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1 Overview of relevant literature for methane coupling under
non-oxidative conditions

Table S1: Overview of relevant literature for methane coupling under non-oxidative conditions.

year  reaction cat. ([g]) feed gas ([mL/min]) T [K] CHyconv. [%] CF sel. [%]  ref.
1993 MDA Mo/ZSM-5 (0.2) CH. (30) 973 7 100 (CeHg) T
2003 MDA Mo/ZSM-5 (0.2) CH4:N2 9:1 (5) 1003 17 60 (C¢Hg) 2
2008 NOCM  Ta-H@SiO» (0.3) CHs (3), 50 bar 648 0.1 98 (Co,H,y)  °
2010 NOCM  W-H@y-Al,O3 (0.5)  CHy (3), 50 bar 623 0.2 99 4
2014 NOCM  Fe@SiO: (0.75) CH4:N2 9:1 (10-30) 1363 48 99 5
2016 NOCM  Fe©SiO» (0.38) CHa:Ar 9:1(20) 1323 30 99 6
2018 NOCM  Pt©CeO: (0.2) 1% CH, in He (20) 1248 14 75 7
2018 NOCM  PtBi alloy (0.5) CH4:N2 1:9(100) 973 6 85 8
2019 NOCM  Fe/SiO, (0.38) CH4:N2 9:1(20) 1273 11 90 ?
2020 NOCM  Fe®SiO: (0.1) CHg4:Ar 7.5:92.5 (200) 1273 3 20 1o

[2] The reactions were performed at a pressure of 1 bar unless otherwise noted.
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Materials and Methods

2 Synthesis

2.1 WC

WOj3 powder was synthesized by oxidative flame spray pyrolysis using a 7.9 wt% solution of WClg (Acros
Organics) in a 1:6 mixture of THF (LiChrosolv, Merck) and benzyl alcohol (for analysis, Sigma-Aldrich) as
precursor. 5 mL/min of the latter were dispersed at a 0.4 mm nozzle with an oxygen flow of 5 NL/min into
a support flame of CH4/Oy (2.4:1.2 NL/min). The resulting nanoparticles were collected on a GF/A-6
glass fiber filter and carburized by heating under a stream of Ho:CHy (80/20, v/v, 40 mL/min). The
heating program was 1h to 300°C and then with 120°C/h to 1000°C, where the material was kept for
one hour and then cooled down to RT yielding black tungsten carbide powder (hexagonal). The particle
diameter was determined to be between 200-800 nm and the BET surface area is 3 m?/g.
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Figure S1: (a) pXRD for WC (PDF 00-073-0471), (b) TEM of WC.

2.2 Mo,C nanorods

Mo, C nanorods were synthesized as previously reported.!'! 2.5 g ammonium heptamolybdate tetrahydrate
((NH4)gMo,0,, - 4H,0) was dissolved in 40 mL water containing 3.8 g p-methylaniline. Then, 1.0 M
hydrochloric acid was added to adjust the pH value to 4.0. After reaction at 50 °C for 4 h in an oil bath,
the precipitate was filtered, washed with water and ethanol, and then dried at 50 °C in vacuo. The above
precursor was transferred into a tube furnace, and then heated at 1000 °C for 5 h under argon flow (30
mL/min). Finally, the MooC nanorods were harvested. The surface area was determined to be 21 m?/g.

Absorbance

(a) (b)

Figure S2: (a) pXRD for Mo2C nanorods: 5-MosC crystal structure. PDF:[00-035-0787], orthorhombic.
(b) TEM picture of MozC nanorods.
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3 Characterization

3.1 pXRD

X-Ray diffraction of the samples was performed with a STOE STADI P powder diffractometer, operating
in transmission mode. A germanium monochromator, Cu Kal irradiation and Dectris Mythen silicon

strip detector were used. $-Mo2C (PDF # 00-035-0787) and WC (PDF # 00-073-0471) structures were
confirmed.

