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1. Introduction

Tuning the reactivity of molybdenum (oxy)carbide
catalysts by the carburization degree: CO,
reduction and anisole hydrodeoxygenation

Jiadong Zhu, © Evgeny A. Uslamin, © Nikolay Kosinov @ * and Emiel J. M. Hensen @ *

Molybdenum (oxy)carbide catalysts supported on activated carbon were prepared by a carbothermal hydrogen
reduction method without passivation step. Four carburization temperatures (500 °C, 600 °C, 700 °C and 800
°C) were selected to control the catalyst carburization degree based on studies of catalyst precursor
carburization process by TGA-MS and in situ XANES. Quasi in situ XRD, XAS and XPS revealed that two types of
material were produced — molybdenum oxycarbide (500 °C and 600 °C) and molybdenum carbide (700 °C and
800 ©°C) catalysts. The oxycarbide catalysts are rich in Mo-oxide and Mo-oxycarbide species (MoO, and
MoO,C,) and the carbide catalysts rich in Mo-carbide species (a-MoC;_, and p-Mo,C) with a certain remaining
oxygen atoms. The carbidic and oxophilic Mo sites in the catalysts were respectively probed by CO and N,O
chemisorption. The structure-performance relationships of these catalysts in CO, hydrogenation and anisole
hydrodeoxygenation (HDO) were studied. For CO, hydrogenation, the carbide catalysts were much active than
the oxycarbide catalysts and CO was the main product in all the catalysts. In contrast, the oxycarbide and carbide
catalysts displayed comparable activity towards anisole conversion and the main products shifted from a mixture
of phenol and benzene to only benzene upon increasing the carburization temperature from 600 °C to 700 °C.
These catalytic results demonstrate that the catalytic performance of molybdenum (oxy)carbide material can be
effectively tuned by varying the carburization degree and such tuning effect depends on the nature of reactant
molecules: the carbidic Mo sites in Mo-carbide species are associated with CO, and anisole-to-benzene
conversions, and the oxophilic Mo sites in Mo-oxycarbide species are related to anisole-to-phenol conversion.

complex due to the incorporation of carbon atoms. For example,
it has been demonstrated that the chemical and -catalytic

Transition metal carbides and molybdenum carbide in particular
are efficient and earth-abundant heterogeneous catalysts.'
Molybdenum carbide displays promising catalytic performance in
reactions such as alkane hydrogenolysis,” hydrodenitrogenation
of organonitrogen compounds,’ dry reforming of methane,® the
water-gas shift (WGS) reaction” and CO hydrogenation.® In recent
years, the application of molybdenum carbide catalysts has also
been extended to catalytic reactions relevant for the transition to
a sustainable chemical industry, including CO, hydrogenation®™*
and biomass valorization." ™"

Notwithstanding its wide catalytic applications, the nature of
active site(s) and structure-performance relationship of
molybdenum carbide catalysts remain rather unclear. Compared
to metallic catalysts, the surface of molybdenum carbide is more
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properties of molybdenum carbides are governed by the carbon-
to-metal ratio of the catalyst particles.”* Moreover, the carbidic
surface is typically prone to dynamic changes under the reaction
conditions. It has, for instance, been demonstrated that oxygen
atoms can be incorporated into the carbidic phase during the
conversion of oxygen-containing molecules, but different
opinions exist regarding the influence of incorporated oxygen on
the catalytic performance.”2® Using density functional theory,
Liu et al. showed that C-terminated Mo,C covered with oxygen is
more active than Mo,C itself for the WGS reaction due to an
optimal bonding of reaction intermediates.>> On the other hand,
Choi and co-workers demonstrated that the presence of oxygen
in molybdenum carbide is detrimental to benzene hydrogenation
activity.>> Kumar et al reported that increasing the oxygen
content in molybdenum carbide catalysts shifts the selectivity in
anisole hydrodeoxygenation (HDO) from benzene to phenol.*®
The authors postulated that oxygen treatment results in MoO,/
MoO,C, clusters with proper surface ensembles required for the
aromatic C-O bond cleavage.

Another challenge in establishing accurate structure-
performance relationship for molybdenum carbide catalysts is
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related to the synthesis procedure. Dispersed molybdenum
carbide is a highly pyrophoric material and passivation in
diluted oxygen 1is therefore commonly wused after the
preparation.””® Nevertheless, it has been observed that
oxidation still slowly proceeds at ambient conditions even after
passivation.® Prior to evaluating its catalytic performance, the
passivated samples are usually activated in hydrogen atmosphere
at elevated temperature, which leads to the partial removal of O
atoms but likely C atoms as well, further complicating the
comparison and analysis of catalysts.>*° A (quasi) in situ
approach without passivation-activation procedure is therefore
of great advantage to understand the metal carbide catalysts.**

