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Transition metal carbides have numerous applications and are known to excel in terms of hardness,
thermal stability and conductivity. In particular, the Pt-like behavior of Mo and W carbides has led to
the popularization of metal carbides in catalysis, ranging from electrochemically-driven reactions to
thermal methane coupling. Herein, we show the active participation of carbidic carbon in the
formation of C, products during methane coupling at high temperature that is associated with the
dynamics of Mo and W carbides. A detailed mechanistic study reveals that the catalyst performance of
these metal carbides can be traced back to its carbon diffusivity and exchange capability upon
interaction with methane (gas phase carbon). A stable C, selectivity over time on stream for Mo

carbide (Mo,C) can be rationalized by fast carbon diffusion dynamics, while W carbide (WC) shows
Received 25th February 2023 loss of selectivity due to slow diffusion leading to surf bon depletion. This finding sh
Accepted 2nd May 2023 oss of selectivity due to slow diffusion leading to surface carbon depletion. This finding showcases
that the bulk carbidic carbon of the catalyst plays a crucial role and that the metal carbide is not only

DOI: 10.1039/d35c01054f responsible for methyl radical formation. Overall, this study evidences the presence of a carbon
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Introduction

Transition metal carbides® are ubiquitous in catalysis today,
particularly in the context of C-H activation.>®*® While
molybdenum and tungsten are prominent metals in state-of-
the-art catalysts for oxidative and non-oxidative coupling of
methane,”*® MoO,/ZSM-5 has become the gold standard for
methane coupling to aromatics.>** For this system a charac-
teristic induction period along with particle agglomeration is
observed which is rationalized by a transformation of the
molybdenum oxide to the corresponding oxycarbide or
carbide species which is presumed to resemble the active
species in methane coupling.*>'*?7*%3° Yet, the mechanism
for non-oxidative coupling of methane is still a matter of
debate. High reaction temperatures, i.e. in the range of 800-
1100 °C, suggest the involvement of radical pathways in the
gas phase and the catalyst activity is often ascribed to methyl
radical formation which then couple to C, products
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equivalent to the Mars—Van Krevelen type mechanism for non-oxidative coupling of methane.

downstream of the catalyst bed.**'**' Previous reports
addressing the involvement of carbidic carbon in metal
carbide catalysts'®'”*> prompted us to investigate the role of
carbon closer in bulk Mo and W carbides (Mo,C and WC) by
applying a '*C-labelling strategy combined with several
spectroscopic techniques (XPS, ss-NMR, pXRD) and metady-
namics simulations. Mo and W carbides were tested as cata-
lysts for the non-oxidative coupling of methane (NOCM). Both
materials enable C, product formation at 1100 °C with 21% C,
selectivity at 23% CH, conversion for Mo,C (4.7% C, yield)
and 32% C, selectivity at 10% CH,4 conversion for WC (3.2%
C, yield). Furthermore, this study shows that carbidic carbon
participates in C, product formation and interacts with
methane (gas phase carbon). Differences in methane coupling
activity could be rationalized by investigating surface
composition with XPS and carbon diffusion coefficients by
metadynamics at the DFT level. Following the analysis, we
concluded fast C exchange dynamics for Mo,C and slow C
diffusion for WC. The incorporation of carbon originating
from methane was evidenced by ss-NMR of the spent mate-
rials with carbidic carbon NMR signatures at 274 ppm and
307 ppm for Mo,C and WC, respectively. Hence, this study
reveals the presence of a carbon equivalent to the Mars-Van
Krevelen mechanism in non-oxidative coupling of methane,
which is typically encountered in oxidation processes with
certain metal oxides.'®*®
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Results and discussion
Synthesis and activity of transition metal carbides

Mo,C and WC were prepared via carburization at 1000 °C, and
their catalytic activity in NOCM was investigated (Fig. 1). They
were characterized with pXRD, XPS and TEM. Detailed synthesis
procedures, characterization and catalytic test conditions for
Mo,C and WC can be found in the ESL.}

