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ABSTRACT: The surface properties that determine the selectivity of Mo,C catalysts in ethane oxidative dehydrogenation
with CO, as a soft oxidant were investigated using a combination of pulse experiments and in-situ spectroscopic methods.
Oxygen modification was discovered to be crucial for inhibiting the cleavage of C-C bond in ethane and enhancing the
production of ethylene. The addition of the Fe promoter accelerated the formation of surface oxygen species and stabilized
them from reduction by ethane, leading to a shorter induction period, higher ethylene yield and improved stability.
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Introduction

The catalytic conversion of light alkanes into alkenes via
the oxidative*2 dehydrogenation or other pathways is of in-
creasing importance because of the growing demand for
light olefins, which are the major building blocks in the
petrochemical industry?4. Currently, ethane (C,He), an
abundant component of shale gas (up to 10%), is typically
converted into ethylene via thermal dehydrogenation at
high temperatures (973-1123 K)5. The high energy con-
sumption and severe catalyst deactivation caused by coke
deposition involved in the process have motivated efforts
in developing catalytic oxidative dehydrogenation (ODH)
process that operates at lower temperatures and reduces
rates of carbon depositionS. However, it is still a challenge
to prevent the total oxidation of ethane to CO, when mo-
lecular oxygen is utilized as an oxidant. The difficulty in
heat regulation also limits the scale of industrial ethane
ODH reactorst. Employing CO, as a mild oxidant for the
ODH process of ethane (C,Hg + CO, = C,H, + CO + H,O)
has attracted recent interests, as it is able to reduce the
working temperature and prevent the over oxidation of
C,He>78. Meanwhile, the ODH process also converts CO,
into CO that could be used as precursor for producing val-
uable chemicals, mitigating CO, emission while simultane-
ously achieving ethane dehydrogenation 2.

The critical factor that determines the applicability of
ethane ODH with CO, is the ethylene selectivity. The ma-
jor side reactions include dry reforming reaction (C,Hg +
2CO0, = 4CO + 3H,) and the cracking of ethane to carbon

and methane (C,Hg = 2C + 3H,, C,H¢ + H, = 2CH,). In order
to develop efficient catalytic systems for ODH using CO,
as oxidant, the catalyst needs to be capable of activating
CO, to produce surface oxygen, cleaving C-H bonds of
ethane, while retaining the C-C bond simultaneously. Con-
trolling the subtle balance of activity of the three reactions
remains to be a key challenge in catalyst development.

Molybdenum carbides are among the possible potential
candidates for ethane ODH with CO,, as it has been re-
ported that Mo,C is a highly active catalyst for CO, activa-
tion'>t, Meanwhile, as a potential alternative of platinum-
group metals, Mo,C was reported as an effective catalyst
for alkane dehydrogenation, demonstrating its capabil-
ity to activate C-H bonds of hydrocarbons. Previous at-
tempts4!s have proven that oxide (SiO, and AlLO;) sup-
ported Mo,C catalysts were able to selectively catalyze
C.Hs oxidative dehydrogenation to ethylene. However, the
catalysts showed relatively poor stability under reaction
conditions. Although the oxygen modification effect has
been discovered to be related with the preferential conver-
sion of ethane to ethylene from theoretical’> and kinetic ap-
proaches, the knowledge of structure and catalytic prop-
erties of active sites on Mo,C is still relatively limited. Un-
derstandings of the active species over Mo.C and the selec-
tive activation of ethane and CO, are required for the ra-
tional design and promotion of carbide-based catalysts in
pursuing the optimal performance of ethane ODH with
CO..

Herein, we present detailed catalytic evaluation and
structural characterization to investigate active sites over



hexagonal f-Mo.C for ethane ODH with CO.. Based on the
results of transient pulse experiments, the reactivity of
Mo.C toward ethylene from C,Hgs and CO, oxidative dehy-
drogenation is controlled by the surface oxidation state of
Mo. An oxygen-rich Mo.C surface is essential for the selec-
tive oxidative dehydrogenation of ethane and prevents side
reactions of dry reforming and cracking. Ambient-pressure
X-ray photoelectron spectroscopy (AP-XPS) is used to con-
firm that the active sites for C;Hs ODH is Mo (II/IV) oxides
on the surface of Mo,C. Fe promoter is discovered to be
able to accelerate the formation and stabilization of surface
oxygen species, rendering a much shorter induction period
and significantly higher ethylene selectivity and yield. In-
situ X-ray diffraction and absorption techniques and den-
sity functional theory (DFT) calculations are also employed
to further understand the active sites of the catalysts.

