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ABSTRACT: The study reports progress in developing a molybdenum carbide-based catalyst for co-processing ethane and CO.
The cobalt promoting of molybdenum carbide improved the activity and stability of ethane transformation in the presence of CO:
substantially without any impact on ethylene selectivity. The Mo-Co supported catalyst also showed interesting performance in
catalyzing ethane dry reforming and that application could be a perspective further use for this system. In addition, the compre-
hensive analysis of mono- and bi-metallic catalysts revealed that Co-promoting prevented rapid Mo-carbide oxidation. Further,
tuning operation conditions allowed to control catalyst’s selectivity and maximize COz2 utilization or ethylene formation.
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1. Introduction

Amid the climate crisis reaching net-zero emissions of greenhouse gases by mid-century requires developing a
solution for COz2 circularity and designing low-carbon routes for olefins production [1]. Olefins are rapidly becoming
the largest driver of global oil consumption. They will account for a third of the oil demand by 2030 and nearly half by
2050 [2]. Therefore, developing the low-carbon route for olefins production is an issue of high priority [1]. Besides,
hydrogen is an important by-product of olefins production, but it is often not properly valorized due to high purifica-
tion costs.

Global energy-related carbon dioxide emissions rose 6% in 2021, i.e., to 36.3 billion tonnes, their highest ever level,
as the world economy rebounded strongly from the Covid-19 crisis [3]. The overall production of ethylene is about 220
million tons in 2022 [4], which offers a significant opportunity for CO: utilization while co-producing ethylene via
reactions:

CoHs <> CoHs + He
Direct non-catalytic Dehydrogenation of Ethane - DDE, AHzsx = 137 kJ/mol, Eq. (1),
C2Hs +2CO2 ¢ 4CO + 3H2
Dry Reforming of Ethane - DRE, AH2sx = 428.1k]J/mol, Eq. (2),
CO2+H2 <> CO + H20
Reverse Water Gas Shift - RWGS, AHzosk = 41.2 k] mol, Eq. (3).



A combination of the above reactions results either in maximum ethylene production mode (so-called ODH-CO:
of ethane) or in maximum CO:z utilization (so-called super dry reforming of ethane - SDRE):
C2Hs + CO2 <> C2Ha + CO + H20
(ODH-CO: of ethane), AH29sx=134 k]/mol, Eq. (4),
C2Hs + 5CO2 ¢ 7CO + 3H20
(SDRE) AHz¢sx =553.3 kJ/mol, Eq. (5).

One can see that one mole of ethane transforms 5 moles of CO:z to 7 moles of CO in the super dry reforming, which
is an efficient way for CO: utilization. Noteworthy, both reactions (equations 4 and 5), occur at a relatively moderate
temperature range allowing mitigation of coke formation. In contrast to the steam cracking of ethane, both routes are
not very demanding for feedstock purity. They could be operated with a significant amount of ethylene, CO, C3+ hy-
drocarbons, methane, and Hz in the stream. The latter are typically present in off-gases of a refinery (including fluid
catalytic cracking (FCC), hydrocracker, or delayed coker) or natural gas liquids (NGL). The abundance of these
feedstocks opens an interesting perspective for using native CO: at the natural gas production sites and CO: circularity
in a refinery.

Hence, the objective of the present work is in situ hydrogen utilization, which is co-produced with chemicals to
convert CO:z to CO (RWGS reaction) while maintaining ethylene production at the necessary level from opportunistic
feedstocks. Consequently, the produced CO could be easily converted with green hydrogen to sustainable products via
Fischer-Tropsch or MeOH intermediates. Based on equation 4, the process could reduce by 1% the overall amount of
CO:z emitted in 2021, considering the worldwide volume of ethylene production. Moreover, the CO:z emissions could be
further reduced if the process is operated close to DRE or SDRE conditions (equations 2 and 5, respectively).

The results for ODH-CO: of ethane resulted in 108% CO: reduction vs. conventional ethane cracking [5,6]. How-
ever, the existing catalytic system needs to be better understood and improved. Moreover, the CO: conversion during
this process is the RWGS reaction accompanying the ethane dehydrogenation.

The utilization of CO: for the synthesis of high-valuable chemicals in syngas routes is gaining momentum [7]. This
is an important brick in carbon circularity and is applied to synthesize many chemical products, for example, metha-
nol, ethanol [8], olefins [9,10], dimethyl ether [11], or sustainable fuels. The COz is typically reacted with hydrogen (in a
separate or direct process) to a CO:z — rich syngas stream, which is further reacted over a catalyst to produce the target
product. One can see that the co-processing with ethane significantly reduces the on-purpose hydrogen consumption
for COz2 conversion to the product by performing in situ RWGS reaction with the production of CO [5,6,12-14].

The Reverse Water Gas Shift (RWGS) reaction is equilibrium-limited (equation 3) [15], and it works in the same
range as ethane cracking: >600 °C. At lower temperatures, CO2 conversion with Hz tends to the methanation route [15].