In this study, we prepared a series of molybdenum (oxy)
carbide catalysts by a carbothermal hydrogen reduction method
using activated carbon support as the carbon source.”* These
catalysts were tested for CO, hydrogenation and anisole
hydrodeoxygenation (HDO) to study the influence of catalyst
carburization degree on these two reactions. For this purpose, we
first studied the catalyst precursor carburization process by TPR-
MS and in situ XANES. Based on the obtained insights, four
different temperatures (500 °C, 600 °C, 700 °C and 800 °C) were
selected to tune the carburization degree of the resulting catalysts.
The as-prepared catalysts were directly transferred to a glovebox
without passivation, characterized in detail and tested in the
catalytic reactions without air exposure we established that the
combination of CO chemisorption (sensitive to carbidic Mo sites)
and N,O chemisorption (sensitive to all oxophilic Mo sites) is a
powerful approach to probe the surface of (oxy)carbide catalysts.
The catalytic results demonstrated that the CO, conversion is
govern by carbidic Mo sites, while hydrodeoxygenation of anisole
is associated with both carbidic and oxophilic Mo sites.

2. Experimental section

2.1 Catalyst preparation

Activated carbon (NORIT RX-3 extra, Sgpr = 1219 m?® g') was used
as-received, crushed and sieved to a 125-250 um fraction before
depositing the molybdenum precursor. The Mo/C catalyst
precursor was prepared by wet impregnation using an aqueous
solution of (NH,)sM0,0,4-4H,O (AHM, Merck, >99%). The
starting Mo:C element weight ratio was 1:5. In a typical
synthesis, 1.47 g of AHM was firstly dissolved in 40 mL of
demineralized water followed by adding 4.0 g of the carbon
support. The resulting dispersion was sonicated for 15 min and
stirred at room temperature for 1 h. Next, the water was removed
by rotatory evaporation and the obtained solid was further dried
at 110 °C overnight. The carburization of Mo/C precursor was
performed at a home-built catalyst preparation setup, enabling
direct sample transfer to a glovebox. For each sample, 1.0 g of the
dried Mo/C precursor was loaded into a quartz reactor and then
carburized at selected temperatures (500 °C, 600 °C, 700 °C and
800 °C) for 6 h at a rate of 3 °C min™" in a 10 vol% H, in Ar flow
(50 mL min™"). After carburization, the catalysts were cooled to
room temperature in a flow of Ar (45 mL min™") and directly
transferred to a glovebox, where the samples were prepared for
further characterization and catalytic testing. The obtained
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catalysts are denoted as Mo/C(T), where T stands for the
carburization temperature.

Another series of catalysts (passivated and non-passivated)
was also prepared at a different preparation setup in order to
examine the effect of passivation-activation procedure. Similar
conditions were used to carburize the Mo/C precursor. After the
carburization the obtained samples were passivated in a 2.5
vol% O, in He flow (200 ml min™") at room temperature for 3 h.
The resulting passivated catalysts were further stored under
ambient conditions. The non-passivated catalysts were
transferred and stored in a glovebox without exposing to air.

2.2 Catalyst characterization

Inductively coupled plasma optical emission spectroscopy
(ICP-OES). The Mo loading in Mo/C precursor was determined
by ICP-OES (Spectro CIROS CCD spectrometer). Prior to
analysis, the sample was heated in 5 mL of concentrated nitric
acid at 150 °C for 1 h, and the residual activated carbon support
was removed by filtration.

Thermogravimetric analysis (TGA). The weight loss of Mo/C
precursor during carburization process was monitored by TGA
using Mettler Toledo TGA/DSC 1 instrument. About 15 mg of
sample was placed in an uncovered crucible. The sample was
heated to 900 °C at a rate of 5 °C min™' in a flow of 60 mL
min™ He and 6 mL min™* H,. The gas effluent was analysed by
an online mass spectrometer (Pfeiffer ThermoStar GSD 320 T).
The weight loss of as-prepared and used catalysts (after anisole
HDO) was also analysed using the same instrument. For this
purpose, about 15 mg of catalyst was placed in an uncovered
crucible, and then heated to 800 °C at a rate of 5 °C min " in a
flow of 40 mL min * He and 20 mL min " O,.

X-ray diffraction (XRD). The crystal structure of as-
prepared catalysts was studied with a Bruker D2 Phaser
diffractometer using Cu Ko radiation with a step size of 0.02°
at 1.0 s per step in the 26 range of 20-80°. The samples were
grinded, loaded to a sample holder and sealed by Kapton tape
in the glovebox before being transferred to the diffractometer.

