy (Dvacancy)

Metallic Co particles

| 0.08 (8C00-13.5M00,)
0.44 (13.5MoOy)

Condition 2, .y, H, with sequential 10 kPa CO,-0.5 kPa H,

Increasing O, chemical potentials

Increasing O, chemical potentials

\ /
I A0, I 0.62
(78.8%) (65%)  (14.7%)
(c) Reduced 8Co0-13.5MoO, Condition 1y,: H,
1.29
o 1.51
CoMoO, (Cod) (Cod) (God) [ o)
| Al,0, | o 03 06 09 12 15 18

(73.1%) (15.8%)

(11.1%)

Ovacancy-to-metal

average Mo oxidation state to a larger extent, when comparing
with 13.5MoO,, where 94.2% Mo retained an oxidation state
below +6, much higher than the 78% detected on 13.5MoO,
catalyst. Notably, the catalyst contained a large fraction of
highly reduced Mo®" (31.9%) species and even features with
binding energies close to those attributed to highly reduced
Mo (5.7%, B.E. at ~227.8 eV), suggesting that Co
incorporation enhances the reducibility of Mo. The treatment
also decreased the Co;0, fraction from 34.3 to 11.1% and
concomitantly increased the metallic cobalt content, as
evidenced by new features at ~778.0 and ~792.9 eV (Co
p*? and Co p*?, respectively), as shown in spectrum b3 (light
blue areas). This Co;0, reduction was also indicated by the
downshift of the Co;0, band (679 cm™ for oxidized vs 669
cm™! for reduced catalyst) in the Raman spectra. These changes
in chemical state distribution resulted in a slight increase in the
contribution of the XPS features assigned to CoMoO, species
(from 65.7 to 73.1%, Figure Sd). This slight increase, however,
is likely not caused by a real increase in the CoMoO, content
and instead is most likely linked to the formation of CoO
species from Co;0, reduction.”® These Co*" species could not
be differentiated from those in CoMoQ, by peak deconvolu-
tion of the Co spectra because of their similar binding energies
(e.g, Co 2p¥'* of 780.5—780.9 eV for CoO vs 780.9—781.3 eV
for CoM00,).>* These results suggest that, in the presence of
Mo species, Co** in the CoMoO, phase remains well-
dispersed, instead of over-reducing and sintering into small
metallic cobalt ensembles.> The partial reduction of the
CoMoO, phase was also evidenced by the disappearance of
diffraction peaks associated with crystalline CoMoO, in the
XRD patterns (Figure 4a) and the weakening and slight
downshift of crystalline CoMoO, bands, which move from
933, 872, and 813 cm™' to 929, 863, and 808 cm’},

respectively, in the Raman spectra (Figure 4b) after the
reductive treatment. In addition, the UV—vis spectrum of the
reduced 8CoO—13.5Mo0,, catalyst shows features associated
with CoMoQ, (inset of Figure 4c), despite excessive scattering
which affects the signal intensities, confirming that a portion of
the CoMoO, moieties remains after the treatment.

Taking all these analyses together, a clear picture begins to
emerge, as shown in Scheme 2¢: upon reductive treatment, the
dominant phases on the 8CoO—13.5MoO, -catalyst are
metallic cobalt ensembles and the partially reduced CoMoO,,
phases in which Co®* species, originally from CoMoQ,, remain
dispersed within a heavily distorted CoMoO, crystalline
structure.

Exposure of the catalysts to a reaction mixture containing 5
kPa C,H—10 kPa CO, at 6000 cm® g~ h™" for 15 h at 873
K led to changes in the chemical states, as evidenced in Figure
Scl for the 13.5MoO, catalyst and Figure S5c2,c3 for the
8C00~—13.5MoO, catalyst. During catalysis under this reaction
condition, H, was formed (0.3~0.7 kPa in the reactor effluent
stream). The presence of a small amount of H,, together with
the CO, oxidant, determines the oxygen chemical potential at
the catalyst surface, which, when placed on a relative scale, is
much lower than that on the surface exposed to oxidized
treatment conditions but higher than that exposed to reductive
treatment under pure H,. After steady-state catalysis, the Mo
ions in the spent 13.5MoO, catalyst (spectrum cl) exist in
diverse chemical states—a small fraction as Mo®" (19.1%) with
a majority of Mo as Mo®* (46.8%) and Mo** (30.9%) cations,
which translate to an average Mo chemical state of +4.8, as
tabulated in Figure 5d. This distribution is similar to that after
reductive treatment, with a marginal increase, where the average
Mo state is +4.6. For the spent 8CoO—13.5Mo0O, catalyst
(spectrum c2), Mo ions after catalysis are much more oxidized

