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Molybdenum carbide and oxycarbide from
carbon-supported MoO3; nanosheets: phase

evolution and DRM catalytic activity assessed by
TEM and in situ XANES/XRD methods+

Alexey Kurlov, (92 Xing Huang, © ** Evgeniya B. Deeva,” Paula M. Abdala, (22
Alexey Fedorov (2 *2 and Christoph R. Muller (2 *2

Molybdenum carbide (3-Mo,C) supported on carbon spheres was prepared via a carbothermal hydrogen
reduction (CHR) method from delaminated nanosheets of molybdenum(vi) oxide (d-MoO3/C). The car-
burization process was followed by combined in situ XANES/XRD analysis revealing the formation of mol-
ybdenum oxycarbide Mo,C,O, as an intermediate phase during the transformation of d-MoOs/C to
B-Mo,C/C. It was found that Mo,C,O, could not be completely carburized to p-Mo,C under a He atmo-
sphere at 750 °C, instead a reduction in H; is required. The 3-Mo,C/C obtained showed activity and stabi-
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lity for the dry reforming of methane at 800 °C and 8 bar. In situ XANES/XRD evaluation of the catalyst
under DRM reaction conditions combined with high resolution TEM analysis revealed the evolution of
p-Mo,C/C to Mo,C,O,/C. Notably, the gradual oxidation of p-Mo,C/C to Mo,C,0O,/C correlates directly
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Introduction

Since the 1970s reports on the noble-metal-like catalytic
activity of Mo,C' and WC,> transition metal carbides have
remained in the focus of the catalysis community.> " For
instance, molybdenum carbide has been studied as a catalyst
for various heterogeneous reactions including methane
reforming,'>"® methane dehydroaromatization,"*"> water gas
shift,"®'® and deoxygenation reactions.'®>* The dry reforming
of methane (DRM, eqn (1)) is a particularly relevant reaction
because it allows producing synthesis gas from the two main
greenhouse gases, CH, and CO,, although it requires high
temperatures for reaching high conversions (typically, 800 °C
and above).23 However, Mo,C catalyzes also the reverse water
gas shift reaction (RWGS, eqn (2)),>*">° which can occur in par-
allel with the DRM reaction consuming the hydrogen pro-
duced, resulting in a decreased H,/CO ratio of the produced
syngas and the formation of steam.>**”*® Currently, it remains
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with the increased activity of the competing reverse water gas shift reaction.

unclear if the active sites for DRM and RWGS in Mo,C catalyst
are identical.

CH,; + CO, <« 2CO+2H, AHjgxk = +247 kJ mol™

(1)
(2)

The oxophilicity of Mo,C and, ultimately, its instability
against oxidation to MoO, '**??° in CO,-rich feeds at high
operating temperatures make the DRM challenging for Mo,C-
based catalysts.">"??°3% To attenuate this oxidative de-
activation, DRM is often conducted at elevated pressure (2-10
bar) and/or with CH,-rich feeds.">?**"** Those reports have
indicated that a pristine Mo,C surface evolves to a molyb-
denum oxycarbide surface layer or a phase (Mo,C,Oy), which
plays a key role in both the DRM and RWGS reactions. It is
also known that the oxygen coverage of the molybdenum
carbide surface influences substantially its activity and selecti-
vity, for instance in CO,-assisted propane dehydrogenation.*

Supported Mo,C-based catalysts are usually prepared by a
so-called temperature programed reduction (TPR) method, i.e.
a gas-solid reduction of molybdenum oxide (or ammonia mol-
ybdate precursor) by a mixture of H, and a carbonaceous gas
such as CH, or C,Hg.'>2%21243% However, this procedure may
also deposit passivating carbon on the catalytically active
carbide surface.’® Alternatively, a carbothermal hydrogen
reduction (CHR) method involving a reaction between solid

CO, +H, < CO+H,0 AHyggx = +41 k] mol!

This journal is © The Royal Society of Chemistry 2020
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carbon (or a carbon containing material) and molybdenum
oxide under reducing (H,) or inert atmosphere can be
exploited.’’° The relatively low carburization temperatures
(typically, <800 °C) and the absence of carbonaceous gases
favour the production of high surface area nanostructured
Mo,C, which is beneficial for catalytic applications.