RWGS occurs in the following catalytic systems: Cu-based metal oxide [16], supported Pt [17,18], Ru [19], Ni
[20,21], Ni-Mo [22], and Mo [23-25] catalytic systems. The Mo-based systems are active in the reaction in the form of
carbides. For CO: conversion with pure H2 (RWGS), Mo:C activity depends on catalyst particle size [25]. Thus, a de-
crease in Mo2C cluster size to 0.5 nm improved both reaction rate and selectivity to CO. Over the 0.5 nm carbide clus-
ters, the CO selectivity reached 99.6% when it was only 89% on bulky Mo2C. CO: conversion was measured from
30-55% at 600 °C. The formation of MoO: species was observed on the spent catalysts. Pajares et al. also demonstrated
the partial formation of the MoO: phase during RWGS [26]. However, for the RWGS reaction, the carbide oxidation
was not always observed [27]. In general, the MoO: formation starts to occur during the CO2 reduction to CO by H:
above 580 °C [28]. Therefore, the interest in such a system is rather limited due to its oxidation by CO: to the oxide
form, which becomes critical for carbide-based catalysts applied under more harsh conditions: ODH-CO: of alkanes
[29,30], and dry reforming of methane [31].

On the other side, MoO:2 could be carburized to Mo:C in a reaction with hydrocarbons [32,33]. The description of
the oxidation-carburization cycle for the Mo2C-catalyst is given in the reference [34]. As mentioned, the Mo2C oxidation
could be partially mitigated by the hydrocarbon environment, which opens opportunities to prevent full oxidation of
the active phase leading to the activity decrease.

Molybdenum carbide has similar electronic characteristics to noble metals, which makes it potentially an attrac-
tive catalytic system [35]. During the multistep ethane and CO: conversion, its surface undergoes several changes. For
instance, the Mo2C surface changes during the ODH-CO: reaction and their effect on the catalytic performance were
reported [30]. A formation of the C-rich surface results in extra low ethane conversion.

For carbide catalyst design, preventing fast carbon accumulation on the active sites is a key task. An increase in the
O-rich surface, e.g., the interaction with CO: allows more selective ethylene production. However, this leads to a de-



crease in the ethane conversion. In other words, the O-modification prevents a C-C scission, favoring the DRE pathway
[36]. Hence, it could be deduced that under standard flow-bed reactor conditions, the equilibrium between various
surface states with the prevention of full oxidation is a way to create the conditions for stable catalyst performance and
high selectivity to the desired product.

One of the first reports on the Mo2C application for ODH-CO: reaction was published 1999 by Solymosi and
Nemeth [37]. Ethylene selectivity from ethane was more than 95% at 9% ethane conversion at 580 °C (C2He/CO2=1/2.7
vol/vol). Under an equimolar C2Hs/CO: ratio, ethylene selectivity rose to 90% at 600 °C [37]. However, the reoxidation
conversion Mo2C phase to oxy-carbides or oxides was the roadblock preventing further development of the catalyst.

Some advances in Mo2C stability were reported by Marquart et al. [29]. Their approach was based on a variation of
the catalyst support, but still, the formation of MoO: via carbide oxidation was significant. Hydrogen addition to the
feed resulted in a significant formation of CO over M02C/ZrO2 and Mo2C/SiOz catalytic systems. With 17 vol.% Hz in
ethane and the equal ethane/CO: molar ratio, the observed conversion was about 7-8% with the maximal selectivity to
ethylene of 75% at 600 °C. The conversion of CO: was about 40%. On the contrary, a very fast deactivation was ob-
served without Hz dilution of COs.

Thus, the reoxidation of the Mo2C phase with COz to oxycarbides or oxides during high-temperature processes
remains the bottleneck for the utilization of this catalytic system and limits its activity in ODH-CO2. An alternative to
solve this problem is to promote a supported Mo:C system by Co-addition. The addition of Co brings a soft hydro-
genation function that is expected to prevent the reduction of the Mo-containing phase and is known for its synergetic
effect in other applications such as hydrodesulfurization [38] and hydrocracking [39].

Co-promoted Mo sulfide catalytic systems are also effective for nitroarenes hydrogenation under lower pressure
[40], while Co-Mo-P catalysts are applied for hydrodesulfurization [41]. The dehydrogenation properties of Co-based
catalysts were demonstrated in many cases. For instance, isobutane dehydrogenation on supported cobalt catalyst was
reported [42]. Cobalt single-atom catalyst for HCOOH dehydrogenation to CO and H2[43], and Co-MOR for the ethane
dehydrogenation [44]. Also, Co-Mo systems (Co-Mo/Al203) showed improved methane conversion and catalyst sta-
bility in dry methane reforming [45]. Cobalt oxide for processing ethane with COz led to an ethane dry reforming route
[46].