https://doi.org/10.1021/acscatal.2c02525
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than its reduced counterpart—an average oxidation state of
+4.3 with 18.5 Mo®": 36.2 Mo®*: 24.2 Mo*": 21.1 Mo’ after
reaction vs +3.4 with $.8 Mo®": 22.0 Mo**: 34.6 Mo*": 31.9
Mo®": 5.7 Mo° after the reductive treatment. Notably, after
reaction, XPS Mo 3d features with binding energies close to
that of metallic Mo species, which were found after reduction
in the reduced 8CoO—13.5MoO,, were no longer detected,
suggesting that, after coming in contact with the reaction
mixture, these highly reduced Mo species were oxidized or
carburized to oxides or carbide/oxy-carbide species.'” In terms
of the Co chemical state, the fraction of metallic cobalt in the
8C00—-13.5MoO,, decreased from 15.8% in the reduced
sample to 6.5% after C,H,—CO, catalysis (spectrum c3).
However, this decrease does not result in a significant surge in
Co;0, content. These changes in the chemical state
distributions of Mo and Co indicate that both metallic cobalt
and partially reduced CoMoO,, phases coexist on CoO—MoO,,
catalysts after the reductive treatment. Exposure of the catalyst
to C,Hg—CO, reaction mixtures led to partial oxidation of
these species—CO, as a mild oxidant is able to partially
oxidize Co® and CoMoO, to some extent but not far enough to
re-crystallize them into Co0;0, and CoMoO, species,
respectively, as illustrated in Scheme 2b and confirmed in
both the XRD patterns and Raman spectra between the
reduced and spent samples (Figure 4).

To illustrate the distinct chemical environment of Co atoms
embedded in CoMoO,, to that of monometallic Co metal and
oxides, XPS studies were carried out on a reference
monometallic 10CoO/Al,O; catalyst after the oxidized and
reduced treatments, as shown in Figure S4. On the oxidized
10CoO sample, the Co 2p*? features at ~780.0 and ~781.2
eV, which can be ascribed to Co;0, and CoO (or Co
aluminate) species at their Co atomic ratio of $9.0:41.0,
respectively, were detected (Figure S4a). This monometallic
Co reference sample that contains Co;0, and CoO (or Co
aluminate) exhibits much lower reactivity than the reduced
8C00~-13.5M00,/Al,O; catalyst; thus irreducible Co species
(Co;0, CoO, or Co aluminate) are relatively inactive. In
contrast, the reduced 10CoO sample showed a new Co 2p**
feature associated with metallic Co at ~778.0 eV*>°° that was
not observed on the oxidized 10CoO sample. Quantitative
analysis of these spectra shows that the distribution of Co
among all species present in the catalyst decreases from 59.0%
for Co;0, in the oxidized 10CoO sample to 16.7% in the
reduced 10CoO sample, while at the same time the distribution
of metallic Co increases commensurately from undetectable to
27.9%. This change is much larger than that observed in the
bimetallic 8CoO—13.5MoO,, catalyst (Figure S), where only
15.8% of Co atoms are reduced. This result confirms that,
without Mo, Co species are more reducible, that is, Co;O, or
CoO species (in the monometallic 10CoO catalyst) are more
likely to be reduced to metallic Co particles than the Co
embedded in the CoMoOQ, structures, as also reported by
others.”’ ™>° As established, metallic Co,">*° together with
other late transition metals (Ni,l‘?”60 Pt,' 36162 pq ! Ry,0 7%
Rh%%), is extremely reactive for alkane reforming reactions
rather than the oxidative dehydrogenation reaction. The
reduced 10CoO sample displayed much higher turnovers,
>20 times higher than those of CoO—MoO, series, but these
C,H, turnovers led exclusively to reforming products (CO and
H,) without producing any ethylene. Taken together, we
conclude that metallic cobalt (Co°) ensembles in 10CoO/
AL)O; and 8Co0O—13.5M00O,/ALO; catalyze the reforming

reaction, as these ensembles are effective but not selective—
they not only activate C,Hg and CO, but also cleave the C—C
bond of C,H.* intermediates effectively, leading to the
undesirable CO and H, formation.

Oxygen vacancy titration studies probe the change in the
redox properties of the 8CoO—13.5MoO, catalyst after
exposure to different atmospheres (experimental details are
described in SI, Section S8), listed below in the order of
increasing oxygen chemical potential of: (i) condition Iy,

reduction in H, for 2 h at 873 K, (ii) condition 2¢, , s, pre-

reduction in H, for 2 h, followed by exposure to 10 kPa CO,—
0.5 kPa H, for 2 h at 873 K—this CO,—H, mixture was used
to mimic the effluent compositions of the C,Hs—CO, reaction
environment, where H, was generated from the dehydrogen-
ation reaction (eq Ia), except that C,Hg was not present here,
and (iii) condition 3¢p, pre-reduction in H, for 2 h, followed

by exposure to 10 kPa CO, for 2 h at 873 K. Compared with
condition 2¢q, ; g, (with a small amount of H,), the gaseous

environment in condition 3¢o, (without H,) led to higher

oxygen chemical potentials. After these treatments, the site
densities of oxygen vacancies (Dvacamy), described in terms of
[Jyacancyto-total metal atomic ratio (where metal = Co + Mo in
the catalyst bulk), are shown in Scheme 2d and Table S3.
After H, treatment (condition 1y ), the Co-free 13.5MoO,

catalyst contained 1.51 oxygen vacancies ([yucun,) for each
Mo. This [y,cancy-to-Mo atomic ratio decreased to 0.82 after a

sequential treatment with CO, and a small amount of H,
(condition 2o, , 1,) and to an even lower value of 0.44 after
exposure to CO, in the absence of H, (condition 3¢(,). Upon
exposure to atmospheres with increasing oxygen chemical
potentials (from conditions 1y < 2co,4 1, < 3co,), the
decrease in the [Jy,caney-to-Mo ratio and in the related surface
density of oxygen vacancy indicates that CO, can activate and
generate reactive oxygen adatoms that refill a portion of the
lattice oxygen vacancies in MoO,, domains.