Here, we studied the CHR reaction of two dimensional dela-
minated MoO; nanosheets (d-MoO;) supported on carbon
spheres, which served as carbon source for carburization and
also provided a suitable morphological and phase contrast for
transmission electron microscopy. Combination of in situ
XANES/XRD analysis'®***" and high resolution TEM revealed
that M0,C,0, is an intermediate phase during the carbother-
mal CHR reaction of d-MoO;/C to p-Mo,C/C. Additionally, we
demonstrate that under DRM conditions, p-Mo,C/C evolves
into M0,C,0,/C, which is found in active catalyst. Detection of
the H,0 produced during the in situ XANES/XRD (DRM con-
ditions) experiments allowed us to link the oxidation of
$-Mo,C/C to the emergence of the competing RWGS reaction.
High resolution TEM of the active catalyst demonstrates two
different morphologies, i.e. aggregates of nanoplatelets and
nanorods, corresponding to f-Mo,C and Mo,C,0, structures,
respectively.

Experimental section
Materials

The orthorhombic a-MoO; nanobelts were synthesized by a
reported hydrothermal method using ammonium heptamolyb-
date tetrahydrate (AHM, Sigma-Aldrich, 99.98% trace metals
basis) and nitric acid (70%, Sigma-Aldrich, ACS reagent
grade).*” In a standard experiment, the pH of AHM (1 g) solu-
tion in deionized (DI) water (20 mL) was adjusted to 1 by the
dropwise addition of HNOj; (ca. 5 mL). The reaction mixture
was then kept at 180 °C for 24 h in a Teflon-lined autoclave
(45 mL). The obtained material was washed with DI water until
a pH of ca. 7 was reached and subsequently dried at 100 °C.

d-MoO; nanosheets were synthesized according to a
reported method.** The orthorhombic a-MoO; (1 g) was
ground in an agate mortar with acetonitrile (0.2 mL, Sigma-
Aldrich, ACS reagent, >99.5% purity) and the resulting
material was dispersed by sonication in 50% aqueous ethanol
(15 mL) for 2 h. After sonication, the suspension was centri-
fuged (8000 rpm, 30 min) and the supernatant containing the
dissolved d-MoO; nanosheets was collected and used for
impregnation onto carbon spheres.

Carbon spheres were synthesized via a hydrothermal
method from xylose (Sigma-Aldrich, >99% purity) in
water.***® Xylose (6 g) was dissolved in DI water (15 mL) and
the mixture was kept at 180 °C for 20 h in a Teflon-lined auto-
clave (45 mL).

d-MoO;/C material was obtained via wet impregnation of
the supernatant solution of d-MoO; (ca. 1.5 mg mL™" by the
thermogravimetric analysis) onto carbon spheres. The follow-
ing treatment was applied: annealing of d-MoO3/C in N,
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(800 °C, 1.5 h, 5 °C min~") followed by annealing in 10 vol%
H, in N, (30 min, 800 °C) giving ultimately f-Mo,C/C.