Mo and Co carbide systems are also used as a catalyst for CO2 processing. Hydrogenation properties of Co could
be illustrated in RWGS. Co-promoted carbide Mo2C was applied for RWGS by Porosoff [47]. The CO:CHs product ratio
was 51.3. Cobalt carbide was used as a catalyst for effective ethanol dehydrogenation with acetaldehyde production
[48]. The carbide phase formation was achieved under steam reforming conditions at 500 °C.

This contribution reports the promotion effect of Co-promoting to the MoxC catalyst. The catalyst was supported
on embryonic zeolites, which proved to be an excellent carrier for a similar catalytic system [5]. The objective is to
improve the activity by the Co addition without impacting the ethylene production. One of the goals of the study is to
identify conditions that favor the ODH-CO2 or DRE pathway. Also, a comprehensive study of the Co-promoting effect
on the nature of the active phase, general catalyst stability, and oxidative resistance is an integral part of the present
study.

2. Experimental section
2.1. Preparation of EZ carriers

Al-free embryonic zeolites (EZsi)) samples were prepared and used as a support for preparation of met-
al-containing catalyst by incipient wetness impregnation. The synthesis mixture to prepare the embryonic zeolite
comprised 9TPAOH:255i02:430 H20:100EtOH. Tetrapropylammonium hydroxide (TPAOH) was used as template for
all the synthesis [49]. The template was first mixed with distilled deionized water followed by addition of
tetraethylorthosilicate (TEOS, Sigma-Aldrich, 98%) and homogenization of the mixture under stirring for 6 h resulting
in water clear homogeneous sol solution. The resulted sol was subjected to a freeze-drying (-94 °C, under vacuum) to
recover the embryonic zeolites. The obtained materials were redissolved in 0.5 M NHsNOs solution, stirred for 2 hours
at room temperature followed by washing and drying in air.

2.2. Metal loading and sulfidation



The embryonic zeolite carriers were incipiently wetness impregnated with Mo-Co oxide precursors to prepare
the materials. The total amount of Mo and Co in all catalysts was set at 5.0 wt.% for Mo, and from 1.0 to 1.7 wt.% for Co.
In accordance with the content in metal, the materials were named: EZsi-5%Mo, EZsi-5%Mo-1%Co, and
EZsi-5%Mo-1.7%Co.

(NH4)sMo07024-4H20 was purchased from Alfa Aesar (99%) and used a precursor for molybdenum. Co(NOs)2:6H20
(Acros, 99%) was used a precursor for cobalt. The samples were first dried at room temperature followed by calcination
at 550 °C for 5 h in static air. All the chemicals were used as received without any further purification.

30 ml/min, 10 vol% H:S in Hz gas flow was used for the sulfidation of the samples. The treatment was performed
in a Pyrex reactor on 300 mg of the fraction 35-45 mesh. The samples were first treated in N2 flow at 140 °C for 2 h
followed by heating up to 350 °C (2,8 °C-min-1 ramp rate, in N2 flow) and sulfidation treatment for 2 h. After the
sulfidation, the samples were cooled down in N2. The flow of N2 was maintained for 3 at room temperature before
unloading of the samples.

2.3. Physicochemical characterization

The powder X-ray diffraction (PXRD) patterns were recorded on a PANalytical X'Pert Pro diffractometer using
the Cu Ka radiation (A = 1.5418 A). The scanning electron micrographs were collected on a MIRA-LMH (Tescan) SEM
equipped with a field emission gun.

The formation of the metal oxide and sulfide phases was monitored by Raman spectroscopy. The Raman spectra
were acquired with a green laser at 532 nm (Jobin Yvon Labram 300 confocal Raman spectrometer coupled to a mi-
croscope and CCD detector). Both accumulation time and laser power were adjusted for the samples (embryonic zeo-
lites after metal loading: 40-60 s accumulation 3 times at 50% laser power; after sulfidation: 15-25 s accumulation 3
times at 1% laser power).

Thermogravimetric analysis (TGA) was carried out with a SETSYS SETARAM analyzer. The temperature was
increased from 30 to 800 °C at 5 °C/min in reconstituted (80 % N2+ 20 % O2) dry air (40 mL/min).

XPS measurements of the samples were carried out in a SPECS spectrometer equipped with a PHOIBOS 150 MCD
analyzer working at fixed pass energy of 35 eV and 0.1 eV resolution for the studied zones. Al Ka radiation (1486.6 eV)
was used at 250 W and 12.5 kV. Prior to analysis, each sample was pressed into a thin disk. All XPS spectra were rec-
orded at room temperature. The analytical chamber operates under an ultra-high vacuum (10-10 mbar). Binding en-
ergy correction was performed by fixing Si 2p at 103.4 eV corresponding to the unchanging zeolite support, and spectra
were analyzed with CasaXPS software. To analyze the different Mo-species (MoOz, M0oOs, M02C, MoS2) and the pres-
ence of coke or sulfur, high-definition spectra of the regions corresponding to S 2p, Mo 3d, O 1s, and C 1s levels were
acquired and quantified.