3.2 TEM
Images were recorded using a JEOL JEM- 2200FS microscope operated at 200 kV.

3.3 XPS

XPS analysis was performed at ETH Zurich using the SIGMA II instrument equipped with an Al/Mg twin
source. The vacuum in the chamber was around 2x10® mbar during measurements. The analyses were
carried out with a Mg-Ka source (energy = 1253.6 €V) in LAXPS mode with a pass energy of 16 eV. The
curvefitting was performed with CasaXPS using Shirley as background and a lineshape of GL(30).

3.3.1 Mo,C XPS

The Mo 3d 5/2 peak was fitted with two components found at 228.6 eV for the MooC (Mo?*) component
of Mo,C and 229.4 eV for the MoC (Mo**) component for the pristine as well as for the spent Mo, C with
the major component being Mo?*. This is in agreement with previous reports of MoyC XPS reports. 12
The carbon component is split into three components: carbidic C with a binding energy of 283.6 eV,
advantitious (sp?) C at 284.8 eV and sp® C deposit at 285.3 eV. The fraction of C deposit increases for the

spent Moy C. 13,14
Mo 3d Cis
pristine pristine
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Figure S3: XPS Spectra for Mo 3d and C 1s components of MosC.
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3.3.2 WC XPS

The XPS spectra collected at the W 4f core level are shown in Figure S4. The spectra can be fitted on the
basis of two multiplets that correspond to the W 4f 7/2 and W 4f 5/2 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. Pristine WC which was exposed to air shows a mixture of WC at 32.5 eV and WOs5
(W) at a higher binding energy of 36.6 eV. In the spent WC, while no WO3 was found, reduction to
metallic W(0) with the 4f 7/2 component at 32.1 eV was observed. For W(0) metal a characteristic loss
feature is reported, it can be observed here as a broad peak at 38 eV. Overall, XPS measurements show a
change in composition for the surface from a mixture of WO3 and WC in the pristine catalyst to WC and
W(0) in the spent catalyst.
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Figure S4: XPS Spectra for W 4f and C 1s components of WC.
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3.4 13C solid state MAS NMR

13C solid state MAS NMR measurements were carried out using a Bruker 400 MHz NMR spectrometer
operating at a frequency of 400 MHz. A 4.0 mm MAS NMR zirconia rotor was used with a spinning speed
of 10 kHz. A spin echo sequence with a 5 us 7/2 pulse and a relaxation delay of 7s was applied. The
spectra were recorded at room temperature and referenced with adamantane (38.4 ppm).

3.5 GCMS

The GCMS was calibrated with a gas mixture containing 0.5% acetylene, 5% ethane, 10% ethylene,
10% Helium, 15% hydrogen, 39.5% Ar and 20% methane. The following fragmentation patterns for Cs
products were obtained from the calibration and further on used for fitting the experimental pattern by
adding m/z+1 for monolabelled Cs species and by adding m/z+2 for dilabelled Cs species.
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Figure S5: This GC trace shows the signals of acetylene (1.46 min), ethylene (1.62 min) and ethane (1.91
min) of the calibration.
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(a) Fragmentation pattern for ethane
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(b) Fragmentation pattern for ethylene
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(¢) Fragmentation pattern for acetylene

Figure S6: Fragmentation patterns of Co species of calibration gas mixture. y axis: relative intensity
(%], x axis: m/z.
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3.5.1 GCMS Test

Table S2: Distribution of isotope-labelled Co products over contact time at 1100°C for Mo,C and WC.

Moo C t [h] 20 1201%] 12C-13C1%] 13C-13C[%] error[%]
CqoHg 3 93 6 1 1

6 95 2 3 2

9 89 9 2 1

12 89 7 4 2
CoHy 3 95 4 1 1

6 96 4 0 2

9 94 6 1 2

12 94 4 2 1
WC t [h] 2C12C[%) 2C13C%] 3CI3C[%] error[%)]
CoHy 3 1 2 97 2

6 1 1 98 1

9 3 9 88 2

12 9 14 77 1
CqoHy 3 2 2 96 1

6 3 6 91 2

9 5 14 81 1

12 2 39 59 3

la] The experiment to determine species distribution was performed in duplicates to ensure reproducibilty.
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3.5.2 Fragmentation Pattern Fits
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(a) Fragmentation patterns were fitted for CoHg for the test with MooC and 13CH,.
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(b) Fragmentation patterns were fitted for CoHy for the test with WC and *CHy.