Unless otherwise stated, all data sets are averages of 1-hour
time on stream (TOS) at a given temperature. At 1100 °C, Mo,C
and WC convert methaneto C, products and coke with C, yields
of 4.7% for Mo,C and 3.2% for WC (Fig. 1a). For Mo,C, methane
conversion increases with temperature: from 9.7% at 900 °C to
values of up to 23.0% at 1100 °C with an average C, selectivity of
20.6% which is stable over time on stream. In the case of WC,
methane conversion reaches a maximum of 9.9% at 1100 °C
with a C, selectivity of 32.5%, while a loss of selectivity is
observed over time on stream. Comparing both carbides,
methane conversion is higher for Mo,C while the C, selectivity
is higher for WC. It is also noteworthy that at 900 °C WC already
converts methane, albeit with a low C, selectivity of 3.2% while
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no C, products are detected for Mo,C. The best selectivity
towards C, products between the two catalysts was determined
as 32.5% at 9.9% methane conversion for WC at 1100 °C, albeit
the latter suffers from a fast deactivation.

In general, the highest conversion levels and C, selectivities
are obtained at high temperatures (Fig. 1b). Mo,C on the one
hand exhibits stable selectivity at increasing conversion during
time on stream at 1100 °C, forming coke and aromatics as
major reaction byproducts (Fig. 1c). WC on the other hand
experiences rapid loss of C, selectivity over time on stream at
1100 °C along with increasing methane conversion (Fig. 1d).

Role of carbon in Mo and W carbides

The evolution of Mo,C and WC materials was furthermore
investigated by comparing the materials before and after NOCM
(3 h on stream at 900, 1000 and 1100 °C, 1 h at each tempera-
ture) using pXRD and XPS (Fig. 2). Based on pXRD, the bulk
structures of Mo and W carbide remain unchanged for pristine
and spent catalysts. XPS gives insight regarding differences in
surface composition, namely carbon (surface) depletion for WC
and structural retention for Mo,C. In the case of Mo,C, two

(on

40
* Mo,C
i A WC
= 900°C
(=] 30.
™ s 1000°C
> e 1100°C
= 20 ¢
-’
@]
Q
()
) 101
oN
QO
0- T T T T T
0 5 10 15 20 25
d CH,4 conversion [%]
50
o 40 2
R WC A\Y
,4? 30 A .
é ° o Cotor
(@] ® L] CZHG
@ 207 . ~ o CoHs
g CaH,
| ., o 900°C
Lf)“ 10 eego O A 1000°C
s = 1100°C
01 % &* o
0 5 10 15 20 25

CH4 conversion [%]

(a) Selectivity distribution for C, species and CH,4 conversion at 1100 °C with 10% CH,4 in argon for Mo,C and WC (averaged over 1 h time

on stream). (b) Effect of reaction temperatures on the C, selectivity and CH,4 conversion for the different catalysts. The color indicates the
temperature and the form the catalyst. CH4 conversion vs. C, selectivity at 900, 1000 and 1100 °C for C, species over time on stream for (c) Mo,C

and (d) WC; data points were taken every 15 min.
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Fig. 2 Structural transformations for pristine and spent catalyst materials are shown. pXRD for (a) Mo,C, (b) WC and XPS spectra of pristine and
spent metal carbides: (c) Mo,C 3d, (d) WC 4f. The dots represent the recorded data and the solid lines show the results of a curve-fitting

procedure.

components of the 3ds,, peak are observed at binding energies
of 228.6 and 229.4 eV associated with Mo>* (Mo,C) and Mo**
(MoC or M00,), respectively.'>2%2°

This finding remains unchanged considering pristine and
spent catalyst surface. For WC, the XPS spectra (Fig. 3d) can be
fitted as two multiplets that correspond to the W 4f;, and W 4f5,
» components which have a spin-orbit splitting of 2.2 eV. The
WC (W*) peaks were identified at 32.5 and 32.7 eV for the
pristine and the spent catalyst, respectively. The W 4f;,, peak at
36.6 eV was attributed to WO;_ Pristine WC shows a mixture of
WC (32.5 eV) and WO; (36.6 eV) on the surface. While no WO;
was found in the spent WC, reduction to metallic W(0) with the
4f,,, component at 32.1 eV was observed. For W(0) metal,
a characteristic loss feature is reported, here it can be observed
as a broad peak at 38 eV.”* Overall, XPS measurements show

a change in composition for the surface from a mixture of WO,
and WC in the pristine catalyst to WC and W(0) in the spent
catalyst hinting towards carbon depletion on the surface of WC
with concomitant reduction to metallic W.