Experimental and Computational Methods

Synthesis of Mo.C and Fe/Mo.C catalysts. The Mo,C
catalyst was synthesized via a temperature program carbu-
rization method.? Ammonium heptamolybdate (Sigma-
Aldrich) powder was ground into fine powder (< 80 mesh)
and calcined at 773 K for 4 h to obtain MoO;. Typically, 0.6
g MoO; was placed into a quartz tube and carburized in the
mixture of CH,/H, (15/85, v/v, 50 ml/min). The sample was
heated to 573 K at 5 K/min and held for 2 hours and then
ramped to 973 K at a rate of 0.5 K/min and held at 973 K
for another 2 hours. After cooling, the samples were pas-
sivated with 20 ml/min CO, for 8 hrs. The Fe/Mo,C cata-
lysts were synthesized by mixing the appropriate amount
of iron nitrate into ammonium heptamolybdate (MA)
aqueous solution (3 g in 3 ml deionized water). The gener-
ated suspension was stirred vigorously at 323 K until the
solvent was completely evaporated. The generated precip-
itate was dried in the oven overnight at 393 K and then cal-
cined at 773 K for two hours in order to obtain the precur-
sor FeO,/MoO;, which was carburized using the same tem-
perature program procedures described for Mo,C.

Physical characterization. The ambient pressure X-ray
photo-electron spectroscopy (AP-XPS) spectra were col-
lected using a SPECS AP-XPS chamber equipped with a
PHOIBOS 150 EP MCD-g analyzer with an energy resolu-
tion of 0.4 eV. The Cis photoemission line with the surface
carbon feature (284.5 eV) was used for the energy calibra-
tion. Before the measurements, powder catalysts of Mo,C
and 1% Fe/Mo,C were activated in the reactor using the
same procedures as the catalytic reaction. After cooling
down, the samples were passivated in the flow of pure CO,
at room temperature for 4 hours. The passivated samples
were then pressed into clean aluminum plates and used as
XPS samples. Typically, the fresh sample was carburized in
the AP-XPS chamber by 100 mTorr CH,/H, mixture at 823
K (the upper limit of the instrument) for 2 hours. After car-
burization, the XPS spectra of activated sample was col-
lected under 10 mTorr at 823 K. Then CO, with different
pressure from 1 to 100 mTorr was introduced into the
chamber subsequently. The spectra at Mo 3d, O 1s and C 1s
regions were collected at 823 K after 30 min treatment with
the same scan range and scan rate.

The X-ray powder diffraction patterns of Mo,C and
Fe/Mo,C were collected using an Ultima III X-ray powder
diffractometer with Cu Koa radiation. The high resolution
Scanning transmission electron microscope (STEM) im-
ages were collected using a JEM-2100F field emission elec-
tron microscope.

The in-situ X-ray diffraction patterns of Mo.C and
Fe/Mo,C under reaction condition were collected at 17 BM
of Advanced photon source (APS) in Argonne National La-
boratory with the incident X-ray wavelength of 0.24128 A.
The in-situ Clausen cell with quartz tube (11 mm OD and
0.9 mm ID) was used for the measurements. Before the re-
action, 5 mg of catalyst was activated in a mixture of CH,
and H, (15/85 v/v) at 873 K for 1 hour and pure H, for 0.5
hour. The in-situ XRD measurements under reaction con-
ditions (25% C,Hs/ 25% CO./ He, 20 ml/min gas flow rate)
were performed at 873 K after 0.5 hour treatment. The data
refinement was done using the GSAS-II packages.