For the case of the 8CoO—13.5MoO,, catalyst, the reductive

treatment (condition 1) created vacancies at an Cvacancy~to-

total metal atomic ratio of 1.29. After the sequential CO,—H,

treatment (condition 2¢o, , p,), the [] -to-metal ratio

vacancy

decreased to 0.67, indicating that a portion of partially reduced
Co—Mo moieties has been oxidized by CO, to some extent
when cofeeding with a small amount of H,. Interestingly, the
[Dvacancy-to-metal ratio decreased to nearly zero (0.08) after
sequential contacting to CO, in the absence of H, (condition
3coz); confirming that Co centers in CoMoO, can activate

CO, in order to generate the reactive oxygen species more
effectively than the unpromoted 13.5MoO,, catalyst. The CO,
activation produces oxygen adatoms, replenishing the oxygen
vacancies on CoMoO, structures.

The findings from XRD, Raman, and XPS studies suggest
that, on the 8CoO—13.5MoO, catalyst (reduced 8CoO—
13.5Mo0Q,), reductive treatments lead to two distinct cobalt
species: metallic cobalt (Co®) and Co** domains surrounded
by MoO, moieties (Scheme 2c). As discussed above, this
catalyst exhibits very stable reactivity in C,Hg—CO, catalysis,
and the CoMoO, phases are responsible for selective C,H,
formation (~75% selectivity). In fact, the catalyst activity is
much more stable than the Co-free 13.5MoO,, catalyst after the
same reductive treatment (reduced 13.SMoO, catalyst, Figure

https://doi.org/10.1021/acscatal.2c02525
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Scheme 3. Catalytic Cycles and the Associated Elementary Steps of C,H;—CO, Reactions on CoO—MoO,, Catalysts, Which
Include Ethane Dehydrogenation (cycle 1), RWGS (cycle 2), and Carbon Removal Event (cycle 3) on CoMoO,, Active Moieties,
Together with Ethane Reforming and RWGS on Metallic Co Ensembles (Formed only after Pre-treatment in H,) (Cycle 4)¢
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Step 4.1 C,Hg +Om + m -A> C,H;m + OHm  (a) Step4.2a CO,+m+m 3 COn+On
CoHg +m + m A CoHgm + Hm (b)  Step4.2b COm=CO+m
Step4.2¢c H,+m+m< Ha+ Hu
— CH;m, CH,m, CHu, Cm Step4.2d Hu +Om <= OHm +m
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“The RWGS occurs via two different CO, activation routes of Vacancy route (cycle 2a) and Carboxylate route (cycle 2b) with their associated
electronic energies (AE) and Gibbs free energies (AG, at 873 K, 1 atm) of intermediates and transition states on CoM00,(010) surfaces depicted
in Figure 6. In cycle 4, C,Hy could activate on either the Ol — Il site pair (a) or [ll — Il site pair (b), with sequential C—H bonds and C—C bond
scission to form CH;ll, CH,Ill, CHll, or C[ll intermediates, and oxidation of these carbonaceous intermediates to COHll or COl.

reactions.!¥**®° This is indeed observed for the case of reduced
8Co0—13.5Mo0Q,, catalyst, as shown in the time-dependent

S5a). Metallic cobalt clusters, however, are not selective toward
C,H, formation and suffer from deactivation in reforming

12237 https://doi.org/10.1021/acscatal.2c02525

ACS Catal. 2022, 12, 12227-12245



ACS Catalysis pubs.acs.org/acscatalysis Research Article

(a) 200 Carb | 20#+ CO+H,0
e == Carboxylate route 2
2 y O +#+ CO, 163 «— \
€ 150 - ===\/acancy route +H, TS2a.3
120 ¢
= 106
% 100 A
(]
c O#+#+ 20# + CO*
S 50 - CO,* + H,0 + H,0
5
o | OH# + O#
g 0 °#+"c'32°# + COOH* -
B e 20H#+ CO,* 20(a)
Reaction Coordinate
(b) Step 2a.1: OH# + OH# 2a.3: CO,+* - CO,* | 2a5: CO*—

- H,0#+ O#

CO+*

1

| 2.1:CO,+ | | 2b.3: COOH*+ OH#t | :
1 *5c07 | I > CO* +H,0(a) +O# | I
1 | 2b.2: CO,* + OHi#t—> | 1 2b.4: CO* + H,0(a) > !
! ! COOH* + O#t : ! CO + H,0 + * !
1 ! ! 1 1

(€)300 :

=== Carboxylate route 246 1

= =—=\/acancy route

3 200 - 195 %

€

=

>

9_0

Q

=

w

[

<

= 20#+ CO +H,0

-100

Reaction Coordinate

Figure 6. (a) Electronic energy (AE, k] mol™") as a function of reaction coordinate, (b) elementary steps and structures of reactive intermediates
and transition states, and (c) Gibbs free energy (AG, kJ mol™'; 873 K, 1 atm) as a function of reaction coordinate, for CO, activation on a partially
reduced CoMo0,(010) surface with two H-atoms bound to lattice O-atoms in their most stable location. Bond distances in (b) are given in A. The
AE, AH, AS (873 K), and AG (873 K) values for all species relative to 20H# and gaseous CO, are shown in SI (Section S12 and Table S4).