Intrigued by this finding, the reaction of *CH, with these
materials was investigated in order to elucidate the role of
surface C in transition metal carbides and to examine whether
there is incorporation of the carbide surface C in the final
products. >CH, labelling experiments were performed for
Mo,C and WC in a batch reactor (see Fig. S10t). The reactor was
filled with the respective metal carbide, 200 mbar of '*CH, at
r.t., heated to 1100 °C with a heating ramp of 400 °C h™* and
subsequent aliquots were taken after 3, 6,9 and 12 h. Aliquots of
the gas mixture are taken and analyzed with GCMS resulting in
mass fragmentation patterns allowing to monitor the
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Fig. 3 Left: Product distribution for dilabelled, monolabelled and non-labelled C, products in case of Mo,C (a) and WC (b) as a function of
contact time. Right: *C MAS NMR characterization of pristine and spent (c) Mo,C and (d) WC. The catalyst was contacted with 200 mbar *CHj
(at r.t.) in batch for 24 h at 1100 °C (molar ratio 7.2 WC: 1 BCH,4 and 6.9 Mo,C: 1 BCH,).
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distribution of isotopomers among coupling products (non-,
mono- and di-labelled C, products) for ethane, ethylene and
acetylene (see Table S2 and Fig. S77).

The degree of carbidic *>C incorporation into C, products
was investigated by monitoring product evolution over the
course of 12 h, with aliquots drawn every 3 h (Fig. 3a and b).

In the case of Mo,C, the isotopomer distribution is domi-
nated by non-labelled C, products, with ethane and ethylene as
major gaseous products. The isotopomer distribution among
ethane (Fig. 3a) is dominated by the non-labelled C,Hg (93%)
after 3 hours, with mono- and di-labelled C,H, being at 6% and
1%, respectively. The ratios of isotopomers change slightly with
time; the amount of non-labelled C,H¢ reaches 89% along with
7 and 4% of mono- and di-labelled isotopomers after 12 h. This
finding suggests the incorporation of carbidic carbon in C,
products and C mobility in the Mo,C matrix. Considering that
the surface and the bulk of Mo,C remains unchanged according
to XPS and pXRD analysis, this labelling study further suggests
fast C exchange with gas phase "*CH, resulting in rapid refor-
mation of the Mo,C and thus allows for maintaining a constant
product selectivity. The exchanged carbidic C is replenished
with *C from the gas phase explaining the increase in labelled
products over time.

For WC (Fig. 3b), ethylene is formed as major gaseous
product under the same reaction conditions. However, in
sharp contrast to Mo,C, the amount of di-labelled C,H, iso-
topomer dominates (97%) for WC, with only a minor fraction
of non- (1%) and mono-labelled (2%) C,H, after 3 h. With
increasing reaction time and conversion of '*CH,, the relative
amount of '>C isotopomer increases with mono- and non-
labelled isotopomers C,H, reaching 14% and 9%, respec-
tively after 12 h, indicating that WC can also act as a source of
carbon, albeit much less efficiently than Mo,C. As discussed
above, this process is accompanied by a reduction over time of
WC to W(0) as evidenced by XPS (Fig. 2d), indicating a C
depletion of the WC matrix. This change in catalyst state and
the presence of metallic W offers a possible explanation for the
loss of selectivity over time on stream with simultaneous
increase in methane conversion. Considering the sharp
contrast of reactivity patterns in these carbides (observed in
the presence of labelled methane), one might pose the ques-
tion whether Mo,C and WC can release carbon in the form of
methane by interaction with H, (10% H, in Ar, 40 mL min ",
up to 1100 °C). As expected from their different carbon
mobility (vide infra), methane evolution could only be observed
for Mo,C (see Fig. $237). In order to study *C enrichment in
the spent materials by exchange between the surface ">C of the
carbide and the gas phase 13CH,, the materials were further
examined by "*C MAS NMR (Fig. 3c and d). It should be noted
that good quality spectra could only be obtained when diluting
the sample with KBr. While hardly any signal is observed on
pristine materials, in particular for Mo,C, intense signals are
observed post-reaction, consistent with the exchange of carbon
between the gas phase and the solid, thereby confirming
enrichment of the spent catalyst with *C. For both WC and
Mo,C, two peaks are observed, corresponding to the carbidic
carbon and sp” carbon signals (graphitic carbon), the former
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appearing at 307 ppm for WC and at 274 ppm for Mo,C. The
B¢ shift of Mo,C agrees with previous reports,>” while the
spectrum of WC has to date not been reported to the best of
our knowledge.