2.4. Catalytic test

2.4.1. General procedure

The catalytic performance test was conducted on a continuous fix-bed reactor in the temperature range of 700-750
°C, WHSV ranges 5.9-17.7 g(C2Hs+COz)/gcat x hl, under atmospheric pressure. The feed was C2He/CO2 mixture with
molar ratio between 1/0.74 with 10 v% of nitrogen as internal standard.

In a typical catalytic measurement, a total of 150-300 mg of the 100—400 pm fraction of catalyst diluted was loaded
into the middle of the reactor plugged by quartz wool on two sides. Before the catalytic test, the catalyst bed was pre-
treated at 300 °C under an N2 flow for 2 hours. The calibration of the flow rates was verified at 300 °C when no reaction
occurred. Then the catalysts were heated up to the reaction temperature with a ramping rate of 10 °C/min in the flow of
ethane and COz. At the end of the test, the flow of the ethane and CO: was switched to nitrogen to cool down the re-
actor to the room temperature.

The effluents were analyzed online with a gas chromatograph (Interscience Compact GC) equipped with two
TCDs and one FID. A Molsieve 5A, Rt-QBond, and Rtx-1 were used to separate light gases (Hz, N2, CO, CO2), light
hydrocarbons (CH4, C2Hs, C2Hs), and aromatics (from benzene till naphthalene), respectively. In all the experiments, N2
was used as an internal standard to measure conversion and establish mass balance (Table S1).

Ethane conversion (C2 conversion) and CO:z (CO: conversion), ethylene selectivity (C2= selectivity), and CO se-
lectivity (CO selectivity) were obtained as follows; the sum of the selectivities of the C3-C6 fraction and aromatics was
labeled heavies:



Cintet (1) — Coutier (i
Conversion(i) = let(c) (i)”et( ) -100%
inlet
F(i)
A0

where F(i) is the mol of C in the product compound. The calculations as 'all C-contained products' were applied
for tests, where CO was produced selectively (with significant contribution of DRE. CO is produced from CO: and

Carbon selectivity (i) = -100%,

Cz2He); as 'C2-based products' (ethylene, methane, heavies) they were applied, where it was preferable ethylene pro-
duction (ethane is converted to ethylene, methane, and heavies, CO: is converted to CO). Conversion and selectivities
were calculated for the 200 min time-of -stream (TOS).
2.4.2. Blank test (thermal test)

To avoid any performance artifact, the tests with the exact the same reaction mixtures but without any catalyst
were performed (blank tests) in the range of the used by the study reaction conditions. The same starting procedure to
the one, used in the experiments with the catalyst, was used. The blank test is also denoted as “thermal” test in the text.

3. Results and discussion

3.1. Characterization of the catalysts

The embryonic zeolites are known as X-Ray amorphous materials with microporosity. It was previously demon-
strated that after the metal loading, EZ’s properties are conserved [5]. Metal-charged EZ was subjected to an XRD
study. A low intense XRD peak around 26 °20) was observed for the bimetallic EZsi-5%Mo-1%Co sample, which could
be attributed to some polyoxide species (Fig. S1). The EDX mapping (Fig. S2) confirms that both metals are uniformly
distributed on the embryonic support.

The formation of the oxidic phases was confirmed by Raman (Fig. S3). The Raman spectrum of EZsi-5%Mo-1%Co
shows different bands distribution with respect to monometallic EZsi-5%Mo. While for the monometallic sample, the
formation of a-MoOs (990 and 821 cm™) [50] phase is clearly visible, in the bimetallic sample, the bands of Mo—-O-Mo
and Mo-O:x functionalities of [M07024]% polymolybdate species at 811, 870, and 937 cm™ are more intense [51,52]. The
bands at 485 and 692 cm-! could be attributed to Co@ IQOx [53].

The formation of the sulfidic precursor phase from oxidic is also monitored by Raman spectroscopy (Fig. 54). The
bands at 370 and 404 cm™ are attributed to 2H-MoSz. The shoulder at 410 cm™ and the band at 441 cm™ are attributed to
Co polysulfides.>

3.2. Catalytic performances

3.2.1. Role of cobalt promotion

A co-feeding experiment without a catalyst (Fig. 1) showed an ethane-to-ethylene conversion of about 14.2% with
above 95% selectivity to ethylene. The CO: conversion was less than 2%. Our previous work showed that a
Mo:C-supported catalyst could boost the COz hydrogenation activity to CO. In other words, the Mo2C-supported cat-
alyst catalyzes the reverse water-gas shift reaction (RWGS) without impacting the gas phase transformation of ethane
to ethylene.> This ethane and CO: interaction pathway could be regarded as the ethylene production route (ethane
dehydrogenation) accompanied by CO: hydrogenation (RWGS).% In total, these reactions were equivalent to
ODH-CO:. However, the hydrogenation activity of the Mo2C catalyst remained limited due to reoxidation. In order to
understand the impact of cobalt addition, Co-promoted bimetallic (EZsi-(5%Mo02C-1%CoxC)s), Mo-based
(EZsi-(5%Mo02C)s), and Co-based (EZsi-(5%CoxC)s) catalyst precursors were tested at 700 °C, with molar ratio
ethane/CO2=1/0.74 at WHSV-5.9 h'! (Fig. 1).