X-ray photoelectron spectroscopy (XPS). The surface
composition of as-prepared catalysts was analysed using a K-Alpha
XPS instrument (Thermo Scientific) with a monochromatic small-
spot X-ray source and an 180° double focusing hemispherical
analyser. The samples were placed on a double-sided carbon tape
in the glovebox, and then transferred to the spectrometer using an
air-tight transfer holder. Spectra were collected using an
aluminium anode (Al Ko, = 1486.68 eV) operating at 72 W and a
spot size of 400 um. Survey scans were measured at a constant
pass energy of 200 eV and region scans at 50 eV. All spectra were
analysed with CasaXPS software and energy calibration was done
against activated carbon C 1s binding energy fixed at 284.6 eV.

CO chemisorption. The carbidic Mo sites in the catalysts
were probed by exposure the catalysts to small pulses of CO
at 50 °C using a home-built plug-flow pulsing setup equipped
with an online mass spectrometer (Balzers TPG 251). An
appropriate amount (ca. 30 mg) of catalyst was loaded into a
stainless-steel reactor and sealed by two valves in the

This journal is © The Royal Society of Chemistry 2020
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glovebox before being transferred to the setup. After heating
to 50 °C in a He flow (50 mL min"), CO pulses were injected
into the He flow by a six-way valve with a sample loop of 10
pl until no CO consumption by the catalyst was observed by
the mass spectrometry.

N,O chemisorption. The oxophilic Mo sites in the catalysts
were titrated by N,O pulsing using the same setup as for CO
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reaction gas mixture (20 vol% CO,, 60 vol% H, and 20 vol% N,)
at a total flow of 25 NmL min™". The reactor was then heated to
the reaction temperature at a rate of 5 °C min . The effluent
gas mixture was analysed by an online gas chromatograph
(Interscience, CompactGC) equipped with Rtx-1 (FID), Rt-QBond
and Molsieve 5A (TCD), and Rt-QBond (TCD) columns. The CO,
conversion and product selectivity were calculated after ca. 3 h
time-on-stream using the following equations:

X(CO ) _ F(Co)out + F(CH3OH)0ut + F(CH4)out +2X F(CZHﬁ)out +3x F(C3H8)0ut (1)
*1 " F(CO,) gy + F(CO) gy + F(CHyOH) gy + F(CHy) gy + 2% F(CoHg) gy + 3% F(CaHy gy
F duct
S(product) = (product) oy 2

chemisorption. N,O reacts with surface oxophilic Mo sites,
leading to N, formation (see below) in a similar way as
metallic Cu sites titrated by N,0.** The same sample
preparation and pretreatment were adopted for N,O titration
as for CO chemisorption. After reaching 50 °C in a He flow
(50 mL min™), 1 mL of 2 vol% N,O in He was periodically
pulsed into the He flow until no N,O consumption was
observed by online mass spectrometry.

X-ray absorption spectroscopy (XAS). The oxidation state
and local structure of molybdenum phases were investigated
using XAS. Extended X-ray adsorption fine structure (EXAFS)
and X-ray absorption near edge structure (XANES) spectra were
collected at the Mo K-edge in a transmission mode on beamline
BM26 (DUBBLE) at the European Synchrotron Radiation Facility
(Grenoble, France). The X-ray energy was selected using a Si(111)
monochromator and calibrated with molybdenum foil. Ex situ
samples were prepared by pressing grinded catalysts, diluted by
boron nitride, into stainless-steel sample holders in the
glovebox, and sealed with Kapton tape. In situ XANES
measurements during Mo/C carburization and anisole HDO
reaction were carried out using a high-temperature plug-flow
setup as described elsewhere.*® The Mo/C precursor was
carburized in situ at 700 °C for 30 min at a rate of 10 °C min™
in a H, flow (30 mL min™"), and then cooled to 300 °C before
starting the anisole HDO reaction. The reaction conditions were
the same as these used for the catalytic measurements (see
below). A separate in situ XANES experiment was performed to
trace the Mo/C catalyst precursor carburization process during
which the temperature was increased to 750 °C at a rate of 5 °C
min " in a flow of hydrogen. The EXAFS and XANES spectra were
background-subtracted and analysed with Athena, which is an
interface of the IFRFFIT software package.*”

2.3 Catalytic activity measurements

CO, hydrogenation. The catalytic performance in CO,
hydrogenation was evaluated in a down-flow stainless-steel
reactor (ID = 4 mm) at 250 °C and 30 bar. Typically, 50 mg of
catalyst was loaded in the reactor, sealed with two valves in the
glovebox and transferred to the catalytic setup. After flushing
the reactor with nitrogen, the reactor was pressurized with the

This journal is © The Royal Society of Chemistry 2020

F(CO) gy + F(CH30H) y + F(CHa) gy + F(CoHs)oye + F(C3Hs)

out

where F stands for the volumetric flow rate calculated based on
the internal standard (N,) using calibrated response factors. For
the study of passivation-activation effect, the passivated
catalysts were activated in a 10 vol% H, in He flow (50 ml
min~") at 550 °C for 1 h before the catalytic measurements.