One may note that the sp® carbons have different chemical
shifts for WC and Mo,C, indicating the presence of different
types of carbons, possibly aromatic carbon deposit around
120 ppm vs. graphitic carbon around 110 ppm for WC and
Mo,C, respectively.”*** Summarizing these findings, the incor-
poration of surface/carbidic '>C from the carbide in the C,
products was shown for both Mo,C and WC, yet Mo,C exhibits
a significantly higher C mobility of the carbide matrix than WC.
The faster exchange/diffusion of carbidic carbon or the forma-
tion of methane from Mo,C are possible rationales for these
contrasting isotopomer distributions.

Modelling diffusion of carbon in Mo,C and WC

In order to better understand the carbon exchange capability of
molybdenum and tungsten carbides, the diffusion mechanism
of carbon in the matrix at 1100 °C was explored using metady-
namics at the DFT level (see the computational details for the
method used).?#?*3*3%* The diffusion of a single carbon atom
through a periodic cell of the two most stable carbide steo-
chiometries Mo,C and WC was investigated. The (001), (010)
and (011) facets were considered to account for the anisotropy
of the material; diffusion mechanisms and diffusion coeffi-
cients were similar in all cases so that only the (010) case will be
discussed in the following, see ESI Section 77 for facets (001)
and (011) and computational details. The cells consist of 6-atom
layers with two fixed bottom layers. A potential bias was applied
along selected collective variables, namely: the vertical position
of the C atom (z), the C-C and C-M coordination numbers,
Neoord(C—-C) and Ncoora(C-M) respectively, to accelerate diffu-
sion. The free energy surfaces associated to z and Noora(C-C)
were reconstructed by summing up the energy bias. The
calculated free energy barrier (Fig. 4c, fromz = 0.5 Atoz = 5.5 A)
to diffuse from the resting site to a higher lying site in Mo,C is
~40 keal mol ™", which corresponds to a diffusion coefficient of
Do, =1.3 x 107" m® s™ " at 1100 °C. This value suggests
that carbon diffuses easily in the bulk at this temperature with
an order of magnitude of the diffusion coefficient similar to the
one obtained at ambient temperature for organic molecules in
a liquid phase.”® The carbon diffusion in Mo,C takes place
through migration of a C atom from a resting octahedral site
(Op) to vacant tetrahedral (Tq4) ones (Fig. 4a). As evidenced by the
variation of the collective variables with time (Fig. 4b), two
different tetrahedral sites are present in the crystal structure
leading either to an isolated tetrahedral carbide (Ncoora(C-C) =
0, Fig. 4a, Td(C,)) or to the formation of a C, moiety with an
adjacent octahedral C neighbor (Ncoora(C-C) = 1, Fig. 4a,
Td(C,)). In the latter, distortion of the crystal structure may lead
to the formation of C, defects with neighboring carbon sites,
slowing down migration through these sites. As indicated by the
free energy surface (FES, Fig. 4¢, N¢oora(C-C) = 1), C, defects are
easily formed at this temperature and are likely to be involved in
the subsequent formation of the coupling products. The

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Successive sites involved in the diffusion of carbon towards the (010) facet in Mo,C ((a) octahedral Oy, and tetrahedral Ty sites with (C,) or
without C—C interaction (Cop)) and WC ((d) prismatic sites p with x C neighbors C,). Biased collective variables as a function of the simulation time
for the diffusion of carbon in Mo,C (b) and in WC (e). Free-energy surfaces as a function of the coordination number from C to C (N¢oorg(C—-C))
and distance along the z axis with respect to the initial position (z) for Mo,C (c) and WC (f).

contrasting behavior for WC reoccurs as the calculated diffu-
sion of carbidic carbon in WC is significantly slower. The
calculated free energy barrier for diffusion in WC (Fig. 4f
between z = 0 A and z = 4 A) and the associated diffusion
coefficient are ~140 kcal mol " and Dy,¢"*"** = 7.5 x 107 m?
s, respectively.