On the Co-containing sample (EZsi-(5%CoxC)s), a very different catalytic behavior was observed if compared with
the Mo:2C-supported catalyst. The conversions of CO: and ethane were significantly higher, about 26.4% and 19%,
respectively, while the monometallic Mo-containing catalyst showed CO: conversion=9.7%, and ethane conver-
sion=14.7%. However, in contrast to the Mo-containing sample, the Co-based system produced a significant amount of
methane and reduced the yield of ethylene.

Interestingly, the results obtained on bimetallic EZsi-(5%Mo02C-1%CoxC)s catalyst were very different from mon-
ometallic systems. COz conversion was even further increased to the level of 70% as well as the conversion of ethane to
about 32%. A clear synergetic effect between the two metals was observed. The selectivity pattern showed that a sig-
nificant contribution of the DRE pathway occurs, which explains more than 3 times increased ethane conversion. Thus,



the ethane and CO: interaction pathway is an alternative to the ethylene route, where the C-C bond scissions were
promoted instead of C-H bond scissions.

As DRE contribution was significant thus, a part of the ethane carbons is transformed to CO, complementing those
obtained from COz. The ethylene yield and CO/ethylene molar ratio obtained on the different catalysts were compared
(Fig. 1). One can see that ethylene yield is very close to the ethane conversion in the thermal conversion without cata-
lyst and over Mo2C-supported catalyst. In contrast, the Co-contained samples tended to produce CO under the same
reaction conditions. The molar ratio of CO/C2Hs significantly higher than 1 confirmed the prevalence of DRE to RWGS
for the CO:2 conversion route. The Mo-Co-based sample was more prone to CO production than others. During the
non-catalytic ‘thermal” test, CO was almost absent in the product slate.
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Fig. 1. Ethane (C2) co-processing with CO: on catalysts (C2): average conversion of CO: and ethane, ethylene
yield, and molar ratio produced CO/C2= as the process descriptor (coke-free basis, T=700 °C, P=1 atm, C2He¢/CO2=1/0.74,
WHSV=5.9 h-). Insert - Enlarged and detached CO/C2 = molar ratio.

3.2.2. Impact of operating conditions

The first tests in co-processing CO:2 with ethane showed the synergetic effect of cobalt and molybdenum. The
significantly higher catalyst activity was recorded but at the expense of selectivity. In order to optimize the process, the
effect of the weight hourly space velocity (WHSV) and the reaction temperature was studied.

In the case of the reaction proceeding along the route for ethylene production, CO is obtained substantially by CO2
hydrogenation (RWGS) with a selectivity close to 100%?° without any significant DRE contribution. Under the condi-
tions favoring ethylene formation, the selectivities of the non-catalytic (thermal) and catalytic processes were compared
on a C2-products basis. The selectivities calculations as 'all C-contained products' were applied for comparison with
the experiments, where CO was registered as the preferred product.

The bimetallic catalyst (EZsi-(5%Mo02C-1%CoxC)s) was tested at 700 °C at two WHSV values - 5.9 to 11.8 h! (Fig.
2a, b). The data in Fig. 2 shows that the change of WHSV resulted in a dramatic selectivity change and suppression of
the DRE pathway. Ethylene has become the main product at higher WHSV. The selectivity pattern becomes again very
similar to the one of ODH-COz. This could indicate that the ethylene undergoes further transformation on the catalytic
surface and reacts with COz resulting in additional CO formation.

A series of experiments were performed at 750 °C, with WHSV 11.8 and 17.7 h! at the same molar ratio of
C2He/CO2=1/0.74 (Fig. 2¢, d). In contrast to 700 °C, the most abandoned product at WHSV=11.8 h-' was CO. However,
an increase of the WHSV to 17.7 h”' immediately changed the selectivity to the ethylene production route accompanied
by RWGS. At WHSV=17.7 h-1, COz conversion (33.6%) was lower than for ethane (41.3%). The effluent flow contained
mostly ethylene, some methane, and heavies in addition to the CO released from the CO: hydrogenation (RWGS). This
result suggests that ethylene is an intermediate compound that reacts with CO: at a higher conversion level (Fig. 2d).
The conversion of CO:z and ethane at WHSV-5.9 h-!, T=700 °C as a function of TOS is presented in Fig. S5. Some de-
crease of CO2 conversion was observed while C2 conversion remained stable in TOS.
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In brief, WHSV variations on bimetallic samples allow adjusting the product selectivity. At higher WHSV and
lower contact time, the process is set to ethylene production (ODH-CO2). Thus, the product selectivity distribution
proves that an increase in WHSV prevents transformation via dry reforming. In contrast, at lower WHSV, the process is
more selective to CO production. Therefore, the pathway of DRE prevails.