Anisole hydrodeoxygenation (HDO). The catalytic
performance in anisole HDO was evaluated in a down-flow
quartz reactor (ID = 4 mm) at 300 °C and atmospheric
pressure. For this purpose, about 50 mg catalyst was loaded
in the reactor and sealed in the glovebox and transferred to
the catalytic setup. After flushing with hydrogen, the reactor
was switched to a hydrogen flow (30 NmL min ') saturated
with anisole vapour and heated to the reaction temperature
at a rate of 5 °C min™". The anisole vapour (0.3 kPa) was
supplied by flowing hydrogen through a thermostated
saturator at 19 °C. The effluent gas mixture was analysed by
an online chromatograph (Trace GC 1300, Thermo, equipped
with an FID detector coupled with Rxi-5Sil MS column). The
anisole conversion, product selectivity and product formation
rate were calculated after 18 h time-on-stream using the
following equations:

F(anisole) 3)

X(anisole) = 1 —
(anisole) F(anisole),,

S(aromatic) = F(aromatic), (4)
Z F(aromatic)
F(product
r(product) = %ﬁ:z"‘“ (5)
m cal

where F stands for the volumetric flow rate calculated using
calibrated response factors and V,, is the molar volume of
ideal gas at normal temperature and pressure.

3. Results and discussion
3.1 Mo/C precursor carburization

It is well known that interconversions between molybdenum
oxides, oxycarbides and carbides are complicated and
influenced by various parameters such as the carbon source,

Catal Sci. Technol.,, 2020, 10, 3635-3645 | 3637
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gas atmosphere, pretreatment, metal loading, etc.’*° To
select appropriate temperatures to obtain molybdenum (oxy)
carbide catalysts, the carburization of Mo/C precursor with
Mo loading of 14.9 wt% in a diluted hydrogen flow was first
studied by TGA-MS (Fig. 1a and b). The weight loss below 300
°C (the first weight loss region) is due to both the desorption
of physisorbed water from the support and the gradual
decomposition of AHM precursor to MoQOj3, likely in a highly
dispersed form.*® After the complete decomposition of AHM,
a weight loss peak at 490 °C appeared together with water (m/
z = 18) formation probed by MS, which can be related to the
reduction of MoOj; to M00,.*® Added to that, we observed the
oxygen atoms were also slowly removed as water before the
bulk reduction in the second weight loss region. This
observation can be tentatively explained by the formation of
metastable MoO,C, from MoO;, when the formed MoOj;
surface vacancies are filled by carbon atoms.*' The presence
of MoO,C, in addition to MoO, is consistent with the total
weight loss during the second weight loss region, showing
that the average oxygen atom loss per molybdenum atom is
higher than unity. In the third weight loss region, oxygen
atoms were continuously removed as water until the second
weight loss peak appeared (ca. 740 °C). In addition to water,
CO (m/z = 28) and a small amount of CH, (m/z = 15) were
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observed starting from 700 °C, pointing to the involvement of
the carbon support in the molybdenum carburization
process. Nevertheless, it should be noted that the
molybdenum carburization was not complete even at 850 °C
as indicated by the ongoing CO (m/z = 28) production.

In situ XANES (Fig. 1c and d) was further used to trace the
evolution of the molybdenum phases during the
carbothermal reduction synthesis. Fig. 1c shows the XANES
spectra of Mo/C precursor during carburization with
increasing temperature together with reference spectra of
Mo,C, MoO, and MoO;. The characteristic pre-edge feature
related to the dipole-forbidden 1s — 4d electronic transition
and assigned to tetrahedrally coordinated Mo"" species*>
disappeared, as the temperature increased from 400 °C to
450 °C. We ascribe this observation to the bulk reduction of
MoO; to Mo0,.** The MoO,-like phase was further reduced
and carburized into a Mo,C-like phase as inferred from the
similarity between the final spectrum at 750 °C and the
Mo,C reference spectrum. Based on the TG and XANES
results, three major carburization stages are tentatively
suggested in Fig. 1d: (i) the AHM precursor decomposition to
MoO; (<300 °C), (ii) MoO; reduction into a mixture of MoO,
and MoO,C, (300-450 ©°C) followed by (iii) further
carburization at higher temperature (>450 °C) leads to the

n :
m/z=28 ' b

490

N

m/z=15 (x10)

100 200 300 400 500 600 700 800
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12
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038
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Fig. 1 Mo/C catalyst precursor carburization process studies. (a) TGA and DTGA profiles and (b) corresponding mass spectra during precursor
carburization. (c) In situ XANES spectra and (d) magnification of white line region at Mo K-edge during precursor carburization.
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Fig. 2 (a) XRD patterns and (b) k*-weighted R-space plots of as-prepared molybdenum (oxy)carbide catalysts.

formation of molybdenum carbide(s). It should be mentioned
that both a-MoC;-, and B-Mo,C phases can be formed from
a mixture of MoO, and MoOny.9 The nature of the formed
molybdenum carbide phase(s) cannot be determined
conclusively at this stage and will be studied in the following
sections.