For WC, carbon has to move through surrounding unoccu-
pied prismatic sites (Fig. 4d, p(C,) and p(Cs)), and interacts with
the carbon atoms occupying the neighboring prismatic sites
(Fig. 4e, N¢oora(C-C) > 0), leading to the formation of transient
C, moieties (x = 3 and 4, Fig. 4e and f). The difference in
calculated diffusion coefficients of around 20 orders of magni-
tude between Mo,C and WC is in agreement with the distri-
bution of C, products, which contain mainly non-labelled
species originating from the '>C-bulk in the case of Mo,C,
and mainly di-labelled species originating from the “CH,
reactant gas in the case of WC. These results further confirm
what was observed by XPS (vide supra). In WC, carbon diffusion
is slow and carbon depletion is not compensated by incorpo-
ration of carbon from gas phase methane, thus leading to
formation of metallic W(0). In the case of Mo,C, carbon easily
diffuses through the bulk and is replenished rapidly at the
surface as the spent catalyst's XPS signature resembles the
pristine one.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Conclusions

In this study, the crucial role of carbidic carbon in the active
catalytic materials was shown by (i) incorporation of carbidic
carbon in C, products, (ii) reduction of WC to W(0) leading to
a loss of product selectivity, (iii) ">C exchange between gaseous
methane and Mo/W carbide surfaces as evidenced by ss-NMR
and (iv) computation of carbon diffusion coefficients in Mo
and W carbides. Based on the incorporation of carbon from the
bulk in the C, products, a Mars-Van Krevelen type mechanism™
with participation of carbidic carbon of the metal carbide
(instead of oxygen in a metal oxide) is most suited to rationalize
our findings. This observation parallels what has been proposed
in the Fischer-Tropsch process based on Fe carbide® or for the
methane aromatization on MoO, and WC, clusters on ZSM-
5'17,37

For Mo,C, fast carbon diffusion, as shown by labelling
studies and computations, allows replenishment of the surface
and a good catalytic performance (stable selectivity). In sharp
contrast, under the same conditions, WC undergoes reduction
of the surface species to W(0), consistent with the significantly
lower fraction of carbidic carbon incorporated into the gaseous
products and the slower calculated carbon diffusion, probably
explaining the fast loss of C, product selectivity.

Chem. Sci., 2023, 14, 5899-5905 | 5903
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For carbides with higher carbon diffusion coefficients like
Mo,C, two carbidic carbons can recombine to form a C, unit
and desorb by combining with hydrogen atoms adsorbed on the
surface; this would explain the absence of labelling of the
hydrocarbon products at the initial stage, the labelling of the
carbide without its reduction and the incorporation of **C with
increasing time.

With decreasing carbon mobility like for WC, the formation
of products involves surface reactions, where C-H activation
can form surface hydrocarbyls (alkyl, alkylidene and alkyli-
dines) as previously proposed.***

CH,, species on the surface can then recombine and desorb
as C, unit or can interact with a non-labelled surface C releasing
a mono-labelled C, product facilitated by H,qs, as previously
proposed.*****! In the propagation of the catalytic process, the
carbidic carbon on the surface can be regenerated by diffusion
through the bulk or by interaction with methane in the gas
phase. While above-described pathways might be more
pronounced for certain metal carbides, it is most likely
a combination thereof.

This study supports that a Mars-van Krevelen-like mecha-
nism involving carbon atoms is at play, paralleling what is
observed with oxygen and metal oxides in several oxidation
reactions.'®**> While more insights in the mechanism of
methane coupling are certainly needed to fully understand the
product formation processes, this work shows that carbidic
carbon and its dynamic behavior play a crucial role in methane
coupling to higher hydrocarbon products; governing selectivity
and conversion. It is further highlighted here that dynamics of
metal carbides should be considered more broadly and inte-
grated as design parameters in catalysis.
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