The in-situ X-ray absorption fine structure (XAFS) XAFS
characterization was performed at the 2-2 beamline of
Stanford Synchrotron Radiation Laboratory (SSRL). The Fe
K edge (712 eV) XAFS spectra were collected in the fluo-
rescence mode using a 13-channel Ge detector. The Mo K
edge (20000 eV) XAFS spectra were collected in the trans-
mission mode using an ion chamber as detector. Home-
made micro-channel in-situ cell using graphite paper as
window was used for the measurements. Before the reac-
tion, 0.2 g of catalyst was activated in a mixture of CH, and
H. (15/85 v/v) at 873 K for 1 hour and pure H, for 0.5 hour.
The in-situ XAS measurements under reaction conditions
(25% C,Hs/ 25% CO./ He, 20 ml/min gas flow rate) were
performed at 873 K after 0.5 hour treatment. The data pre-
treatment and spectra fitting were performed using the
Ifeffit packages.®

Catalytic evaluation. For each experiment, 50 mg catalyst
was loaded in a 1/8 inch quartz tube and activated in the
flow of CH,/H, mixture (15/85, v/v, 50 ml/min) in a fixed
bed flow reactor for 1.5 hour at 873 K. The CH, flow was
then switched off in order to remove surface carbon depo-
sition. After the activation, the reactant
(C.He/CO,/N,=1:1:2, WHSV= 24,000 ml/(gc:*h)) was intro-
duced into the reactor. The products were analyzed by an
Agilent 7890oB gas chromatograph (GC) equipped with
TCD and FID detectors. The conversion of the reactant is
defined as:

Cinlet(a) - Coutlet (a)
Cinlet (a)
The selectivity of product CO is defined as:
Selectivity (CO)

*100%

Conversion (a) =

0.5 * (C(CO) — C(H20))

- Y. carbon in hydrocarbon products + 0.5 * (C(CO) — C(H20))

*100%

Selectivity (hydrocarbon product a)
Y. carbon in product a

- Y. carbon in hydrocarbon products + 0.5 = (C(CO) — C(H20))

* 100%
The yield of product a is defined as:



Yield (a) = Selectivity (a) * conversion (ethane)

Pulse reactor experiments. The pulse reactor experi-
ments were carried out in a home-designed system with a
micro-fixed bed reactor and GC, as shown in scheme S1. In
these experiments, 20 mg catalyst was first activated in the
reactor and treated under certain pretreatment program
(Table S2), followed by changing the system to purging
mode using Ar, followed by injecting pulse of reactant gas.
The loop of the pulse system was kept at 110 °C with a vol-
ume of 1.00 ml. The analysis of the products was achieved
using the same method as the steady-state experiments
mentioned above. The amounts of carbon deposition and
oxygen consumption were calculated based on mass bal-
ance.

Density functional theory (DFT) calculations. DFT cal-
culations were carried out using the Vienna ab initio simu-
lation package (VASP)22e. The electronic-ion interaction
was modeled by the projector augmented wave (PAW)
method2. The Perdew-Wang-g1 (PWo1) functional2? with
the generalized gradient approximation was employed to
deal with the electronic exchange and correlation. The ki-
netic wave cutoff energy was set at 400 eV to describe the
electronic wave functions. The Brillouin-zone integration
was sampled using a of 4x4x1 Monkhorst-Pack k-points
grid with a Gaussian smearing of 0.1 eéV. Geometry optimi-
zation was converged until the forces acting on the atoms
were smaller than o0.01 eV/A, whereas the energy thresh-
old-defining self-consistency of the electron density was
set to1075eV.

The hexagonal Mo,C phase was used with an eclipsed
configuration as the unit cell>24. The calculated lattice pa-
rameter of the cell is 2a = 6.079 A, 2b = 6.073 A and c =
4.722 A, in good agreement with the experimental values
(a=b=3.01mA c=4.771 A>. Among all the surfaces of hex-
agonal Mo.C, it was reported that the (101) surface with
Mo/C = 1/1 ratio and surface energy of 2.19 J/m> was most
stable. Therefore, the (101) surface was selected in this
study, which was modeled by a four bilayer 3x3 surface slab
(a bilayer contains a unit of one Mo layer and one C layer).
Avacuum layer of 12 A was added perpendicular to the slab
to avoid artificial interactions between the slab and its pe-
riodic images. During optimization, the upper two layers
together with the adsorbed species were allowed to relax,
whereas the bottom two layers were fixed.

