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Abstract: As an alternative to noble metal hydrogenation catalysts, pure molybdenum carbide
displays unsatisfactory catalytic activity for arene hydrogenation. Precious metals such as palladium,
platinum, and gold are widely used as additives to enhance the catalytic activities of molybdenum
carbide, which severely limits its potential applications in industry. In this paper, iron-promoted
molybdenum carbide was prepared and characterized by various techniques, including in situ XRD,
synchrotron-based XPS and TEM. while the influence of Fe addition on catalytic performance for
toluene hydrogenation was also studied. The experimental data disclose that a small amount of Fe
doping strongly enhances catalytic stability in toluene hydrogenation, but the catalytic performance
drops rapidly with higher loading amounts of Fe.

Keywords: molybdenum carbide; Fe-promoter; toluene hydrogenation; synchrotron-based XPS;
in situ XRD

1. Introduction

Catalytic hydrogenation of arenes has continuously received attention due to in-
creasing demands for the production of synthetic textiles and other fine chemicals [1,2].
Meanwhile, iterative catalytic hydrogenation/dehydrogenation of arenes/corresponding
naphthalene pairs has been used for hydrogen storage and transportation [3]. To convert
stable molecules under mild conditions (for example, below 100 °C) with high selectivity
and yield, noble metals such as platinum, ruthenium and rhodium are required as the
main catalytic components in these processes [4-13]. Nevertheless, these catalysts have not
received widespread industrial use because of their high cost, complex preparation proce-
dures and vulnerability to sulfur poisoning [14-17]. On the other hand, cheaper supported
Ni and Co catalysts including Ni-W/Al,O3, Co-Mo/Al,O3 Ni-Mo/Al,O3 and other indus-
trial catalysts, are less active for this hydrogenation reaction and must be operated under a
high reaction temperature and pressure [6,18-27]. Transition metal carbide catalysts (molyb-
denum carbide, tungsten carbide, etc.) exhibit Pt-like characteristics in various reactions
with excellent anti-poisoning properties [14,15,28,29]. In recent years, with the develop-
ment of preparation methods, molybdenum carbide has been applied in the fields of CO
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hydrogenation [30], ammonia synthesis [31,32], CO, hydrogenation [33-35], hydrodesul-
furization (HDS), furfural hydrogenation [36] and hydrodenitrogenation (HDN) [37-40].
However, efforts focusing on the applications of carbide catalysts for arene hydrogenation
have been limited. Furthermore, pure carbide materials exhibit lower catalytic activities
and stabilities than platinum-like metals, and so the catalysts must be improved.

In most cases, catalytic performance of a given catalyst could be improved by doping
transition metals, and noble metals are widely used as key additives to promote the
catalytic performance of carbide catalysts [41], which inevitably increases the cost of the
catalysts and consequently hinders their industrial applications [3,4,30,31,33,42,43]. It
is of great industrial and academic interest to use inexpensive additives and develop
preparation methods to achieve cheap and highly active catalysts. Numerous works have
been undertaken doping base transition metals to molybdenum carbide. For instance, the
molybdenum carbide as catalyst for conversion of CO, into ethylene was improved by
doping Fe for tailoring its activity and stability [44], doping the base transition metals (Fe,
Co, and Ni) to molybdenum carbide enhances the hydrogen evolution in mildly acidic
and alkaline media [45], and the activity of CO hydrogenation was also modulated by
doping transition metals (Fe, Co, and Ni) [46]. Therefore, we plan to use the base transition
metal to improve the activity of toluene hydrogenation. The transition metal, Fe, has been
reported to facilitate the toluene hydrogenation by using unsupported and supported Fe
as catalysts [47,48]. Here, we would dope the molybdenum carbide with Fe to promote the
catalytic performance by the interaction between Fe and the molybdenum carbides.

Therefore, we prepared Fe-promoting molybdenum carbide catalysts with different
Fe loading amounts and carburization temperatures. The experimental results disclose that
loaded Fe species are highly dispersed and largely exist on the surface of molybdenum
carbide catalysts, which strongly enhance the catalytic activity and stability. However,
the Fe-promoting Mo,C catalyst can be oxidized by trace amounts of oxygen species
during the hydrogenation process, but the catalytic performance can fully recover after the
recarburization process.