profiles of ethane dehydrogenation and reforming rates during catalyst, the higher ethylene formation rate and higher ethylene

C,He—CO, catalysis (Figure S6)—the reforming rate selectivity observed on bimetallic CoO—MoO,, catalysts come

decreases with time-on-stream due to the deactivation of from the CoMoQ,, active moieties.

metallic cobalt clusters, while extremely stable dehydrogen- Figure 3b illustrates the active site structures and their

ation reactivity remains. Compared to the monometallic CoO dynamics of the CoO—MoO, catalysts. For oxidized CoO—
12238 https://doi.org/10.1021/acscatal.2c02525
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MoO, catalysts (solid symbols in Figure 3a), Co atoms mostly
intercalate into molybdenum oxide domains, forming
CoMoO,, where the remaining Co atoms exist as Co3;0,,
especially on the samples with higher Co loadings. After pre-
reduction of CoO—Mo0O,/AL,O; catalysts (reduced series),
oxygen vacancies begin to form on CoMoO,; thus oxygen-
deficient CoMoO, phase prevails, causing both the dehydro-
genation and RWGS rates to increase (hollow symbols in
Figure 3a). These oxygen-deficient CoMoO, sites exhibit
exceptional stability (for example, the deactivation constant of
~0.015 vs ~0.050 h™!, for reduced and oxidized 8CoO—
13.5M00,/ALO; catalysts, as illustrated in Section 3.4). We
note that any excess Co not as a part of the CoMoO,, domains
is highly effective for C,Hy activation but unselective, as found
in the reference monometallic Co catalyst (IOCOO/AIZO3),
which shows a C,Hy conversion rate of ~14.3 ymol g, ™" s7/,
about 20 times higher than those of reduced CoO— MoO
catalysts, with almost zero C,H, selectivity.

3.3. Ethane Dehydrogenation, RWGS, and Ethane
Reforming Catalytic Cycles and Their Kinetic Coupling
during C;Hs—CO, Reactions. Next, we propose, in Scheme
3, four concomitant catalytic cycles of ethane dehydrogenation
(cycle 1), RWGS (cycle 2), carbon removal (cycle 3), and
ethane reforming (cycle 4), during C,H,—CO, catalytic
sojourns on CoO—MoO, catalysts. Contained within these
cycles are sequences of elementary steps, catalyzed by either
CoMoO, active moieties or small metallic cobalt ensembles,
the latter are formed after reductive treatments. The
cooperative effects of Co and Mo centers in CoMoO,, domains
within the kinetically coupled catalytic cycles of ethane
dehydrogenation and RWGS (cycles 1 and 2) lead to the
exceptionally stable reactivity, much higher ethylene yields, and
lower carbon deposition during C,Hs—CO, catalysis than their
monometallic counterparts.

In Ethane Dehydrogenation cycle (cycle 1), ethane first
adsorbs on a lattice oxygen site (denoted as O#) of MoO,
domain in a quasi-equilibrated step (Step 1.1). Next, a
neighboring lattice oxygen assists with the kinetically relevant
abstraction of a hydrogen from C,Hy (Step 1.2), as shown
previously on VO, and MoVTeNbO catalysts during C,Hs—
0, catalysis,**®” via the formation of a late transition state with
a nearly fully formed hydroxyl group and an adsorbed ethane
derived intermediate (C,H;O#).°® This intermediate could
undergo a secondary, kinetically irrelevant C—H bond
cleavage, forming the desired C,H, (Step 1.3). Alternatively,
it may also undergo C—C bond hydrogenolysis, leaving
carbonaceous debris residing on the catalyst surface, as
shown in cycle 4. These secondary events and the carbon
deposition decrease the availability of the reactive lattice
oxygen. In addition, in a reducing environment, the CoMoO,,
species have a low O-to-Mo ratio and are highly distorted with
Mo ions in lower oxidation states of 3.4 after reduction and 4.3
after exposure to the reaction mixture, as shown from XPS in
Figure 5. The low average O-to-Mo ratio translates to a
stronger Mo=O binding strength and to much lower H
abstraction rates (per lattice oxygen) than CoMoO, domains
saturated with lattice oxygen atoms.”” Additionally, the
carbonaceous intermediates, in the absence of an effective
oxidant, tend to agglomerate and deposit as coke, leading to
catalyst deactivation (cycle 3).”°