Characterization

Ex situ X-ray powder diffraction (XRD) data were collected on a
PANalytical Empyrean X-ray diffractometer equipped with a
Bragg-Brentano HD mirror and operated at 45 kV and 40 mA
using CuKo radiation (4 = 1.5418 nm). The materials were
examined within the 20 range of 5-90° using a step size of
0.0167°. The scan time per step was 3 s. Thermogravimetric
analysis (TGA) experiments were performed in a Mettler
Toledo TGA/DSC 3 instrument. Typically, 750 pL of a colloidal
solution of d-MoO; was placed in a sapphire crucible (900 pL)
that was heated to 80 °C (5 °C min~') and kept for 1 h.
Inductively coupled plasma atomic emission spectroscopy
(ICP-AES) analysis was performed by the Mikroanalytisches
Labor Pascher (Remagen, Germany). Scanning electron
microscopy (SEM) was performed on a Zeiss LEO Gemini
1530 microscope. All electron microscopy images were taken at
an acceleration voltage of 5 kV. Prior to imaging the materials
were coated with a ca. 2 nm conductive layer of platinum.
Transmission electron microscopy (TEM) samples were pre-
pared by dry-deposition of the sample powders onto Cu TEM
grids covered with a thin holey carbon layer. TEM, high resolu-
tion TEM (HR-TEM) and high angle annular dark field scan-
ning TEM (HAADF-STEM) images of the samples were taken
by an aberration-corrected JEOL JEM-ARM 300F GrandARM
transmission electron microscope operated at 300 kV. The
energy-dispersive X-ray spectroscopy (EDX) elemental mapping
was performed using dual silicon drift EDX detectors with a
total detection area of 200 mm? The electron energy loss
(EELS) spectra were recorded in dual EELS mode by a GIF
Quantum ER System (Model 965) that is attached to the TEM.
Combined X-ray absorption spectroscopy (XAS) and powder
diffraction (XRD) experiments were performed at the Swiss-
Norwegian Beamlines (SNBL, BM31) at the European
Synchrotron Radiation Facility (ESRF, Grenoble, France). XAS
spectra were collected at the Mo K-edge using a double-crystal
Si (111) monochromator with continuous scanning in trans-
mission mode. XRD data were collected wusing a
DEXELA-PerkinElmer 2923 CMOS pixel detector’® and a Si
(111) channel-cut monochromator set at a wavelength of 1 =
0.5 A. The in situ dry reforming of methane (DRM) experiment
was performed in a quartz capillary reactor.”” Calibration of
the XAS data was based on Mo foil set at 20 000.0 eV. In a
typical XAS experiment ca. 2 mg of d-MoO;/C was placed
between two quartz wool plugs in a capillary reactor (outer dia-
meter 1.5 mm, wall thickness 0.1 mm). The carburization step
was performed in pure He in the temperature range from 50 to
750 °C (5 mL min™"', ca. 4.5 °C min™"); a final annealing was
performed in 50 vol% H, in He (750 °C, 10 mL min™, ca.
20 min). DRM tests were performed at 8§ bar (CH,: CO,: He =
4:3:3) with the total flow rate varying in the range
1.75-3.5 mL min~' (space velocity (SV) of ca. 3500-7000 L
gm0+ h™'; catalyst weight/volume flow rate (W/F) ratio of ca.
0.5-1 ms gy, mL™") at 730 °C. The composition of the outlet
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gases was followed online by a mass spectrometer (MS). Ex situ
XAS data were collected from pellets of reference materials
with an optimized amount of sample mixed with cellulose.
Activated materials were handled in a N,-filled glove box to
prepare specimen for XAS analysis in air-tight sealed Al bags.
XAS data were processed using the Athena software (Demeter
0.9.25 software package).*® In situ time resolved XANES data
were analyzed using a Multivariate Curve Resolution-
Alternating Least Squares (MCR-ALS) method.***® MCR-ALS
analysis was performed with a MATLAB software package
using the multivariate curve resolution toolbox.>® The experi-
mental spectra were analyzed in the 19 950-20 100 eV energy
range. The number of components characterizing the whole
XANES spectra dataset was determined using principal com-
ponent analysis (PCA). Non-negative constraints for both the
phase concentration and spectra profiles as well as cumulative
concentration profile closure to 1 were applied in the ana-
lysis.*® The MCR-ALS routine was regarded successful when
the convergence criterion fell below 0.1%.

Catalytic testing

The laboratory DRM tests were carried out in a metal fixed-bed
reactor (Hastelloy X, 8 mm inner diameter) at 8 bar. In a
typical experiment, 75 mg of d-MoO;/C was placed in between
two quartz wool plugs. Prior to the catalytic tests, d-MoO;/C
was transformed in situ into f-Mo,C/C by thermal treatment in
(1) N, (800 °C, 1.5 h, 20 mL min™", 5 °C min™") followed by (2)
10 vol% H, in N, (800 °C, 30 min, 20 mL min~') at atmos-
pheric pressure. After this pretreatment, the pressure was
increased to 8 bar (N,) and the DRM feed was introduced
(CH,:CO,:N, = 4:3:3, a total flow rate was 10 mL min™", SV
ca. 550 L gvo " h™', W/F ca. 6.5 ms gy, mL™", 800 °C, 8 bar).
The composition of the off-gas was analyzed via a gas chro-
matograph (GC, PerkinElmer Clarus 580) equipped with a
thermal conductivity detector (TCD).