In order to compare the catalyst performance of the monometallic and bimetallic catalysts, the data were linearly
extrapolated to the same level of conversion of ethane (18.2%) (Fig. 3a). It was equivalent to a temperature increase of
about 7 °C for a monometallic sample. The comparison was performed on ethane-based selectivity. The sum of the
methane and heavy fractions selectivity was higher for EZsi-(5%Mo2C-1%CoxC)s and equaled about 3% in contrast to
about 2% on Mo:2C-supported catalyst. In contrast, the bimetallic catalyst showed higher conversion in CO:z hydro-
genation of about 20% vs. about 15% on EZsi-(5%Mo02C)s. Importantly, the same conversion level of ethane with
roughly similar selectivity could be reached on a Co-promoted catalyst at a 7 °C lower temperature and shorter contact
time without substantial loss in selectivity.
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Fig. 3. (a) Comparison of catalysts EZsi-5%(Mo2C)s and EZsi-(5%Mo02C-1%CoxC)s in ODH-CO: of ethane at the
same conversion level of ethane 18.2%; (b) at the same conversion level of ethane 41.3%. (coke-free basis, a: T=700 °C, b:



T =750 °C, P =1 atm, C2He/CO2=1/0.74, C2-based selectivities). Note - for EZsi-(5%Mo02:C)s, the results were extrapolated
at 710 °C (conversion 18.2%) and at 753 °C (conversion 41.3%).

Similarly, the performance of EZsi-(5%Mo02C-1%CoxC)s catalyst at 750 °C and WHSV-17.7 h'' was compared with
the extrapolated performances of the monometallic EZsi-(5%Mo02C)s (WHSV=5.9 h) (Fig. 3b). The comparison was
performed at the conversion level of ethane (41.3%). One can see that the selectivity pattern was very similar but at
three times shorter contact time. We interpret this result as proof that the cobalt doesn’t modify the active sites' nature.
In other words, Co-addition stabilizes the Mo2C active phase and boosts the activity of the catalyst without a significant
change in selectivity due to better utilization of the Mo-loaded counterparts.

3.3. Study of the spent catalysts

3.3.1. XRD study

The effect of cobalt loading on the resistance of catalysts to oxidation and preventing MoO: formation was stud-
ied. According to the XRD results, the stability of the Mo2C species to reoxidation on Co-promoted materials signifi-
cantly increased, compared with the monometallic system (Fig. 4). For the spent EZsi-(5%Mo2C-1%Co0xC)s-750
(WHSV=11.8 h'), and EZsi-(5%Mo02C-1%CoxC)s-750 (WHSV=17.7 h') catalysts, the XRD study did not reveal MoO:
presence in the carbide phase. Typically, MoO: for this type of catalyst appeared by intense peaks at 26, triplets at
37.4, and 53.5°. This XRD signature was observed for the spent monometallic sample. For the bimetallic sample tested
at lower WHSV (selective CO production), an intense peak at 26° was registered. However, a triplet around 37° two
theta or other MoO:2 characteristic peaks was not detected. Therefore, this peak has a different nature. The SEM in-
spection revealed the presence of carbon nanotubes (CNTs) (Fig. 5). In general, well-graphitized multi-wall CNTs
(MWCNT) show peaks at 26° (002) [56], 42-44° (100) [57, 58], 53° (004) and 78° (110).

—— EZ, 5% Mo, G-1% Co,C),-750, WHSV=11.8h’"
EZ, -(5% Mo,C),750, WHSV=59 h"
—— EZ_{5% Mo,C-1% Co C),-750, WHSV=17.7h’"
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2 Theta, ©

Fig. 4. XRD patterns of spent monometallic (EZsi-(5%Mo02:C)s) and bimetallic (EZs--(5%M02C-1%CoxC)s) catalysts at
750 °C. Mo2C simulated from the cif of crystal with orthorhombic Pbcn space group [59], MoO: pattern simulated from
the cif of monoclinic crystal with P21/c space group [60].

XRD peaks of the Mo2C phase show low intensity. We attribute this feature to the EZ carriers, which limits the
growth of Mo2C. Also, the carbide particle size is limited due to the nature of the carburization agent [61]. However,
some bulkier particle formation is still possible. In other words, particles' aggregation might occur due to the formation
of MoO:2 on the particles’ surface. Still, our data show that the Co-promoting reduces the rate of carbide oxidation to
oxide and thus stabilizes the catalyst composition. This is confirmed by the nature spent bimetallic samples pattern.