The carbonaceous intermediates could be removed by
reactive oxygen species produced from the RWGS reaction, as
depicted in the Reverse Water-gas Shift cycle (cycle 2, which

contains two subcycles, 2a and 2b). The Reverse Water-gas Shift
cycle includes elementary steps that activate the coreactant
CO, as well as the sequential reaction of the adsorbed
hydrogen, a coproduct from the Ethane Dehydrogenation cycle
(cycle 1). This cycle is initiated by CO, activation, and the
detailed elementary steps and their kinetic requirements
derived from DFT, in terms of the electronic energy (AE)
and Gibbs free energy (AG, at 873 K, 1 atm), are illustrated in
Figure 6, on CoM00,(010) surfaces, the most stable surface
termination found here and in the literature.”” A fully oxidized
CoMo00,(010) surface can be reduced by H-abstraction from
C,Hg, which forms C,H, (eq Ia) or by H, dissociation (reverse
of step 1.4, cycle 1, Scheme 3) to form H-atom pairs bound to
lattice oxygens (as OH# species, Figure 6). Several
configurations of bound H-atom pairs were probed to locate
the most stable configuration, which was then used for CO,
activation. The most stable configuration of the H-atom pairs
bound to lattice oxygens (20H#) with a gas phase CO, at
noninteracting distance is considered as the reference state for
the energy values reported in Figure 6 and discussed below.
Two different paths, namely Vacancy route and Carboxylate
route (as cycle 2a and 2b, respectively), were found to be
kinetically facile.

In the Vacancy route (cycle 2a), CO, activates on an oxygen
vacancy site (denoted as #)—two adsorbed vicinal hydroxyl
groups first combine and desorb as H,O, generating an oxygen
vacancy site (steps 2a.1 and 2a.2). Subsequently, CO, absorbs
near this oxygen vacancy site (step 2a.3), followed by its OC=
O bond cleavage, leaving an O# species and a CO* species
bound to a Co’" center (step 2a.4), before its desorption as
CO that regenerates the active site (step 2a.5). The
combination of hydroxyls to form H,O in the first step of
the Vacancy route is mediated by an O—H activation transition
state (TS2a.1, Figure 6; AE* = 23 kJ mol™, AG* = 11 kJ
mol™"). Its low barrier suggests that H,O dissociation at
vacancies and the combination of hydroxyls step to form H,O
are rapid and equilibrated. H,O desorption and the formation
of O vacancies require high AE and low, negative AG of +136
and —17 kJ mol, respectively (Figure 6, step 2a.2), because the
high AE value for the vacancy formation is compensated by the
large entropy gain for H,O desorption at the high temperature
(AG = AH — TAS). CO, absorbs near a vacancy (Figure 6,
step 2a.3), and its chemisorption required bending of the linear
O=C=O0 structure and interaction of the C-atom with a
vicinal Co atom (TS2a.3, Figure 6) with activation enthalpy
AE* and activation free energy AG* of 120 and 108 kJ mol ™/,
respectively. The chemisorbed CO,* species exhibits AE and
AG values of 82 and 80 kJ mol™, respectively. We note that
the configuration with C-atoms of CO, bound to Co cations
was found to be most stable, as shown in Section S11, SI). The
C=0 bond cleavage for one of the O-atoms in CO,* species
occurs via a transition state with AE* and AG* values of 124
and 138 kJ mol™!, respectively. The cleaved O atom
replenishes the oxygen vacancy, and the resulting CO molecule
is bound to the Co atom (Figure 6, step 2a.4, CO*, AE = 84 k]
mol™', AG = 100 kJ] mol™). The desorption of the CO
molecule leads to a fully oxidized CoMoO, surface with AE
and AG of 163 and 16 kJ mol™', respectively. The CO,
activation transition state (TS2a.4) exhibits the highest free
energy along the reaction coordinate, and therefore, is
kinetically relevant.

In the Carboxylate route (cycle 2b, Scheme 3), CO, first
weakly adsorbs on the CoMoO, surface with H-atom pairs

https://doi.org/10.1021/acscatal.2c02525
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bound to lattice oxygens (20H# + CO,*, step 2b.1), which
reacts with an H atom forming a COOH intermediate
absorbed at a Co site (COOH*, step 2b.2). H attacks on
the C- and O-atoms of CO, were considered, and the latter
route leading to carboxylate species (instead of formate) was
found to be more facile. The activation enthalpy AE* and
activation free energy AG¥ of this transition state [Co--COO-
H--O]* (TS2b.2) are 73 kJ] mol™! and 195 kJ mol”},
respectively. A second H attack initiated by the H from a
vicinal OH group to the COOH* species decomposes it into
CO* and weakly absorbed H,0 (H,0O(a)) via a [Co--
COOH-H--0]* (Figure 6, TS2b.3) with an activation
enthalpy AE* and activation free energy AG* of 98 kJ mol™
and 246 kJ mol™’, respectively. The sequential desorption of
CO* and H,0(a) (steps 2b.4) leads to a fully oxidized
CoMoO, surface with AE and AG values of 163 and 16 kJ
mol ™!, respectively. In this route, the highest free energy along
the reaction coordinate was found to be the transition state of
the second H attack [Co--COOH---H---O]* (TS2b.3), making
this step kinetically relevant.

The Carboxylate and Vacancy routes are analogous to the
outer- and inner-sphere routes, respectively, identified for re-
oxidation of OH pairs on Mo-based oxide clusters by O, with
relative preferences that depend on temperature and H,O
pressure.”' Here, the Carboxylate route exhibits lower
electronic energy barriers than the Vacancy route (Figure 6b,
AErsy5" = 98 k] mol™! vs AE gy, 4" = 124 k] mol™"). However,
the release of H,O prior to CO, activation in the Vacancy route
leads to significant entropy gain and much lower activation free
energy (Figure 6c, AGrgy,4* = 138 kJ mol™ vs AGrgy,5* = 246
kJ mol ™" at 873 K and 1 atm H,0). The entropy contribution
to free energy would be smaller at lower temperatures, making
the carboxylate route potentially more facile. However, given
the large free energy difference at 873 K (138 vs. 246 kJ

12240

mol™"), the vacancy route remains more facile at all practical
temperatures relevant to C,Hs—CO, reactions.