The binding energies (BE) for all intermediates are calcu-
lated as follows:

BE = Eadsorbate+surface + Eadsorbate - Esurface
Where Edsorbate + surface 1S the total energy of the adsorbate

together with the surface, Eagsorbate is the total energy of the

free adsorbate in the gas phase, and Equface is the total en-
ergy of the surface.

Results and Discussion

Correlating surface state of Mo,C with catalytic per-
formance. Previous studies have demonstrated that the
surface of molybdenum carbide is under complicated dy-
namic state under different hydrogen, oxygen and carbon
chemical potentials in the atmosphere2627. The irreversible
oxidation or carbon deposition of the Mo,C surface with
reactants under working condition of methane dry reform-
ing (CH, + CO, = CO + H.,), alkane dehydrogenation and
isomerization are believed to be the main reasons for the
poor stability of the Mo,C catalysts?®29. As the catalytic ac-
tivity of Mo,C is most likely determined by its surface state,
it is necessary to evaluate the influence of pretreatment at-
mosphere on the catalytic performance of ethane ODH
with CO; to identify the optimal surface state for ethylene
production. Similar to dry reforming reaction, three differ-
ent surface states may exist on the [<Mo,C catalyst, namely
O-rich surface from CO, oxidation, C-rich surface from al-
kane decomposition followed by carbon deposition, and
Mo-rich surface generated from O and C removal via re-
duction/methanation by H, generated from alkane decom-
position. As a comparison, the activated Mo,C was treated
with CO,, pure C,Hs or H, for 30 min before catalytic per-
formance evaluation. As shown in Figure 1, H, pretreated
Mo,C exhibited highest ethane conversion (~14%), while
both CO, and C,H treatment showed negative effect on
C,He conversion. The C,Hs treated Mo,C was barely able to
catalyze the ethane conversion, which was probably due to
the block of active sites by carbon deposition. Judging on
the ethylene selectivity, the O-rich Mo,C surface from CO,
treatment exhibited significant advantage in producing
ethylene, with over 70% initial C,H, selectivity comparing
to the 10% on H, treated catalyst. With increasing time on
stream, all three catalysts deactivated and the ethylene se-
lectivity increased simultaneously. Consequently, the Mo-
rich Mo,C catalyst was gradually transformed into an ODH
preferential catalyst, with the yield of C,H, reached a max-
imum of 5.2% at 8.5 hour and the ethylene formation rate
reached 4000 nmol/(get*s), 20 times higher than the liter-
ature report*, indicating that Mo,C was a potentially high
performance ethylene production catalyst via ethane ODH
after proper treatment. On the contrary, the increase of
Scany was unable to compensate the dramatically decreas-
ing C,He conversion on O-rich Mo.C, causing the mono-
tonic decrease of C,H, yield. However, these results sug-
gest that the modification of Mo.C by oxygen could effec-
tively inhibit the C-C bond dissociation and promote the
formation of ethylene.
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Figure 1. Catalytic performance of C2ZH6 ODH reaction on Mo2C with different pretreatments. (A) ethane conversion; (B) ethylene

selectivity and (C) ethylene yield.

Pulse reactor experiments. Although the flow reactor
evaluation of the three catalysts revealed the importance
of oxygen, the quantitative relationship of the intrinsic ac-
tivity and selectivity of Mo,C with specific surface state was
not clear. As shown in Figure 1, the performance of Mo,C
never reached steady state, which suggested that the sur-
face state of the catalyst underwent continuous change un-
der reaction conditions. Pulsing tests were designed to
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probe the catalytic behavior of the surface state with trace
amount of reactants and to further understand the struc-
tural change of the Mo.C surface under the redox atmos-
phere (the details of pulse experiments were listed in Table
S2). The reaction of CO, with Mo-rich and C-rich surfaces
of Mo,C catalysts are shown in Figure 2a.
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Figure 2. (A) Reaction of CO, pulses with Mo-rich and C-rich Mo,C; (B) Reaction of C,He pulses with Mo-rich and O-rich Mo,C;
(C) The determination of surface O* coverage by CO, pulses titration; (D) The relationship of ethane conversion, ethylene selec-

tivity and yield with various surface oxygen coverage.