3.2 Effect of passivation and activation

To examine the effect of passivation-activation procedure on
the catalytic performance, we carried out several CO,
hydrogenation tests with passivated and non-passivated
molybdenum carbide catalysts. These catalysts were prepared
at 800 °C. The catalytic results (Fig. Slaf) showed that,
without the activation procedure, the passivated catalyst was
significantly less active than the non-passivated catalyst.
Moreover, even after activating at 550 °C and ambient
pressure for 1 h in 10 vol% hydrogen flow (50 mL min™"), the
resulting catalyst was still much less active than the non-
passivated catalyst. Quasi in situ XPS analysis of these
catalysts after reaction (Fig. S1bf) showed that the surface
Mo oxidation degree (non-passivated < passivated-activated
< passivated) was inversely correlated to the CO, conversion
(non-passivated > passivated-activated > passivated). This
observation clearly points to the superiority of passivation-
free approach over the passivation-activation approach for
the preparation of molybdenum carbide hydrogenation
catalysts. Based on these findings in the present work we will
focus on the catalysts prepared by the passivation-free
approach.

3.3 Mo/C(T) catalyst characterization

Based on the Mo/C carburization studies and analysis of
passivated and non-passivated catalysts, we chose four
temperatures (500 °C, 600 °C, 700 °C and 800 °C) to prepare
molybdenum  (oxy)carbide catalysts with  controlled
carburization degree without passivation step. We
characterized these materials in detail with respect to their
structural and surface properties. The as-prepared catalysts
were firstly examined by XRD (Fig. 2a). The XRD patterns of

This journal is © The Royal Society of Chemistry 2020

the samples carburized at 500 °C and 600 °C can be assigned
to MoO, phase. The relevant diffraction peaks become
broader as the carburization temperature increased,
indicating the further reduction/carburization of MoO,
phase. As the reduction temperature reached 700 °C,
diffraction peaks of 3-Mo,C phase appeared while the peaks
related to MoO, phase disappeared. The B-Mo,C phase was
crystallized further from 700 °C to 800 °C as evidenced by the
narrower and more intense XRD peaks observed in the Mo/
C(800) sample. A new diffraction peak at 42.4° was observed
in the Mo/C(800) sample, which can be assigned to a-MoC;_,
phase.’ Given the significant broadening of this new peak,
we speculate that the a-MoC;_, phase may originate from a
highly disordered and/or dispersed molybdenum oxycarbide
phase.’

We further studied the (oxy)carbide catalysts by XAS. The
data was plotted in R-space with MoO, and -Mo,C standards
to help data interpretation (Fig. 2b). In line with the XRD
results, the MoO, phase was consumed when the
temperature was increased from 500 °C to 600 °C as
indicated by the decreasing contribution of the Mo-Mo shell
(3.2 A) from the MoO, phase. Moreover, the B-Mo,C phase
formed at 700 °C and its contribution increased upon further
raising the temperature to 800 °C as revealed by the
increasing contribution of the Mo-Mo shell (2.7 A) from the
B-Mo,C phase. Additional weak Mo-Mo contributions
(marked by red arrows) with a coordination distance of 2.5 A
appeared in the Mo/C(500) and Mo/C(600) samples. Based on
the above Mo/C precursor carburization and XRD results, we
suggest that this contribution can be related to dispersed
molybdenum oxycarbide phase (i.e. M0O,C,).

The XRD and XAS data points to the presence of MoO,
and Mo-carbide species (B-Mo,C and a-MoC,-,) in the
catalysts, but the presence of MoO,C, species requires
additional characterization. For this purpose, we employed
XPS to study the Mo oxidation state and surface composition
of the catalysts (Fig. 3). We focused on the Mo 3d and O 1s
regions in this study since activated carbon was used as the
support and its signal dominates the C 1s region. The Mo 3d
spectra were deconvoluted into four doublet contributions

Catal. Sci. Technol,, 2020, 10, 3635-3645 | 3639
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Fig. 3 Mo 3d and O 1s XP spectra of as-prepared molybdenum (oxy)carbide catalysts.

(Mo®", Mo*", Mo®*" and Mo?") and the deconvolution results
are shown in Table 1. The Mo®" contribution assigned to
MoO; was negligible in all the samples owing to the
passivation-free approach.**> The Mo*" contribution is
assigned to MoO, (ref. 13 and 44) and the Mo®* and Mo**
contributions to Mo-carbides (a-MoC;_, and B-Mo,C)."**"*°
Significant Mo®* contributions were observed in the Mo/
C(500) and Mo/C(600) catalysts, which are assigned to
Mo00,C,.*""** For the O 1s spectra, the contributions with
binding energies of 532.4 eV, 530.9 eV and 530.1 eV are
assigned to oxygen from surface groups on carbon support,
Mo0,C, and MoO,, respectively.”” The oxygen contributions
from MoO,C, and MoO, species were used to calculate the
overall O/Mo atomic ratio in the catalysts (Table 1).