Figure S7
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4 Definitions for Methane Conversion, Product Selectivity and
Yield

Methane conversion, products selectivity and yield are defined as previously reported.®1°

CH, Conversion

Argon was used as an internal standard. The total gas flow rate at the outlet of the reactor (®yyset) was
calibrated with equation (1) since the mass flow rate of non-reactive Ar as internal standard should be
constant throughout the reaction.

m mn __ m/out out
(I)tot “TpAr = (I)tot “T Ay (1)
mn n out out out mn
: O - aly, — PN aly, TcH,  Tar
CHy4 conversion = : . =1- = (2)
Hin . pin rin . xout
CH4 CH4 AT’

Product Selectivity

The selectivity was calculated as follows. It is accounted for the number of C with N as the number of
carbon atoms of the product.

n out
g, — ' - x%t - No (3)
P = pOUt | pin _ pin  gout
Ar CHy Ar CHy

Scoke =1 —X5p (4)

Product Yield
Yp = CH, conversion - Sp (5)
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5 Catalytic Testing

The catalytic performance tests were conducted in a fixed-bed quartz reactor with an inner diameter of 9
mm and a quartz frit. The temperature program was 900°C-1000°C-1100°C, each temperature was kept
for 60 min. The heating rate was 100°C/min. The standard operating conditions were 0.1 g of catalyst,
10 v% of CH, in Argon and a GHSV of 24’000 mL*g_}*h~!. Unless otherwise stated, all data sets are
averages of 1 hr time on stream (TOS) at a given temperature.

5.1 Catalytic Test Setup

The catalytic test setup comprises an IR furnace which can work at upto 1300 °C under continuous
operation. The gas feed can be chosen as any desired mixture of CHy, Hy and Ar. Analysis is performed
with an Agilent 490 u-GC equipped with 2 columns and a TCD, the MS 5A column (20 m) is used to
separate permanent gases while the PPU column (10 m) allows the quantification of light hydrocarbons.
The setup was used to analyse the methane coupling performance for WC and MosC.

IR furnace
MFECs feed stream inlet upto 1200 °C
i, quartzglass
reactor - product stream outlet
CH, 49 ID 10 mm E?;I-I 0 HGe
OD 12.7 mm
Ar
bypass |
frit thermocouple

WA Control Panel
= Gas Mixing & T catalyst bed

(a) Scheme of catalytic test setup with IR furnace and flow board with access
to CHy4, Hy and Ar.

(b) Picture of catalytic test setup with IR furnace (with water cooling), quartz
glass tube (ID 9 mm), u-GC Agilent 490 and quartz coated thermocouple.

Figure S8: Catalytic Test Setup
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5.1.1 Blank Test
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Figure S9: Blank Test

Conditions: 10% CHy in Argon. Total flow 40 mL/min. No formation of Cy species was observed.
Margin of error for conversion around 1%.
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6 Procedure of *CH, labelling experiment with non-labelled W!'>C
or Mo,'?C
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Figure S10: Scheme of test setup for experiments with '3CHy.

13CHy4 labelling experiments were performed for Mo,C and WC in a batch reactor. 0.5 g of the respective
carbide was loaded into a 44 mL quartz glass batch reactor. The reactor was filled with 200 mbar of '3CH,
(corresponding to molar ratios of 7.2/1 for WC/¥CH4 and 6.9/1 for Mo,C/!3CH4), heated to 1100°C
with a heating ramp of 400°C/h and subsequent aliquots were taken with a gas-tight syringe after 3, 6, 9
and 12 h. This corresponds to molar ratios of 7.1:1 for WC: '3CH,4 and 6.9:1 for Mo, C:*3*CH,4. An aliquot
of the gas mixture is taken and analyzed with GCMS resulting in mass fragmentation patterns for CoHg,
CoHy and CyH,. Following a calibration with ethane, ethylene and acetylene, the aliquots were analysed
with GCMS to identify the distribution of non-labelled, monolabelled and dilabelled Cs products of the
experimental fragmentation patterns. This analysis allowed us to monitor the incorporation of '2C into
the products which originates to different extents from the carbide and gas phase *CHy.
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7 Metadynamics Simulations