The formation of filamentous carbon containing some CNT species was observed only on Co-promoted samples
(Fig. 5). The amount of CNT was highest under CO preferential formation conditions (Fig. 5b) and most probably



originates from the ethylene conversion [62,63]. The CNT-like species formation was almost not observed on the bi-

metallic catalyst under the conditions favoring ethylene production (Fig. 5c).

Fig. 5. SEM images of the spent samples: (a) EZsi-(5%Mo02C)s-750, WHSV=5.9 h", (b) EZsi-(5%Mo02C-1%Co0xC)s-750,
WHSV=11.8 h', and (c) EZsi-(5%Mo02C-1%CoxC)s, WHSV=17.7 h-.

3.3.2. TG study. The TGA curves measured for monometallic and bimetallic spent catalysts are given in Fig. 6. All
Mo:C-containing samples demonstrated a slight weight increase up to 470 °C due to the oxidation reaction of Mo2C to
MoOs. The weight loss above 470 °C corresponded to deposit carbon combustion.

One of the bimetallic samples (EZsi-(5%Mo02C-1%CoxC)s) was tested under conditions favoring ethylene produc-
tion (WHSV=17.7 h-1). The same bimetallic sample was tested under conditions favoring CO production (WHSV=11.8
h1). These results were compared with the TG curve of the spent monometallic EZsi-(5%Mo2C)s (WHSV=5.9 h') catalyst
at 750 °C (Fig. 6). The total weight loss for the bimetallic sample tested at WHSV=11.8 h-! was much higher than for the
two other samples. Therefore, the bimetallic sample favors the coke formation when it generates ethylene in a lower
concentration. Moreover, the deposited carbon was in the form of CNTs (Fig. 5b). However, it was not possible to
quantify the percentage of coke and nanotubes.
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Fig. 6. Thermogravimetric analysis of spent EZsi-5%Mo02C-1%CoxC)s and EZsi-(5%Mo2C)s spent at 750 °C.

3.3.3. XPS study
XPS measurements were performed for samples spent at 750 °C to verify a carbide phase presence. Monometallic
and bimetallic samples were compared under various conditions: favoring CO or ethylene formation. The observed
peaks are characteristic of Mo (3d), C (1s), O (1s), Si (2s), and S (2s).
The XPS spectra of the samples are presented in Fig. S6, while the high-resolution spectra of Mo (3d) and C (1s) are
depicted in Fig. 7. The presence of the carbide and oxide phase was identified by the Mo (3d) high-resolution spectrum,
where a complex peak was obtained. To estimate the contribution of different components, a deconvolution using



CASA software was carried out, considering that all the species should provide a doublet in proportion 2:3 corre-
sponding to 3d3/2 and 3d5/2, and the energy gap between them should be in 3.1 — 3.2 eV range. The peaks centered at
231.5 and 235 eV could be assigned to Mo3dszand Mo3ds»2 of Mo, respectively, while those around 228 and 231.3 eV to
Mo3dszand Mo3ds2of Mo*, and the ones at 223.8 and 227 to Mo3ds2 and Mo3ds.2 of Mo?". The Mo* presence could be
matched with the MoO: phase, while Mo emanates from MoOs obtained from metastable MoO: during the analysis.
The analysis of the Si (2s)+S (2p) (Fig. S7) and Mo (3d)+S (2s) ranges do not indicate the presence of sulfur, while Mo*
could not be attributed to MoSz. Therefore, the Mo? presence could be accepted as evidence of Mo:C presence. The O
1s spectrum (Fig. S8) also displays one peak at 531.5 eV corresponding to Si-O-5i and Mo-O.

The observation of the three oxidation states of Mo suggests the presence of MoOs (Mo¢*), MoOs and/or MoS2
(Mo#*), and Mo2C (Mo%). The O, C, and S species were also analyzed to verify these assumptions. In the case of O (1s)
(Fig. S8), the presence of oxide-based compounds is indistinguishable; the peak centered at 531.5 eV could correspond
to both Si-O-5i and Mo-Ox oxides. On the contrary, in the analysis of C (1s) (Fig. 7), the presence of a shoulder or second
peak at lower binding energy (c.a. 279.4 eV) with respect to the usual peak at 284.6 eV indicates the formation of car-
bides, supporting the formation of Mo:C. Finally, to distinguish between MoOs and MoSz, S (2p) was analyzed. The
absence of S (2p) (at c.a. 162.1 eV, Fig. 57) allows for attributing the Mo#*" to the formation of MoO.x.