Co metal centers (cations) on CoMoO,(010) surfaces are
involved in the activation of CO, in both the Carboxylate and
Vacancy routes (TS2a.3, TS2a.4, TS2b.2, TS2b.3; Figure 6)
and the stabilization of the product CO* species (Figure 6).
The alternative transition states and product states, where Mo
cations instead of Co cations are the active centers, were much
less stable. Furthermore, Co and Mo centers are both vicinal to
the lattice O# species that accept H-atoms to dehydrogenate
C,Hg in Cycle 1 in Scheme 3. The catalytic roles of these metal
centers are probed using Bader charge analysis shown in the SI
(Section S13). The H atom pair addition partially reduces the
oxide by introducing electrons into empty metal d-states.”"””
The difference in Bader atomic charges between the surfaces
with an added H atom pair and those that are uncovered and
fully oxidized shows that the electrons are introduced into the
Mo centers (increase by 0.25e™ and 0.3e”), while the charges
on the Co centers remain essentially unchanged (Figure S8,
SI). This suggests that only Mo centers are reduced by ethane
of H, activation on stoichiometric oxide. The role of Co and
Mo centers in CO, activation at an O vacancy is probed by
Bader charges on these metals as a function of reaction
coordinate and charge density differences at transition states
TS2a.3 and TS2a.4, as shown in Figure 7. The charge on the
Co center decreases upon the initial approach of CO,
(TS2a.3) and remains essentially unchanged in the OC=0
bond activation step (TS2a.4). The charge density difference
for TS2a.3 shows that the CO, molecule is polarized and
accumulating electron density near the Co center. This
electron accumulation reflects the Lewis acid character of the
Co cation. In contrast to Co, the Mo center shows a significant
increase in positive charge (electron depletion) in the OC=0
activation step (Figure 7b, TS2a.4) because of the oxidation of
Mo by the dissociated O atom that fills the vacancy. Taken

https://doi.org/10.1021/acscatal.2c02525
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Table 1. Distribution of Dihydrogen and Water Isotopologues during H,—D,0 Reactions (2 kPa H,, 2 kPa D,0, 6000 cm® h™!
g ) at 873 K on 13.5M00,/Al,0; and 8C0o0—-13.5M00,/Al,O; Catalysts with Pre-treatment in H, for 2 h at 873 K
(Reduced)™

product distribution (kPa)

H, HD D, H,0 HDO D,0 Q/K (873 K)
13.5MoO, 0.68 0.90 0.43 0.34 1.06 0.59 127
8Co0—13.5MoO, 0.67 0.84 0.48 0.38 1.03 0.58 0.94

“Q denotes the reaction quotient for the H,—D,0 reaction (D, + H,O <> HDO + HD), Q = (PupPupo)/ (Pp Py,0)- K is the equilibrium constant
for the H,—D,O reaction (D, + H,O < HDO + HD) at 873 K.
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Figure 8. (a) Carbon amounts (C-to-Mo atomic ratio, green data points) derived from TPO experiments and deactivation constants (h™', eq 2,
orange data points) versus the rates of RWGS reaction (rpwgs) and the inverse of these rates (rpwgs™ '), respectively, and (b) correlation between
the carbon amounts after C,Hs—CO, catalysis (5 kPa C,Hy, 10 kPa CO,, 6000 cm® g.,,™!) for 15 h at 873 K and the deactivation constants derived
from eq 2 on 13.5MoO,, (star symbols) and yCoO—13.5MoO, catalysts (y = 1.5—10, which denotes CoO loading in wt%); data points are labeled
according to CoO loadings (round = 1.5 wt%; up triangle = 3 wt%; down triangle = 5 wt%; diamond = 6.5 wt%; left triangle = 8 wt%; right triangle
= 10 wt%) after pre-treatments in H, for 2 h (reduced, hollow symbols) and Ar for 0.5 h (oxidized, solid symbols).

together, the DFT-based analyses suggest that CoMoO,, oxides 13.5MoO,, catalysts (reduced) after the reductive treatments
dehydrogenate C,Hy via catalytic cycles involving partial (H, at 873 K for 2 h), probe the reversibility of H, and H,0
reduction of Mo centers. The re-oxidation of partially reduced activation within the RWGS catalytic cycle. Table 1 shows the
CoMoO, by CO, is mediated by the generation on O- distributions of D,0—HDO-H,—D,~HD—H,0 isotopo-
vacancies and facilitated by the presence of Co centers that logues in the effluent stream with 2 kPa H,—2 kPa D,O

exhibit a ngis afid character. o reaction mixtures on these catalysts at 873 K at a total space
We next investigate and then confirm that the activation and velocity of 6000 cm? gcat_l h~' On both catalysts, the