Results and discussion

Orthorhombic a-MoO; nanobelts were synthesized via a
reported route.”> The nanobelt morphology of a-MoO; was
confirmed by scanning electron microscopy (SEM, Fig. S1t)
and phase purity by X-ray powder diffraction (XRD) analysis
(space group Pbnm, Fig. S2t). Note that increasing the Mo con-
centration in the hydrothermal synthesis from 0.56 to 2 mol
L™" yields a hexagonal polymorph 2-MoO; (space group P6;/m,
Fig. S31). Sonication of grinded a-MoO; and its dispersion in
50% aqueous ethanol yielded, after centrifugation, a transpar-
ent colloidal solution of delaminated MoO; films (d-MoOj3).
Transmission electron microscopy (TEM) imaging of a dried
aliquot of this solution revealed a few-layer-thin nanosheets of
d-MoO; (Fig. S41). High resolution TEM (HR-TEM) images
show lattice fringes separated by 3.72 A, which is characteristic
for the distance of the (1 1 0) planes in a-MoO; (Fig. S4t). The
wet impregnation of carbon spheres (Fig. S51) with the col-
loidal solution of d-MoO; nanosheets (ca. 1.5 mg mL™" by
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thermogravimetric analysis, Fig. S61) yielded, after drying at
100 °C, d-MoO;/C (1.49 wt% Mo by elemental analysis). High
angle annular dark field scanning TEM (HAADF-STEM)
imaging of d-MoOs/C shows carbon spheres (light contrast)
covered by a Mo-rich phase (heavier contrast) that segregates
as poorly crystalline halo-like patterns around the carbon
spheres (Fig. 1b-d and S7t). We also observed small poorly
ordered crystalline clusters imbedded in the amorphous
matrix of carbon spheres, as shown in Fig. 1d and S7.} Energy-
dispersive X-ray spectroscopy (EDX) mapping indicates that the
Mo-rich phase contains both Mo and O, consistent with
d-MoO3, as well as C from, possibly, bound acetonitrile/
ethanol solvent molecules (Fig. S81). In agreement with EDX,
electron energy loss spectroscopy (EELS) analysis indicates
that the material contains C, O, and Mo (Fig. S91). According
to the shape and energy position of the O K-edge peak (ca. 530
eV), Mo atoms have an oxidation state between +4 and +6
(Fig. S107).>"* The partial reduction of Mo +6 states is likely
due to the electron beam reduction during the acquisition of
EELS data, consistent with the previous data.>

Annealing of d-MoO3/C at 800 °C in N, (1.5 h) followed by
an additional annealing step in 10 vol% H, (800 °C, 30 min)
gave Mo,C/C. STEM imaging of this material, after exposure of
the specimen to air during sample transfer, reveals crystalline
nanorods of ca. 100-500 nm in length decorating the surface
of carbon spheres (Fig. 1f). Additionally, crystalline agglomer-
ates (Fig. 1g and h) and core/shell nanoparticles (Fig. 1i) were
found on the surface of the carbon spheres. HAADF-STEM
images uncover that the core/shell structures have a crystalline
core and an amorphous shell (Fig. 1i). EELS analysis per-
formed on all observed morphologies demonstrates a shift of
the Mo M, ; edge to a lower energy when compared to d-MoO,/
C, which indicates a more reduced Mo. However, the oxidiza-
tion state of Mo is between +2 to +4 (Fig. S11}). Furthermore,
EDX mapping confirms the oxidized state of Mo, revealing that
all structures contain Mo, C and O (Fig. 1e). These results indi-
cate that an oxidation of molybdenum carbide took place
when exposing the activated reduced material to ambient air
during sample transfer, consistent with the high reactivity of
the activated, highly oxophilic Mo,C surface.”?