Based on the pulse experiments, CO, was able to trans-
form into CO via two pathways: (1) direct dissociation into
CO and surface O* (CO, + *= CO + O*)©1 and (2) reverse-
Boudouard reaction with carbon in the catalyst and gener-
ate 2 CO (CO, + C = 2C0O)3°3, Based on mass balance cal-

culations, the Mo-rich surface was able to effectively cata-
lyze the CO, dissociation reaction and generate large
amount of surface O* in the first pulse (over 70% selectivity
through COz2 dissociation). The CO, dissociation activity
decreased with increasing O* coverage, and the Mo-rich
surface was gradually converted to O-rich surface that was



unable to further activate CO,. On the contrary, the major
CO, conversion route on the C-rich Mo.C catalyst was the
reverse-Boudouard reaction, as the ratio of CO production
and C consumption was around 2 in the first 4 pulses. Only
after the reactive surface carbon was removed by the CO,,
the generation of O* could be observed. In other word, on
C-rich surface, CO, could be effectively activated to form
active O* species that was important for oxidative dehy-
drogenation. The reaction results of C,Hs with Mo-rich
surface and O-rich surface are listed in Figure 2b. On the
Mo-rich surface, the complete ethane decomposition to
form carbon deposition and ethane hydrogenolysis to me-
thane were the main surface reactions (55% and 40% selec-
tivity, respectively, in the first pulse). The pulse experi-
ments also suggested that the accumulated carbon tended
to block the active site on Mo,C, reducing the ability of C-
Cand C-H cleavage of Mo,C significantly in the subsequent
pulses. In comparison, although the initial C,Hg conversion
was relatively low over CO, treated Mo,C, the dehydro-
genation product ethylene was observed in the first 3
pulses of ethane injections (over 54% ethane convert into
ethylene in the first injection). The selectivity of methane
in these pulses was suppressed at the same time, indicating
that oxygen covered Mo.C could effectively inhibit the C-
C dissociation of ethane. With the gradual removal of the
surface oxygen as the number of pulses increased, the con-
version of ethane increased significantly and the yield of
ethylene decreased. Therefore, it is highly probable that
the active site of partial dehydrogenation of ethane was re-
lated with the surface O* species from CO, dissociation.

Furthermore, to reveal the relationship between ethane
ODH catalytic performance and surface oxygen coverage,
the density of O* adsorption sites on the f-Mo,C was de-
termined using the CO, titration method323. As shown in
Figure 2c, the oxygen deposition curve dropped quickly
with the increasing concentration of surface O* species.
After 21 pulses the oxygen deposition on the surface was
below 15nmol/g per pulse and the deposition rate was rel-
atively stable, indicating that further CO, injection mainly
resulted in the slow oxidation of the bulk phase of Mo,C.
The O/Mo ratio was estimated to be 1.5 based on the BET
surface area and the utilization of the Mo,C(101) surface as
the preferential exposing face.
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The catalytic performance of ethane ODH with CO, over
Mo,C was measured at different surface O* coverages (Ta-
ble S3). Without O* modification, the C,H, selectivity was
only 5% and the majority of C,Hs was converted via the
ethane hydrolysis and dry reforming side reactions. With
increasing O* coverage, the selectivity of ethylene exhib-
ited a dramatic increase, indicating that high O* coverage
was able to effectively suppress the side reactions. At 60%
coverage, the selectivity and yield of ethylene reached 43%
and 2.8%, respectively. This phenomenon also explains the
activity and selectivity evolution of H, pretreated Mo,C in
ethane ODH with CO,, which is related with the gradual
surface oxidation of Mo.,C under reaction condition.
Therefore, in order to enhance the ethylene production,
the control of proper O* surface coverage is of great im-
portance. Accelerating the oxidation of the catalyst surface
should reduce the induction period of ethane ODH reac-
tion over the Mo,C catalyst.