528
Binding energy (eV)
The XPS results showed that significant surface

molybdenum carburization occurs upon increasing the
temperature from 600 °C to 700 °C as indicated by the shift
of the predominant oxidation states from Mo®" and Mo** to
Mo*" and Mo>", and by the significant decrease of the O/Mo
atomic ratio. This observation is consistent with the previous
XRD and XAS observations. Importantly, significant amounts
of Mo0O,C, species (Mo’") were observed by XPS which were
not detected by XRD. Such difference can be understood
since the formed MoO,C, surface species from partially
reduced MoO; are highly disordered and/or dispersed in
nature.’ In line with TG-MS results, molybdenum
carburization was not complete even at the highest
carburization temperature (800 °C) as indicated by the

Table 1 O/Mo ratio and Mo 3d XPS analysis of as-prepared molybdenum (oxy)carbide catalysts

Mo 3ds/, binding energy (eV)

Composition (mol%)

O/Mo
Catalyst atomic ratio Mo>* Mo** Mo** Mo** Mo>* Mo** Mo** Mo**
Mo/C(500) 1.43 231.3 229.4 228.9 228.3 64 30 6 0
MO/C(GOO) 1.48 231.3 229.4 228.9 228.3 58 21 15 0
Mo/C(700) 0.38 231.3 229.4 228.9 228.3 12 4 44 40
Mo/C(800) 0.22 231.3 229.4 228.8 228.3 9 3 44 45
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presence of Mo>" and Mo*" contributions and presence of
oxygen on the surface of the Mo/C(800) catalyst. Based on
these observations, we conclude that Mo/C(700) and Mo/
C(800) samples can be described as carbide surfaces with a
certain amount of remaining oxygen atoms.”?

We further used chemisorption (CO and N,O) to directly
probe the surface sites in the catalysts.*® Control experiments
showed that the bare carbon support did not chemisorb CO
or N,O. The results in Table 2 show that the Mo/C(500) and
Mo/C(600) catalysts contained almost no carbidic Mo sites,
while Mo/C(700) and Mo/C(800) catalysts contained
considerable amounts of these sites. This observation
indicates that significant molybdenum carburization took
place between 600 °C and 700 °C. Next, N,O was used as a
probe molecule to measure surface oxophilic Mo sites (i.e. all
oxidizable surface centres) in the catalysts. A representative
N,O titration profile is shown in Fig. S2.f The high surface-
sensitivity of this technique was confirmed by a quasi in situ
XPS analysis (Fig. S3t1), which showed that no significant
oxidation took place after N,O chemisorption. Given that XPS
probes top few nm of the surface, the absence of significant
oxidation observed in XP spectra implies that only the top
atomic layer of the catalysts is probed by N,O. In contrast to
CO chemisorption, the N,O titration results show that
significant amounts of oxophilic Mo sites were probed by
N,O in the Mo/C(500) and Mo/C(600) catalysts. The
substantial difference in the Mo sites probed by CO and N,O
in the Mo/C(500) or Mo/C(600) suggests that other
molybdenum-containing species contribute to the N,O
consumption in addition to Mo-carbide species. Reference
experiment with MoO, standards showed that this material
was completely inactive for N,O chemisorption. As such, we
suggest that N,O molecule also probes the oxophilic Mo sites
in the MoO,C, species (i.e., oxygen vacancies*’), which can
not be probed by CO. The Mo/C(700) and Mo/C(800) also
contain significant amounts of oxophilic Mo sites, in line
with previous oxygen chemisorption study on molybdenum
carbide.”® 1t should be mentioned that the difference
between the amounts of carbidic and oxophilic Mo sites in
the Mo/C(700) and Mo/C(800) is due to the incomplete
molybdenum carburization®® and the relatively high
chemisorption temperature (50 °C) used in current study.’®
Based on these results, we propose that CO and N,O can be
used as complementary probe molecules for the
quantification of carbidic and oxophilic Mo sites in the (oxy)
carbide catalysts.