To obtain information about the state of the annealed
material at the specific temperatures and gas atmospheres, we
turned to in situ experimentation and followed the CHR
process (d-MoO;/C — p-Mo,C/C) by a combined in situ XANES/
XRD experiment.'®*>*! The XANES spectra were collected at
the Mo K-edge during annealing of d-MoO;/C from 50 to
750 °C (highest attainable temperature of the set up) under He
and 50% H,/He at 750 °C (total flow rates of 5 and 10 mL
min~", respectively), while XRD patterns were collected at 50,
400 and 750 °C during the same experiment. For the latter
temperature, data were collected under a flow of pure helium
or 50% H,/He. The XRD pattern collected at 50 °C contains no
Bragg peaks and shows a dominant amorphous halo due to
the C phase, confirming the low crystallinity of the d-MoO;/C
material as observed by TEM (Fig. 2a and 1d). At 400 °C, Bragg
peaks corresponding to the MoO, phase (distorted rutile type

This journal is © The Royal Society of Chemistry 2020
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2) 800 °C (50% H,/N,)

Fig. 1

(a) Synthesis of f-Mo,C/C from delaminated MoOs films; (b) HAADF-STEM images and EDX maps of d-MoOs/C; (c) and (d) HR-STEM images

of d-MoO3/C; (e) HAADF-STEM images and EDX maps of -Mo,C/C; and (f)—(i) HR-STEM images of different morphologies decorating the surface

of carbon spheres in f-Mo,C/C.

structure, space group P24/c) appear, indicating a reduction of
d-MoO; to MoO, by the carbon spheres (reducing agent),
accompanied by the crystallization of MoO, (Fig. 2a).
Interestingly, while at 750 °C under a He atmosphere only
reflections of MoO, are present, flowing H, through the speci-
men immediately reduced it to p-Mo,C (Fig. 2a). Our in situ
XRD results agree well with previous studies that have identi-
fied MoO, as an intermediate phase during the carburization
of MoOj; to Mo,C, both via TPR**** and CHR?*%°>° routes. In
addition, it was also reported that annealing of carbon-sup-
ported AHM in pure He at 800 °C for 2 h does not lead to its
complete carburization, giving a mixture of MoO, and
$-Mo,C.>°

The in situ XANES data collected during annealing of
d-MoO;/C indicates clearly a gradual reduction of Mo®" to

This journal is © The Royal Society of Chemistry 2020

Mo** when heating under He to 750 °C and the formation of
f-Mo,C, upon switching to 50 vol% H,/He, as confirmed by a
shift of the Mo K edge energies from 20 016.3 (at room temp-
erature) to, respectively 20 011.6 and 20 000.6 eV (without and
with co-feed H, at 750 °C; Fig. 2b)."® Two notable changes are
observed in the in situ XANES spectra. The first change occurs
at ca. 360 °C and is associated with the disappearance of the
characteristic pre-edge feature, typical for molybdenum in a
non-centrosymmetric environment (Fig. 2b, inset),’’”® that
can be explained by the reduction/transformation of d-MoO;
to MoO,. From 360 °C to 750 °C (heating up in He), a slight
shift of the Mo K-edge position towards lower energies is
observed, consistent with a partial reduction. The second
change occurs immediately after introducing H, at 750 °C and
is associated with a prominent shift of the Mo K-edge position

Nanoscale, 2020, 12,13086-13094 | 13089
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Fig. 2 In situ carburization of d-MoQO3/C under He and H; as followed by (a) XRD (Q = 4z sin(d)/1) and (b) Mo K-edge XANES; the inset shows the

evolution of the pre-edge and edge features with increasing temperature. (c) Comparison of the extracted C1 and C2 components spectra from the
MCR-ALS analysis performed during the carburization of d-MoQOs/C (labelled Carb) to f-Mo,C/C and during the dry reforming of methane (labelled
DRM, vide infra) along with the references $-Mo,C and MoO,. (d) Phase evolution during the carburization process according to MCR-ALS of the

XANES data.

from 20 011.6 to 20 000.6 eV, highlighting a further reduction
of the Mo phase. In agreement with the in situ XRD data, the
XANES spectrum of the final phase corresponds to the refer-
ence spectrum of f-Mo,C.