Enhancing ethylene production via Fe modification.
In order to stabilize the surface oxygen species, Fe as a pro-
moter was introduced on the Mo,C catalyst. A comparative
pulse study of the reduction of oxygen-covered Mo,C and
Fe/Mo,C by ethane was performed (Table S4). As shown in
Figure 3, the removal of oxygen species on the Fe-Mo,C
catalyst by ethane pulses was much slower than bare Mo,C.
The formation of ethylene lasted for six pulses on Fe/Mo,C
compared with four pulses on Mo,C. In the meantime, the
total amount of ethylene generated on Fe/Mo.C was twice
that of bare Mo,C. In addition, the formation of methane
over Fe/Mo,C was almost completely inhibited. Therefore,
the Fe promoter could effectively stabilize the oxygen on
the Mo,C surface, enhance the ethylene production and re-
duce the formation of methane byproduct.
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The catalytic performance of a series of Fe-modified Mo.C
catalysts with different Fe loadings was evaluated under
the same reaction conditions as Mo,C. The o.5 wt%
Fe/Mo,C catalyst showed a slight improvement on the ini-
tial CO, and C,Hg conversion, and the initial C,H, selectiv-
ity and yield were slightly smaller than Mo,C. When the Fe
loading increased above 1 wt%, all tested samples exhibited
preferential selectivity to ethylene. The higher Fe loading
renders higher initial ethylene selectivity and shorter in-
duction period. However, the conversion of ethane de-
creased with increasing Fe loading, resulting in an optimal
C.H, yield over the 1% Fe/Mo,C catalyst. The C,H, yield re-
tained at above 5.5% for over four hours and the formation
rate of ethylene was around 4,000 nmol/(gc.c*s) during this
period, approximately 20 times higher than the previous
reported Mo,C/SiO, catalyst# (Figure 4).

Detailed characterization was performed to understand
the structural properties of Fe over Mo,C (Figure S2). The
powder XRD profiles revealed that Fe formed highly dis-
persed morphology over Mo,C, with no signals related with
Fe being observed until the loading increased to 10%. The
in-situ Fe K edge XANES spectra suggested that, even after
the carburization activation, Fe promoters were not fully
reduceds4 (Table Ss). Under reaction conditions, Fe exhib-
ited pre-edge features similar to those of Fe;O,. Detailed
EXAFS fitting (Table S6) on the radial distribution profiles
of 1% Fe/Mo,C under reaction conditions suggested that
the first nearest neighbors of Fe centers were oxygen with
an average C.N.r.o (coordination number) near 4 at 1.95 A,
indicating that Fe formed oxide domains on the Mo,C sup-
port. The remote Fe-Mo coordination at 2.86 A was related
with the Fe-O-Mo species with a coordination number
around 1.2. Only small amount of Fe-Fe coordination
(about 0.6) was observed near 2.43 A, indicating that the
average diameter of the Fe domain was relatively small and
suggesting a fine dispersion of loaded Fe. HR-STEM ele-
mental mapping in Figure S2d showed that Fe formed ho-
mogeneous dispersion on Mo,C with no large particles ob-
served, in agreement with the EXAFS fittings. The struc-
tural characterization showed that Fe formed stable small
oxide clusters over the Mo.,C surface, which enhanced the
oxidation of Mo,C by CO.,.

The AP-XPS method was utilized to identify the surface
chemical state of Mo,C and Fe/Mo,C to further verify the
importance of surface oxygen species after CO, treatment
(Figure 5). The Mo 3d spectrum of the activated catalyst
suggested that there were three different forms of Mo on
the surface, including Mo carbide at 228.2eV, Mo oxy-car-
bide at 228.8 eV and Mo(IV) at 229.3 eV. Both Mo,C and
Fe/Mo,C catalysts shared similar Mo oxidation state after
carburization. With increasing CO, pressure, the intensity
of Mo carbide decreased and transformed into Mo(II) and
Mo(IV) subsequently3s. Fe-modified Mo,C exhibited
higher inclination for oxidation at the same CO, partial
pressure. At 100 mTorr, part of Mo on the surface of
Fe/Mo.,C was even oxidized to Mo(V) and Mo(VI). Corre-
spondingly, the intensities of the O 1s spectra also sug-
gested that the oxygen species gradually accumulated on
the surface in CO, atmosphere and Fe/Mo,C was oxidized

much faster than Mo,C. The binding energy of the major
peaks in the O 1s region in both catalysts at 530.1 eV, con-
sistent with the formation of metal oxides.
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Figure 5. The ambient pressure X-ray photoelectron spectros-
copy (AP-XPS) characterization of Mo,C and Fe/Mo,C cata-
lysts under various CO, pressure (1-100 mTorr). (A) Mo 3d re-
gion; (B) C 1s region and (C) O 1s region spectra.