2. Results and Discussion
2.1. Physicochemical Properties and Morphology of the Fe/Mo,C Catalysts

Figure 1 shows XRD patterns of the Fe/Mo,C catalysts carburized at 550 °C with
different Fe loadings (Fe:Mo molar ratios equal to 0:100, 1.5:98.5, 5:95, 10:90, 15:85, and
20:80, which are denoted as Mo,C-550, 1.5Fe-Mo,C-550, 5Fe-Mo,C-550, 10Fe-Mo,C-550,
15Fe-Mo0,C-550 and 20Fe-Mo,C-550, respectively). The characteristic diffraction peaks
located at 20 of 34.8 °, 38.4 °, and 39.8 ° for the Fe-MoOj3 precursors are assigned to the
hexagonal 3-Mo,C phase (hcp crystal structure), while the characteristic diffraction peaks
at 20 of 26.0 °, 37.0 °, and 53.5 ° are attributed to the MoO, phase with a monoclinic crystal
structure [49]. In the catalyst with 1.5 mol% Fe, the main component is 3-Mo,C with a
trace amount of MoO,. When the Fe/Mo molar ratio increases, the content of the MoO,
phase steadily decreases until no MoO;, is found in the carbide material with 15 or 20 mol%
Fe. In comparison, the non-Fe-promoted catalyst contains much higher amounts of MoO,
(also seen in Figure S1a), which suggests that the addition of Fe considerably promotes the
carburization process. However, a small peak at 44.7 © assigned to metallic Fe appears in
the XRD patterns of the 15Fe-Mo,C-550 and 20Fe-Mo,C-550 catalysts, which should be
attributed to the segregation of overloaded Fe species. Figure 1b shows that catalysts with
an Fe/Mo molar ratio of 1.5/98.5 grew in crystallite size from 5.6 to 9.7 nm with increasing
carburization temperatures. For the low Fe doping carbide catalysts, no characteristic
diffraction peaks of metallic Mo and Fe were detected, indicating the good dispersion of Fe
species in the bulk or surface.
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Figure 1. X-ray diffraction (XRD) patterns of Fe-promoted molybdenum carbides (Fe/Mo,C-550) (a) with different Fe
promoting amounts and 1.5Fe/Mo,C (b) with different final carburization temperatures.

Furthermore, an in situ XRD technique was used to study the phase transition during
the preparation of the 1.5Fe-Mo,C-550 catalyst. As shown in Figure 2, the reduction and
carburization of MoOj in 20%CH,/H; proceeded via two steps. First, the intensity of
MoOj3 gradually decreased as the temperature increased from 25 °C to 460 °C, and MoOj3
was completely converted at approximately 500 °C; moreover, the formation of MoO; and
Mo,C appeared at 466 °C and 578 °C, respectively. At 630 °C, all molybdenum oxides
were converted to Mo,C. No molybdenum metal appeared during the MoO3; and MoO,
transitions, indicating that MoO, was directly transformed into molybdenum carbide and
that no other intermediate phase formed. Nevertheless, Fe did not appear throughout the
carburization process, which suggests that no aggregation-redispersion process occurs.
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Figure 2. In situ XRD study of the carburization process of precursor 1.5Fe-MoQOs3.

2.2. Spatial Distribution of Fe-Promoter and Mo,C Phases in the Fe/Mo,C Catalysts

Microscopic evidence shown in Figure 3 confirm the synthesis of 3-Mo,C with porous
microstructure. Furthermore, we analyzed the element distributions of iron and molybde-
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num in the fresh catalyst by the STEM-EDX mapping technique (Figure 3e). The distribution
of Fe in the 1.5Fe-Mo,C-550 catalyst was highly uniform in the molybdenum carbide, which
confirms that iron species exist as single atoms or extra small clusters in the carbide.

s0nm

HAADE MAG: 320X ’ 1 "W hianor mAG: 320kx

Figure 3. (a) High-angle annular dark-field scanning transmission electron microscopy (STEM-HAADF) image, and
transmission electron microscopy (TEM) images (b,c) of the fresh 1.5Fe-Mo,C-550 catalyst, (d) corresponding fast Fourier
transform (FFT) image confirming the presence of 3-Mo,C, (e) STEM-HAADF and corresponding energy-dispersive X-ray
spectroscopy (EDX) element mapping of (e-1) Mo, (e-2) Fe, (e-3) C of fresh catalyst 1.5Fe-Mo,C-550.