Table 2 Carbidic and oxophilic Mo site density
molybdenum (oxy)carbide catalysts

in as-prepared

Carbidic Mo Oxophilic Mo

Catalyst sites (Wmol geor V) sites (umol geq )
Mo/C(500) 0.2 64.0
Mo/C(600) 0.3 62.2
Mo/C(700) 7.2 129.8
Mo/C(800) 11.2 120.8

This journal is © The Royal Society of Chemistry 2020
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Using a combination of XRD, XAS, XPS and chemisorption
(CO and N,0), we have demonstrated that molybdenum (oxy)
carbide catalysts with controlled carburization degree (i.e.
oxygen removal extent) can be prepared by adjusting the
carburization temperature. Specifically, the Mo/C(500) and
Mo/C(600) catalysts are rich in MoO,C, and MoO, species
and the Mo/C(700) and Mo/C(800) catalysts are rich in Mo-
carbide species (a-MoC;_, and B-Mo,C) with a certain
amount of remaining oxygen atoms. In the following
sections, therefore, we refer to the Mo/C(500) and Mo/C(600)
samples as oxycarbide catalysts and to the Mo/C(700) and
Mo/C(800) samples as carbide catalysts.

3.4 Catalytic performance

3.4.1 CO, hydrogenation. The CO, hydrogenation reaction
was evaluated over the as-prepared molybdenum (oxy)carbide
catalysts to study the influence on the molybdenum
carburization degree (Fig. 4a). Blank catalytic test with carbon
support showed that it is inactive for CO, conversion. Fig. 4a
shows that the catalysts prepared at higher carburization
temperature displayed enhanced CO, conversion and all the
catalysts showed similar product selectivity profiles
independent of CO, conversion level. CO was the
predominant product with a selectivity in the range of 60-
75%. In addition, other products included methane (10-
20%), methanol (10-20%) and small amounts of ethane and
propane (<2%). The CO, conversion and product distribution
as a function of carburization temperature, together with
previous characterization results, suggest that Mo-carbide
species are responsible for CO, hydronation. To gain more
insight into the active sites for CO, hydrogenation, the CO,
conversion was plotted against the amount of carbidic Mo
(Fig. 4b) and oxophilic Mo sites (Fig. S67) determined from
chemisorption. Fig. 4b shows that CO, conversion scales well
with the amount of carbidic Mo sites in the catalysts, which
underpins the involvement of Mo-carbide species in CO,
conversion. Such strong correlation, however, between the
CO, conversion and the amount of oxophilic Mo sites does
not exist.

3.4.2 Anisole hydrodeoxygenation (HDO). Next, anisole
HDO was performed over the as-prepared molybdenum (oxy)
carbide catalysts. As similar in above CO, hydrogenation, no
activity was observed over the bare carbon support. However,
the conversion and product distribution in anisole HDO over
the as-prepared catalysts show different dependence on the
carburization temperature (Fig. 5a) as compared to CO,
conversion. For example, the conversion difference between the
oxycarbide and carbide catalysts is not as significant as in CO,
hydrogenation. Moreover, different product selectivity profiles
were observed between the oxycarbide and carbide catalysts at
the end of the test (ca. 1 h) - the selectivity shifted from a
mixture of benzene and phenol to predominantly benzene (ca.
93%) as the carburization temperature increases from 600 °C to
700 °C. Moreover, the methyl anisole selectivity over the
oxycarbide catalysts was significantly higher than that over the

Catal. Sci. Technol,, 2020, 10, 3635-3645 | 3641
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carbide catalysts. It should be mentioned that no significant
changes in selectivity were observed during the reaction (ca. 17-
20 h) as showed in Fig. S8 Clearly, active sites other than
carbidic Mo sites are available in the oxycarbide catalysts for
anisole activation. To gain insights into the active sites for
anisole conversion, initial benzene formation rate (TOS = 30
min) was plotted against CO chemisorption data (Fig. 5b). The
initial reaction rate was used here as a severe catalyst
deactivation occurs at the beginning of the reaction over carbide
catalysts (see below). Similar to CO, hydrogenation, we found
that the initial benzene formation rate is proportional to the
amounts of carbidic Mo sites, pointing to the involvement of
these sites in anisole-to-benzene conversion. Regarding anisole-
to-phenol conversion, it is likely associated with the oxygen
content in the oxycarbide catalysts. This hypothesis is supported

3642 | Catal. Sci. Technol,, 2020, 10, 3635-3645

(a) Anisole conversion and product selectivity and (b) correlation

Carbidic Mo sites (umol/gcat)

between initial benzene formation rate and carbidic Mo site density

by a recent report by Kumar et al*® in which the authors
showed that oxygen treatment of molybdenum carbide catalysts
led to higher phenol selectivity in anisole HDO. In the current
study, the phenol production from anisole over the oxycarbide
catalysts is likely associated with MoO,C, species because MoO,
was proven to be completely inactive for anisole HDO under
similar conditions.”® Importantly, the presence of such
oxycarbide species is explicitly revealed by quasi in situ XPS
analysis in this study. Moreover, the oxophilic Mo sites in
MoO,C, species (e.g. oxygen vacancies®’), the potential active
sites for phenol formation, can be quantified by N,O
chemisorption.