Furthermore, the in-situ XRD patterns of Mo,C and 1%
Fe/Mo,C demonstrated the formation of MoOy species not
only formed over the catalyst surface but also in the bulk
phase (Figure S3). The bulk phase oxidation of Mo,C was
probably the reason for the deactivation of the Mo.C based
catalysts. Detailed Rietveld refinement results revealed
that the oxidation rate of the support in 1% Fe/Mo,C was
much faster than pure Mo,C, which could be used to ex-
plain the catalytic behavior of Fe promoted Mo.,C catalysts.
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DFT results. DFT calculations were performed to verify
the role of surface MoOy species in the ODH reaction338
(Table S7). The reaction Gibbs free energy change of com-
plete ethane decomposition (C,He¢* = 2C* + 6H*), direct
ethane dehydrogenation to ethylene (C.He* = C,H,* + 2H*)
and the C-C dissociation to surface methyl (C,He* = 2CH;*,
which could considered as the precursor of methane) were
calculated on Mo,C(101) and O* modified Mo,C(101) sur-
faces (Figure 6). On the clean Mo,C (101) face®, the com-
plete decomposition of ethane into C* and H* is the ther-
modynamically favored route, with the AG of -3.18 eV. The
C-C bond cleavage to -CH;* exhibits a AG of -2.16 eV, while
the partial dehydrogenation route is the least favorable
route, with a AG value of -2.02 eV. When the surface is
modified by 2 oxygen atoms (at the Mo-Mo bridge site,
namely 2/9 oxygen coverage), the AG of ethylene for-
mation is almost unchanged (-1.98 eV). On the contrary,
the AG values of both C* and -CH;* formation are signifi-
cantly reduced (to -2.35 and -1.42 eV respectively), making
the dehydrogenation route the second favorable pathway
for ethane conversion. When the oxygen coverage further
increases to 4/9, the difference in AG between decomposi-
tion and partial hydrogenation pathways becomes even
smaller (only 0.22 eV), indicating that ethylene formation
on oxygen modified Mo,C surface is more preferred. Mean-
while, the relative AG values of ethylene and C-C cleavage
pathways also suggest that the selectivities toward eth-
ylene and methane are mutually exclusive, consistent with
the experimental results observed by the pulse experi-
ments (Figure 2). The DFT calculations also show an over-
all trend that the modification of the Mo,C surface by oxy-
gen would decrease the AG values of all reaction routes,
which could explain the drop of ethane conversion when
the surface is covered by oxygen species. The binding en-
ergy of oxygen at the Fe-Mo interface is also calculated
(Figure S6), revealing that the binding of the O* atoms at
the Fe-Mo interface is 0.53 eV higher than on bare Mo,C.

This result support the experimental observation that the
addition of Fe promoters would enhance oxide formation
than unmodified Mo,C under reaction conditions, leading
to the accelerated formation of the necessary MoOx species
for ethylene production.

Conclusions

In summary, we have demonstrated that the MoOx mod-
ified Mo,C surface is related to the ethylene formation in
ethane ODH with CO,. The existence of oxygen is able to
prevent the C-C bond cleavage side reactions and reduce
the formation of coke. Fe promoter is discovered to be able
to accelerate the formation of the MoOy layer, which sig-
nificantly shorten the induction period and stabilize sur-
face MoOx. The rate for selective ethylene production on a
1wt% Fe/Mo,C is 20 times than previously reported Mo,C
catalysts. The discovery of the promoting role of surface
oxides should provide guidance on developing other car-
bide-based catalysts for ethane ODH with CO..
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