Ab initio molecular dynamics (AIMD) and metadynamics (MTD) simulations were carried out using the
CP2K 5.1 software. 1617 Molybdenum (MoyC) and tungsten (WC) bulk was modelled using surface slabs
constructed using the reported crystalline orthorhombic (Pben)!® and hexagonal (P6m2) !9 structures re-
spectively. Along the vertical axis the 6-layers slabs were separated by a 10 A layer of vacuum to avoid
self-interactions. The bottom layers of atoms were fixed. The size of the cell ( 10 x 10 x 20 A3) was
considered large enough to account for the electronic structure of the system. Each MTD run was pre-
ceded by an unbiased AIMD of 2 ps at 1373 K to ensure thermal equilibration. A MD step length of
1 fs was used. The systems evolved in the NVT canonical ensemble equilibrated using a canonical sam-
pling through velocity rescaling (CSVR) thermostat set at 1373 K with a global temperature tolerance of
20 K. The force field was computed using the revised version of the Perdew-Burke-Ernzerhof PBE func-
tional?%2! and Grimme dispersion correction D3 with Becket-Johnson (BJ) damping function.?%%3 Atoms
were described using single-¢ molecularly optimized (MOLOPT) gaussian basis sets?42° and associated
Goedecker-Teter-Hutter GHT pseudopotential.2® Molecular orbitals occupation numbers were smeared
using the Fermi-Dirac method. The free energy surface (FES) related to carbon diffusion in the metal
carbide phase was explored by means of metadynamics,?” 3! using a history dependent potential applied
along selected collective variables (CVs). In addition to the position on the z axis relatively to a plane
described by three atoms belonging to the fixed layers, the coordination numbers from C to C and from
C to metal (M = Mo or W) were considered:

coor (1 -7 )”n
N© d(C—X)zzil_g))nd (6)
i Ro

where nn = 12, nd = 24, and Rg corresponds to the C-X bond distance, and takes 1.6 A for the C-C bonds
and 2.3 A for the C-M ones.

The gaussian bias takes the following form:
1 s(t)—s(ntg) )2

V(t,s(t)) = wz:e*2 35

n

(7)

with w = 1 kcal mol' (MoyC) and 2 kcal mol! (WC) and dg = 0.3, respectively, being the height and
width of the Gaussian and tg = 10 fs being the time interval between two consecutive depositions. The
diffusion coefficient at 1373 K were estimated using the following formula: 32

B
With 1 the distance traveled by the atom, AFy the free energy of activation, kg the Boltzmann constant,
h the Planck constant and T the temperature.
The free energy of diffusion toward the (001), (010) (see main text) and (011) facets were estimated to
test the variability of the simulations. In all cases, the diffusion coefficients obtained in MosC are orders
of magnitude higher than those obtained in WC.

D(T) Pexp(

Movies of the simulations are available in the ESI (Movies-MTD.zip). In all movies and snapshots carbon
is pictured in grey, while molybdenum and tungsten are pictured in lighter and darker shades of blue,
respectively.

Remark: Given the nature of this system, full convergence of the free energy surface (FES) cannot be
achieved in a reasonable time using molecular dynamics at the DFT level. In order to still obtain quali-
tatively comparable energy barriers for the different systems, each simulation was ended when the carbon
atom reaches a new stable site. No re-crossing of the barrier in the opposite direction was thus considered.
This way, the relative heights of the free-energy barrier associated to diffusion were estimated.
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Table S3: Adatom carbon diffusion Helmholtz free energy barrier, barrier length and coefficients toward
the (001), (010) and (011) facets of MoyC and WC.

Mo C AF# [keal mol 1] 1[A] D [m?s7!]