As molybdenum carbide appears to be a promising
catalyst for selective benzene production from anisole, we
further investigated its time-on-stream behaviour. Fig. 6a

This journal is © The Royal Society of Chemistry 2020
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shows that the benzene formation rate decreased
significantly at the beginning of the reaction, and then
decreased at a slower rate as the reaction continued. Similar
catalyst deactivation behaviour was observed in literature®'
and two main deactivation mechanisms were proposed in
literature: carbide oxidation and carbonaceous deposition.”
To shed light on the deactivation mechanism over the Mo/
C(700) catalyst, several (in situ) techniques were used to study
the catalyst modification during anisole HDO. In situ XANES
spectra (Fig. 6b) revealed that no bulk phase oxidation
occurred at the beginning of reaction. Further quasi in situ
XPS measurements (Fig. 6¢) also showed that no significant
surface oxidation took place after anisole HDO reaction,
although even more surface-sensitive technique might be
necessary to answer this question definitively.*" On the other
hand, carbonaceous deposition after anisole HDO was
evidenced by TG analysis of the used catalyst. A significant
weight loss occurred in the temperature range of 100-300 °C.
It should be noted that the initial weight gain in the as-
prepared catalyst is due to oxidation of molybdenum carbide
in air.>® The total weight loss until 600 °C was about 8 wt%
higher for the used catalyst compared to the as-prepared
catalyst. Further calculation indicates that the carbonaceous
deposition in the used catalyst after anisole HDO was ~25
wt%. The combined XANES, XPS and TG results suggest that
carbonaceous deposition, instead of carbide phase oxidation,

This journal is © The Royal Society of Chemistry 2020

is likely the main reason for the quick carbide catalyst
deactivation during anisole HDO. To mitigate the
deactivation caused by carbonaceous deposition, one might
carry out anisole HDO at higher hydrogen pressure and
temperature® or enhance the hydrogenation ability of
molybdenum carbide catalyst such as by increasing phase
crystallinity® or by adding a second metal function.>®

3.4.3 Active site(s) of CO, and anisole conversion.
Although the reactions of CO, hydrogenation and anisole
HDO both involve CO bond cleavage, our catalytic results
show that these two reactions correlate differently to the Mo
sites measured by chemisorption. Specifically, the carbidic
Mo sites (probed by CO) are associated with CO,
hydrogenation and anisole-to-benzene conversion, while the
oxophilic Mo sites (probed by N,0) in oxycarbide phase are
inactive for CO, conversion but associated with anisole-to-
phenol conversion. The bond strength of the cleaved C-O
bond may explain such difference: C=0 bond in CO, (BDE:
532.2 k] mol™") is much stronger than aryl C-O (BDE: 418.8
k] mol™) and particularly alkyl C-O (BDE: 263.2 k] mol™)
bonds in anisole.”” In other words, CO, activation is more
difficult than anisole activation, and it is possible that the
oxygen binding energy to oxycarbide surface is not strong
enough to dissociate the C=0 bond in CO, as compared to
the carbide surface.”® Furthermore, the selectivity shift in
anisole HDO may be explained by the adsorption geometry

Catal Sci. Technol, 2020, 10, 3635-3645 | 3643
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anisole adopts over the (oxy)carbide surface. Eng et al. used
HREELS to show that benzene interacts with a carbide-
modified Mo(110) surface in a planar manner, and such
interaction is much weaker on an oxide-modified carbide
surface.”® Based on that, we postulate that anisole may adopt
an on-top geometry over the carbide surface and an end-on
geometry over the oxycarbide surface. Such difference in
adsorption geometry leads to the selective cleavage of aryl
C-O or alkyl C-O in anisole. Further kinetic and
spectroscopic analysis together with theoretical calculation
are necessary in order to fully understand the mechanism of
CO, and anisole conversion over (oxy)carbide surfaces.

4. Conclusions

We have demonstrated that the carburization degree of
molybdenum (oxy)carbide catalyst can be tuned by varying
the carbothermal synthesis temperature. In situ XANES, TGA,
XRD, EXAFS, XPS and chemisorption results revealed that the
catalyst was transformed from a surface rich in MoO, and
MoO,C, species to a surface rich in Mo-carbide species (a-
MoC;_, and B-Mo,C) between 600 °C and 700 °C. Catalytic
results showed that carbide catalysts were much more active
than oxycarbide catalysts for CO, conversion, pointing to the
relevance of carbidic Mo sites in CO, activation. In contrast,
oxycarbide and carbide -catalysts displayed comparable
anisole conversion and different product selectivity profile
during anisole HDO. The oxophilic Mo sites in MoO,C,
species promote the anisole-to-phenol conversion, whereas
the carbidic Mo sites in carbide species facilitate the deeper
hydrogenolysis of anisole to benzene.
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