Further analysis of the in situ XANES data via principal com-
ponent analysis (PCA) indicates the presence of three com-
ponents during the annealing of d-MoOs/C (Fig. S127). Using
the information of the presence of three phases, MCR-ALS ana-
lysis was performed to extract the three components spectra
that reproduce the full data set (Fig. S13t). Comparison of the
obtained spectra with the available references revealed that the
spectrum of the component Clc,p is identical to that of
B-Mo,C (Fig. 2c). The spectrum of component C2gup
resembles that of MoO, except that the edge and the white line
feature are shifted to a lower energy (and the shape of the
white line is slightly different), indicating overall a reduced Mo
oxidation state compared to Mo’ ie. an oxidation state
between MoO, and Mo,C (Fig. 2c¢). This finding suggests
assigning the C2¢,, component to molybdenum oxycarbide
(M0,C,0O,). Combining this new insight with XRD analysis, we
speculate that the Mo,C,O, phase may be formed due to the
incorporation of C into the MoO, lattice or surface layers
during annealing, thus retaining the bulk structure of MoO,
(distorted rutile type structure, space group P2,/c). The for-
mation of such a MoO,/Mo,C,0, phase is in a good agreement

13090 | Nanoscale, 2020, 12, 13086-13094

with a previous report indicating that MoO, can coexist with
oxycarbide phases.>® For brevity, we will refer to the MoO,/
Mo,C,0, phase below as Mo,C,O,. Notably, the shape of the
obtained XANES spectra of the C2¢,,, component resembles a
recently reported molybdenum oxycarbide Mo,C,0,, although
here, the Mo K-edge is shifted to lower energies indicating a
more reduced Mo state, probably due to the higher C content
in the oxycarbide.®® Lastly, the edge position and the oscil-
lation profile of component C3cayp, is similar to that of MoOs3,
which allows ascribing C3¢arp to MoO;. The changes of weight
fractions of the Clcan—C3carp cOmponents with annealing is
presented in Fig. 2d. Mo,C,O,, that is formed via the reduction
of MoO; by the carbon of the spheres, starts to appear at ca.
200 °C and reaches an asymptotic level of ca. 75-80% at
400 °C (Fig. 2d). Surprisingly, MCR indicates that the molyb-
denum carbide phase appears already at ca. 400 °C. This has
not been observed in previous carburization studies of sup-
ported Mo oxides and is explained by the use of a carbon
support as the carburizing agent in place of the traditionally
used CH,/H, carburizing gas mixture and thin sheets of
d-MoOj3. The fraction of MoO; reduces continuously from ca.
170 °C until it disappears at 750 °C. At this stage Mo,C,0, and
Mo,C coexist in fraction of 75% and 25%, respectively
(Fig. 2d). However, as discussed above, a complete carburiza-
tion by the internal carbon source could not be accomplished

This journal is © The Royal Society of Chemistry 2020
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at 750 °C in He. To attain the complete conversion of the
remaining Mo,C,0, to f-Mo,C, a gas containing 50 vol% H, in
He was passed through the reactor at 750 °C. Under such con-
ditions the remaining Mo,C,0, was immediately carburized to
$-Mo,C according to MCR analysis (Fig. 2d).

To summarize, although MCR-ALS analysis reveals a coexi-
stance of Mo,C,0, and p-Mo,C at 750 °C in He, in situ XRD
data showed only peaks corresponding to distorted rutile type
MoO,. This observation can be explained by (i) the amorphous
nature of the molybdenum oxycarbide phase and/or (ii) the
incorporation of variable amounts of carbon into the MoO,
phase, forming effectively the Mo,C,O, phase with a
reduced Mo oxidation state (and the corresponding Mo
K-edge position), yet maintaining the same crystal structure as
MoO,.