(001) 56.2 2.0 1.3x 1071
(010) 37.0 5.9 1.3x 1071
(011) 55.4 5.2 1.2x 10714
WC F [kcal mol '] 1[A] D[m?s 1]

(001) 143.9 5.1 9.3x107%
(010) 148.8 3.6 7.5 x 10730
(011) 177.9 7.5 7.7 x 10734

7.1 Mo,C (001) facet
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Figure S11: Biased coordination numbers and distance along the vertical axis during the metadynamics
simulation of MosC where the carbon atom diffuses towards the (001) facet.
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Figure S 12: Reconstructed free energy surface projected along the C-C coordination number and z
distance from the bottom of the cell for the diffusion of a carbon atom towards the (001) facet of MooC.

t=0fs t = 5300 fs £ = 10000 fs t=11100 fs t = 12000 fs
Oh Oh (C.) Td (Cy) Oh (Cy) Oh (C4)

Figure S13: Snapshots taken during the simulation highlighting the diffusion of C towards the (001) facet
of Mo C, from the initial octahedral site (Oy) via the subsequent vacant octahedral (Oy,) and tetrahedral
sites (Td). The carbon in the O (C;) site interacts with another carbon beyond the periodic border.
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7.2 Mo,C (011) facet
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Figure S14: Biased coordination numbers and distance along the vertical axis during the metadynamics
simulation of MosC where the carbon atom diffuses toward the (011) facet. A fast diffusion is observed
for this facet, which is attributed to the lack of C-C interaction during the diffusion process.
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Figure S 15: Reconstructed free energy surface projected along the C-C coordination number and z
distance from the bottom of the cell for the diffusion of a carbon atom towards the (011) facet of MosC.
No C-C bonded region is explored before the C atom reaches the surface layer.
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t=0fs t=1600 fs t = 2900 fs
Oh Td (Co) Oh (Cy)

Figure S16: Snapshots taken during the simulation highlighting the diffusion of C toward the (011) facet
of MoyC, from the initial octahedral site (Oh) via the subsequent vacant octahedral (Oh) and tetrahedral
sites Td.
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7.3 WC (001) facet
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Figure S17: Biased coordination numbers and distance along the vertical axis during the metadynamics
simulation of WC where a C atom diffuses towards the (001) facet. Diffusion towards the surface takes
place via a prismatic (P) (Cs site). At 19 ps, the diffusing C replaces a C occupying a P (Cp) site. The
displaced carbon diffuses to fill the vacancy, yielding a structure identical to the starting point after 20 ps.
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Figure S 18: Reconstructed free energy surface projected along the C-C coordination number and z
distance from the bottom of the cell for the diffusion of a carbon atom toward the (001) facet of WC. The
deep well around 5 A is attributed to the exchange between the diffusing carbon and the carbon occupying
P (Cy) site above.
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Figure S19: Snapshots taken during the simulation highlighting the diffusion of C toward the (001) facet
of WC from the initial prismatic site P with no adjacent C (P (Cy)), via the subsequent vacant prismatic
sites with 2 neighboring C (P (Cj3)). At 19 ps, the diffusing C replaces a C occupying a P (Cp) site. The
displaced carbon diffuses to fill the vacancy, yielding a structure identical to the starting point after 20 ps.
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7.4 WC (011) facet
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Figure S20: Biased coordination numbers and distance along the vertical axis during the metadynamics
simulation of WC where the carbon atom diffuses towards the (011) facet.
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Figure S 21: Reconstructed free energy surface projected along the C-C coordination number and z
distance from the bottom of the cell for the diffusion of a carbon atom towards the (011) facet of WC.
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Figure S22: Snapshots taken during the simulation highlighting the diffusion of C towards the (011)
facet of WC, from the initial prismatic site p with no adjacent C (P (Cy)), then via a disordered site close
to the surface.
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8 Reactivitiy of Mo,C and WC with H,

Mo,C @550°C WC@1100°C
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Figure S23: GC traces of Moy,C and WC with Hs.

As can be seen in the GC traces for reaction of Hy with MoyC the mobility of C and release in the form
of CHy is already shown at 550 °C while WC does not release any CH4 even at 1100 °C.
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