dissociation of CO,, as opposed to those of H,, the RWGS distributions of the D,0—HDO—H,~D,~HD—H,0 isotopo-
coreactant, indeed limit the RWGS rates (in cycle 2) and in
turn dictate the rates of the concomitant C,Hy activation. On
the reference 13.5MoQO, catalyst, the rates of the RWGS
reaction during C,Hs—CO, catalysis did not attain chemical
equilibrium under all conditions reported herein—the

approach-to-equilibrium value for the RWGS reaction was Kinetic rel ‘H vation in the RWGS on. As
below 0.15 (4—16 kPa CO, 2-9 kPa C,H, 873 K). netic relevance of H, activation in the reaction. a

result, CO, dissociation must limit the RWGS rates. Activation
of CO,, which produces the reactive oxygen species, is slow on

logues have reached the compositions expected at chemical
equilibrium (0.57H,: 0.98HD: 0.45D,: 0.44H,0: 0.99HDO:
0.57D,0), with approach-to-equilibrium (Q/K) values of near
unity (0.94—1.27). These isotopic distributions indicate that
H, and H,O activation are equilibrated and thus rule out the

Incorporating Co centers into the MoO, domains, especially
after the reductive pre-treatment, markedly increases the

RWGS rates—the approach-to-equilibrium values significantly transiti;);n metal oxides, compared to that of transition
increased, that is, from below 0.10 to 0.37—0.55, depending on metals,”” because it requires dissociating the strong OC=0
the CoO contents (1.5-10 wt%), although the chemical bonds. However, with the assistance of oxygen vacancies,
equilibrium was not attained. In both MoO, and CoO—MoO, which formed after reductive treatment, CO, activation
catalyst series, the RWGS is kinetically restricted by either the became facile via the Vacancy route at the practical
dissociation of CO, or H,. Isotopic exchange reactions with temperatures for C,Hy catalysis, as the DFT results indicated
H,-D,0O mixtures, carried out on both 13.5MoO, and 8CoO— in Figure 6.
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On CoO—MoO, catalysts, ethane reforming catalysis also
occurs, but predominantly on metallic Co ensembles, as shown
in the Ethane Reforming cycle (cycle 4, Scheme 3). We
hypothesize that the Ethane Reforming cycle begins with
kinetically relevant C—H bond cleavage of ethane on a cobalt-
oxygen site pair (derived from CO, activation) resided on
metallic cobalt cluster surfaces to form a C,HJll and an OHH
intermediate (Step 4.1-a), as reported previously for C—H
bond activation of CH,.”” Alternatively, the ethane activation
could also occur on a Co metal atom site-pair (Jll — ) to
form C,H;Ml and HIl (Step 4.1-b). The C,H M species
would undergo consecutive H abstraction, C—C cleavage, and
C—O formation steps that ultimately lead to reforming
products, CO and H,; the RWGS reaction also occurs on
metallic cobalt ensembles, often attaining chemical equili-
briums at the conditions relevant to alkane-reforming catalysis
(Steps 4.2a—e).60

3.4. RWGS Rates Are Kinetic Descriptors for Ethane
Activation Turnovers and for Catalyst Stabilities in
C,Hg—CO, Reactions. The RWGS shift rates, rrygs, and the
related CO, activation rates are key kinetic descriptors—they
directly influence the ethane conversion rates in various
reactions (rc i, Tach Teef); @s shown in Figure 3, because the

rates of CO, activation directly equal the rates of the
generation of reactive oxygen species that prescribe the surface
concentration of reactive oxygen required for scavenging the
coke precursor, through the kinetic coupling of the Reverse
Water-gas Shift cycle (cycle 2) and Ethane Dehydrogenation
cycle (cycle 1). The coupling of the two cycles is evident in
Figure 8 for the MoO, and the series of CoO—MoO,
catalysts—the amount of surface carbon debris (expressed in
terms of C-to-Mo atomic ratio) deposited on both the reduced
and oxidized CoO—MoO, catalysts, measured with TPO
experiments, after C,H,—CO, reactions (S kPa C,H,, 10 kPa
CO,) for 15 h at 873 K, varies inversely with the RWGS rates
(rawgsy lower x-axis), shown as the C-to-Mo atomic ratio
(green data points) versus the RWGS rates (rawgs) in Figure
8a.

Next, the extents of deactivation during C,Hs—CO,
reactions can be quantitatively captured, by the rate ratio of
C,Hj conversion at time-on-stream ft, rc,Hy v tO that at the zero

time (t = 0), rcu, This rate ratio rey (repo)”" is
exponentially related to the first-order deactivation rate
constant (¢, ),”*”* which reflects the time-dependent extent

of rate decay during steady-state catalysis and thus is a proxy of
the catalyst stability, according to:
e, Hyt

= exp(—acut)
e, H,0 ()

The acy, values extracted from the time-dependent

conversion profiles (Figure SS) for the series of catalysts also
depended on the RWGS rates in the exact similar trends with
those of the carbon content. As illustrated in Figure 8a, the
first-order deactivation rate constants (o, orange data

points) and the carbon contents (C-to-Mo atomic ratios, green
data points) both decrease with increasing RWGS reactivity—
indeed, both of these proxies of catalyst stability increase
linearly with the inverse RWGS rates (rgwgs) ™", shown in the
upper x-axis—these direct, inverse correlations indicate that
coke deposition is the key factor that causes the reactivity
decay, which is further confirmed by a direct correlation

between carbon amounts and deactivation constants (Figure
8b). In fact, both C-to-Mo atomic ratios (from TPO) and
¢y, values depend on the RWGS similarly, (Figure 8a) that

they collapse on the same profile (solid lines), albeit with
different coefficients:

()

Mo Jc 1, —co, 873K, 15h

= 0.82688 (g_, s pmol ™) X (rgwas (Hmol gcat_1 s
— 1.73666 ()

—1
lac u, (h )]CZHs—COZ,873 K

= 0.01001 (g_, s pmol ' h™)

X (rpwas (pmol gcat_1 s = 0.005 (b7 (4)

As shown in Figure 8, the spent, unpromoted MoO,, catalyst
(labeled as star symbols) exhibits high C-to-Mo atomic ratios,
irrespective of the pre-reduction treatment, of 6.3 for oxidized
and 5.7 for reduced catalysts. The addition of Co increases the
rate of the RWGS reaction and concomitantly decreases the
carbon amount; notably, the reduced CoO—MoO, series
shows a much lower tendency for carbon deposition, thus
exhibiting a significantly lower deactivation constant compared
with its oxidized counterpart (hollow vs solid data points in
Figure 8a). Taken together, we conclude that (i) Co centers
polarize CO, and assist with its dissociation, thus generating
reactive O# and increasing the RWGS rates, (ii) the increase in
RWGS reactivity reduces the amount of carbon deposited
during steady-state catalysis and thus mitigates rate decay due
to coking, and (iii) on catalysts with Co loading exceeding the
stoichiometry required for the formation of CoO—MoO,
moiety (10 wt%), large Co’ ensembles are formed after
reduction; these metallic Co® ensembles are not the active sites
for ethylene formation, but they are highly effective for C—C
bond cleavage and reforming reactions, thus causing the loss in
C,H, selectivity.

These findings are in agreement with those derived from
XPS studies, that is, the spent 13.5MoO, catalyst contains
significant carbonaceous debris (C-to-Mo atomic ratio of 7.8),
which explains the observed severe rate decay (Figure SS).
More importantly, the spent 8CoO—13.5MoO,, catalyst does
not contain any significant carbon debris, and its C-to-Mo
atomic ratio is 0.09, which is likely the reason for their
exceptional stability (Figure SS). Based on these results, it can
be concluded that Co*" ions intercalated into the MoO,
domains can activate CO, effectively, generating reactive
oxygen species that are able to scavenge the carbonaceous
deposits formed on CoMoO,, domains, the active structures for
selective ethylene formation, leading to not only high reactivity
and selectivity, but also to exceptional stability for ethylene
synthesis.

4. CONCLUSIONS

Catalytic ethane oxi-dehydrogenation with CO,, a selective
and “soft” oxidant, occurs under oxygen chemical potentials
that are significantly lower than that with O, and, as a result,
suffers from severe deactivation because of coke deposition.
Here, we describe the intercalation of Co cations into MoO,
domains, creating CoMoO, active moieties that are highly
effective for activating the CO,, generating the reactive O
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species required to mitigate carbon deposition and therefore
enabling stable and effective C,H,—CO, catalysis.

In terms of CO, activation, both Carboxylate and Vacancy
routes prevail, but the high temperature relevant to C,Hg oxi-
dehydrogenation catalysis favors the Vacancy route that
involves the creation of oxygen vacancies and its subsequent
catalytic role in abstracting the O of O=C=O at the
kinetically relevant transition state, [Co--C(O) — O-- []
Vacamy---Mo]T'. In this route, Co centers (cations) on CoMoO,
exhibit a Lewis acid character, interacting with the C atom of
CO,, polarizing the OC=O bond, as the vicinal oxygen
vacancy abstracts one of the O of O=C=0 at the transition
state. The ability of Co cations in replenishing the lattice
oxygen causes the Mo in CoMoO,, moieties to retain a higher
oxidation state and be saturated with reactive oxygen species;
these reactive oxygen species then promote the C,Hg
conversion in a parallel, kinetically coupled catalytic cycle—
they assist with the kinetically relevant C—H bond activation of
C,H, via the formation of a late transition state, [C,H¢--HO —
Mo, which consists of fully formed OH and adsorbed ethane-
derived fragments, as previously established.

The kinetic coupling of the dual catalytic cycles of C,Hg
activation and CO, activation leads the overall C,H, turnovers
and the individual rates to form C,H, in dehydrogenation and
CO (and H,) in reforming reactions to depend directly on the
CO, activation rates, which are also the rates of the RWGS
reaction. An effective CO, activation not only promotes the
C,Hg activation but also mitigates deactivation, as it generates
the reactive O* species for oxidizing the coke precursors and
removing them from the catalytic sites.

In summary, deciphering the various concomitant catalytic
cycles in C,H¢—CO, catalysis allows us to understand the
mechanistic reasons for effective C—H bond activation of C,Hg
while minimizing coke formation. This mechanistic insight led
to the design of CoMoO, moieties with synergistic
functionality for effective, stable, and selective C,H,—CO,
catalysis.
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