Next, we optimized the DRM conditions to obtain a stable
catalytic performance of p-Mo,C/C. The condition identified is
a pressure of 8 bar at 800 °C and a CH,rich feed, ie.
CH,:CO,:N, = 4:3:3 (Fig. 3a). In particular, under this con-
dition no considerable deactivation was observed over 8 h. The
space time yield (STY) of CO was 0.22 mol(CO) mol(Mo)™" s™*
while the methane conversion rate was 0.11 mol(CH,) mol
(Mo)™ s' (X(CH,) was ca. 45%, Fig. 3b). However, the
obtained H,/CO ratio was ca. 0.7, which indicates that the
RWGS and DRM reactions compete under these conditions.

To identify the active state and to follow the structural evol-
ution of the B-Mo,C/C catalyst under DRM conditions, an
in situ XANES/XRD experiment was carried out in a capillary
reactor. After the carburization pre-treatment, the feed was
switched to DRM conditions (CH,:CO, = 4:3 at 8 bar and
730 °C) while analyzing the composition of the outlet gas by
MS. Note that due to the heater limitation, the actual tempera-
ture in our catalytic in situ XANES/XRD experiment was 730 °C,
instead of 800 °C as in the laboratory experiment, yet qualitat-
ively similar results can be expected at those temperatures
(Fig. 3c and d). Laboratory and capillary synchrotron DRM
experiments differ also in catalyst weight/volume flow rate
(W/F) ratio, which were W/F = 6.5 and 1 ms gy, mL™", respect-
ively. PCA analysis indicates that two components are necess-
ary to account for changes of XANES spectra with time on
stream (TOS, Fig. S12}). MCR-ALS analysis of the in situ XANES
data yielded the XANES spectra for these two components, i.e.
Clprm and C2pgy (Fig. S137). Comparison of the calculated
spectra with references and the components obtained in the
carburization MCR-ALS analysis, identified them as p-Mo,C
and Mo,C,0,, respectively (Fig. 2c and S137). Notably, the
spectrum of the component Clpgry;, identified as p-Mo,C, is
identical to the spectrum of the component Clc,,, obtained
for the carburization process (Fig. 2c). Interestingly, while the
shape and edge position of the spectrum of C2pry (M0,C,0,)
is very similar to C2¢am, it bears a notable difference in the
intensities of the white line features (Fig. 2¢). This can prob-
ably be explained by the different C content and/or C distri-
bution within the oxycarbide, formed by incorporation of
oxygen atoms into f-Mo,C (DRM conditions) or by incorpor-
ation of carbon atoms into MoO, (CHR conditions). No

This journal is © The Royal Society of Chemistry 2020
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changes in XANES spectra and XRD data of p-Mo,C occur
during the first 30-40 min TOS (Fig. 3c and d). Note that the
products CO and H, of the DRM reaction are detected by MS
during the entire experiment (Fig. S147). After this initial
period, a shift of the Mo K-edge position to higher energies
sets in, indicating the gradual oxidation of -Mo,C. After ca.
1 h of TOS, B-Mo,C was transformed to Mo,C,O,, according to
the concentration profiles obtained by MCR analysis (Fig. 3c).
Consistent with XANES data, the XRD peaks corresponding to
MoO, (or Mo,C,0,) appear after ca. 40 min of TOS with a sim-
ultaneous reduction of the intensities of the peaks due to
p-Mo,C (Fig. 3d). After 50 min TOS, the MoO, peaks reach
their maximal intensities and only a low intensity (1 2 1) peak
of p-Mo,C (Q = 2.74 A™") could be detected at this time.
Interestingly, the MS data reveals an increase of the H,O signal
starting from TOS = 45 min, arising from the competing
RWGS reaction. The increase in the MS H,O signal coincides
with the beginning of the oxidation of p-Mo,C observed by
XANES and XRD (Fig. S1471). This result suggests that the
RWGS reaction is favoured on a more oxygen-rich Mo,C,O,
phase.

Flowing pure CH, for 1 h through the reacted catalyst after
130 min TOS does not lead to a re-carburization, leaving the
catalyst composition unchanged according to the XANES data
(Fig. S157).