From the C (1s) spectra analysis, two peaks around 280 and 283.2 eV are identified (Fig. 7). A peak around 280 eV
corresponds to C bonded to Mo, and the one around 283.2 eV is associated with C-C. Based on the ratio between these
peaks (Fig. 7), the following trend can be traced - for cobalt-promoted samples, the carbon content in the carbide phase
is equal to or higher than in the coke. Thus, this further confirms the assumption that the proportion of coke in carbon
deposits is significantly reduced for bimetallic samples.

The addition of cobalt to the Mo-containing catalysts contributes to preserving the carbide phase oxidation to
molybdenum oxide species under the reaction conditions and reduces carbon deposition on the catalyst. Molybdenum
oxide species are inactive neither in COz hydrogenation not in ethane dehydrogenation. So, the Co-promoted samples
allow maintaining higher concentration of the carbide species during the reaction vs. monometallic catalysts, resulting
in much higher catalyst activity and in achieving the same conversion level at milder conditions (lower temperature,
shorter contact times). However, the selectivity at the same conversion level remains the same for both Co-promoted
and monometallic catalysts, what could be due to the similar nature of the active sites on both catalysts.

4. Conclusions

Mo-Co carbide supported on all-silica embryonic zeolites showed significantly higher activity in ODH-CO:2 in
contrast to the monometallic sample without any substantial impact on selectivity to ethylene. In addition,
co-promoting led to improving both dehydrogenative and hydrogenative properties.

By adjustment of the operating conditions, the cobalt-promoted Mo2C system can favor either DRE or ODH-CO:
reaction pathways, in other words, for CO and ethylene production, on the same catalyst.

Co-promoting has several positive effects on Mo2C-based catalysts’ stability. First, it prevents fast catalyst surface
oxidation by the CO:z to MoO:2 phase, which is not active in hydrogenation. The formation of MoO:2 is mainly respon-
sible for particle agglomeration, which eventually results in irreversible deactivation. Second, promoting with cobalt
decreases carbon accumulation on the catalyst surface. Thus, Co-promoting of the Mo-carbide system resolves the
issue of lower activity and allows mitigating catalyst deactivation in CO2 coprocessing with ethane.

Carbon circularity through co-processing CO: with ethane over Co-promoted supported Mo-carbide systems
opens new perspectives in COz-neutral chemical production.
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Fig. 7. XPS high-resolution spectra of C 1s (left) Mo 3d (right) of EZsi-(5%Mo02C-1%CoxC)s : applied for CO selec-
tive production (EZsi-(5%Mo02C-1%CoxC)s, 750, WHSV=11.8h"), and ethylene production (EZsi-(5%Mo02C-1%Co0xC)s,

750, WHSV=17.7h), and EZs-(5%Mo2C)s (WHSV=5.9 h).
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Fig. S2: EDX elemental mapping of Mo and Co in EZsi-5%Mo-1%Co: Mo (a) and Co (b).

Fig. S3: Raman spectrum of EZ decorated with a) Mo oxide prepared by wetness impregnation (WI) and
hydrothermal treatment (HT); b) Mo and Co oxide prepared by wetness impregnation (WI) and compared with EZ
decorated with a Mo oxide (WI).

Fig. S4: Raman spectrum of EZ decorated with a) Mo oxide prepared by wetness impregnation (WI) and
hydrothermal treatment (HT); b) Mo and Co oxide prepared by wetness impregnation (WI) and compared with EZ
decorated with a Mo oxide (WI).

Fig. S5: CO2z and C2 conversion as the function of time on stream (TOS) on EZsi-(5%Mo02C-1%CoxC)s (700 °C, WHSV-5.9
h?, P=1 atm, and C2He/CO2=1/0.74).

Fig. S6: XPS analysis spectra of EZsi-(5%Mo02C-1%CoxC)s applied for selective CO production (EZsi-(5%M02C-1%Co0xC)s,
WHSV=11.8 h'), applied for selective ethylene production (EZsi-(5%Mo02C-1%CoxC)s, WHSV=17.7 h'), and
EZsi-(5%Mo02C)s (WHSV=5.9 h). All samples were characterized after catalytic tests at 750 °C.

Fig. S7: XPS high resolution spectra Si 2s of EZsi-(5%M02C-1%CoxC)s applied for selective CO production
(EZsi-(5%M02C-1%CoxC)s, WHSV=11.8 h'), applied for selective ethylene production (EZsi-(5%Mo02C-1%Co0xC)s,
WHSV=17.7 h), and EZsi-(5%Mo02C)s (WHSV=5.9 h-1). All samples were characterized after catalytic tests at 750 °C.
Fig. S8: XPS high resolution spectra O 1s of EZsi-(5%Mo02C-1%CoxC)s applied for selective CO production
(EZsi-(5%M02C-1%CoxC)s, WHSV=11.8 h'), applied for selective ethylene production (EZsi-(5%Mo02C-1%Co0xC)s,
WHSV=17.7 h), and EZsi-(5%Mo02C)s (WHSV=5.9 h'1). All samples were characterized after catalytic tests at 750 °C.
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