We have also investigated by TEM the active state of the
Mo,C/C catalyst, i.e. the material recovered after cooling down
the working catalyst to room temperature in N, after 480 min
TOS (Mo0,C/Crosaso) at the stable performance stage (Fig. 3d).
The specimen was transferred in ambient air before the TEM
analysis. M0,C/Crosago features aggregates of nanoplates and
nanorods as the two main morphologies (Fig. 3d and S167).
We observe that the crystallinity of the material surface layer
(for both morphologies) is lower compared to the crystallinity
of the bulk structure (Fig. S17t). Based on the EELS data, the
Mo M, ; edges position shows that the molybdenum oxidation
state is below +4. Interestingly, the maximum of the Mo M;
edge of Mo0,C/Crosago is found at a lower energy compared to
that of Mo,C/C (395.5 eV and 397.5 eV, respectively, Fig. S117),
although both materials were exposed to ambient air during
the transfer. This difference might be owing to the oxidation
of p-Mo,C during the DRM reaction, which enriches the cata-
lyst surface layers with O, thereby preventing a further oxi-
dation in air at room temperature. For both morphologies, the
EDX mapping shows the presence of Mo, C and O elements,
however, a higher oxygen to molybdenum ratio is observed in
the nanorods compared to the nanoparticles (Fig. S187).
Additionally, a higher oxygen content is observed in the
surface layer compared to the bulk structure for both mor-
phologies (Fig. S197), in line with the presence of an oxycarbi-
dic layer. The structural analysis of a plate-like nanoparticle by
HR-TEM reveals that its crystal structure matches that of the
orthorhombic Mo,C (Fig. 3e, top). In particular, the observed
structure fits perfectly the [4 3 2] zone axis of $-Mo,C (Pbcn). In
contrast, the nanorod structure does not correspond to -Mo,C
and it fits neither to MoO; or MoO, with a distorted rutile

Nanoscale, 2020, 12,13086-13094 | 13091
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(a) Schematic of the experimental conditions during the DRM experiment; (b) catalytic performance of $-Mo,C/C in DRM (laboratory scale

reactor, 800 °C, 8 bar, SV = 550 L gmo * h™%); DRM experiment followed by (c) Mo K-edge XANES, where the inset shows the phase evolution accord-
ing to MCR-ALS, and (d) XRD (Q = 4xsin(6)/.) (capillary reactor, 730 °C, 8 bar, SV = 3500 L gmo * h™3); (e) TEM and HR-TEM images of the spent
Mo,C,0O,/C catalyst revealing two different morphologies, i.e. aggregates of nanoplates (top) and nanorods (bottom); (f) TEM images of amorphous

carbon deposited on the active Mo,C,O,/C catalyst.

structure (Fig. S20t). This observation combined with a high O
content, in addition to the simultaneous presence of Mo and
C elements in the EDX maps, allows us to attribute the nano-
rods to a crystalline oxycarbidic phase Mo,C,O,. Additionally,
amorphous carbon was found attached to the surface of
Mo0,C/Crosaso (Fig. 3e). The origin of the carbon observed can
be either the partial degradation of the carbon spheres
support or catalyst coking under reaction conditions. However
the latter is unlikely due to the low coking rate of carbide
based catalysts.'"> Noteworthy, the TEM analysis of
Mo,C/Crosago reveals no presence of MoO, proving the high

13092 | Nanoscale, 2020, 12, 13086-13094

stability of Mo,C,0, towards oxidation under operating
conditions.

Conclusions

We have shown that delaminated MoO; nanosheets dispersed
on carbon spheres, are carburized only partially by annealing
in an inert gas and require H, to form -Mo,C/C quantitatively.
The carburized material shows a stable performance in the
DRM reaction at an elevated pressure of 8 bar. The combi-

This journal is © The Royal Society of Chemistry 2020
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nation of advanced in situ XANES/XRD analysis and TEM
characterization allowed us to attribute a combination of
f-Mo,C and Mo,C,0, to the active state of the catalyst. In
addition, the higher oxidation states of }-Mo,C/M0,C,0,, cata-
lyst correlate with higher rates of the competing, undesired
RWGS reaction.
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