To reveal whether Fe is dispersed in the bulk or on the surface of catalysts, synchrotron-
based XPS measurements were performed at BL02B of the Shanghai Synchrotron Radiation
Facility (SSRF), with photon energies of 400, 900, and 1400 eV to generate photoelectrons.
For Mo and C, 400, 900 and 1400 eV were used to excite photoelectrons from the Mo 3d
and C 1s core levels, and the kinetic energies of the excited photoelectrons were about
150, 650, and 1150 eV, respectively. The inelastic mean free paths (IMFPs) of these emitted
photoelectrons were about 0.5, 1.0 and 2.0 nm, respectively [50-52]. For Fe, photon energies
of 900 and 1400 eV were chosen to excite Fe 2p core-level electrons with kinetic energies of
about 150 and 650 eV, respectively. The inelastic mean free paths (IMFPs) of these emitted
photoelectrons were about 0.5 and 1.0 nm, respectively. This choice confirmed that the
kinetic energies (or IMFPs) of emitted photoelectrons from core levels of the compositional
elements in the same catalyst were analogical. After calibration for the photon flux and
cross section in photoemission, the measured intensities change provided compositional
information as a function of depth of the Fe/Mo,C catalysts.

As shown in Figure 4a, the chemical states of Fe species at different depths are closer
to metallic Fe but positively shift by approximately 0.6 eV, indicating electron transfer from
Fe to molybdenum carbide [53]. The C 1s XPS spectra (Figure 4a) confirm that graphitic
carbon partially deposits on the Mo,C surface with a thickness of approximately 0.5 nm,
which should be attributed to the unexpected graphitization reaction occurring at high
temperature. The Mo 3d binding energy peaked at 283.3 eV and remained unchanged at
the different depths.
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Figure 4. (a) Fe 2p, C 1s, and Mo 3d X-ray photoelectron spectroscopy (XPS) spectra of the prepared 1.5Fe-Mo,C-550
catalyst pretreated in a 20%CH4/H; atmosphere using a synchrotron-based XPS instrument with variable incident photon

energies. (b) Dependence of Fe/(Fe + Mo) atomic fractions of as-synthesized 1.5Fe-Mo,C-550 catalyst measured using

synchrotron-based XPS as a function of photoelectron kinetic energy and mean free path.

As indicated in Figure 4b, the measured atomic fraction Fe:(Mo + Fe) in the 1.5Fe-
Mo,C-550 catalyst varied as a function of depth. The atomic fraction of Fe was 0.08
(~0.5 nm) near the surface of molybdenum carbide but dropped to 0.002 as the incident
photon energy was increased to 1400 eV (~1 nm). Compared with the 0.015 Fe atomic
fraction (Table S1)) measured by ICP, we can confirm that well-dispersed Fe species should
exist near the surface of the catalyst, not in the bulk. Supposedly, the modulated surface
arising from the interaction between Mo,C and Fe might offer new active sites for toluene
hydrogenation [54].

2.3. Fe-Mo,C Catalysts Performance

The effect of Fe loading on the catalytic performance of Fe-Mo,C catalysts for toluene
hydrogenation is presented in Figure 5. Fe promotion substantially influences catalyst
stability and activity. The unpromoted Mo,C-550 catalyst exhibited an initial activity of
approximately 90% yield at 100 °C but quickly dropped to a conversion of 60% within
one hour and reached 20% conversion after 4 h of reaction. Once a small amount of
Fe was doped into Mo,C, the lifetime of the 1.5Fe-Mo,C-550 catalyst was substantially
improved, as it maintained a 100% yield over 8.4 h, which is almost 10-fold longer than
that of the non-doped catalyst. However, the higher doping amounts worsen the catalytic
performance as the catalytic stability dramatically decreases with increasing Fe loadings.
In particular, 15Fe-Mo,C-550 (15 at% Fe) showed a catalytic activity similar to that of
unpromoted molybdenum carbide (3-Mo,C, and 20Fe-Mo,C-550 displayed negligible
activity for toluene hydrogenation [55,56]. The similarity between the initial activity of
unpromoted Mo, C-550 catalyst and the promoted Mo, C with different Fe loadings suggests
the Mo, C should be the real active sites for hydrogenation reaction, but the addition of the
small amount of Fe largely inhibits the fast deactivation due to unknown reasons.

Figure 6 shows the effect of carburization temperature on the catalytic performance of
Fe/Mo,C. The catalyst carburization temperature has a negative effect on the Fe/Mo,C
catalyst performance. With increasing carburization temperature, the activities gradually
decreased. The catalyst carburized at 600 °C displayed a poor initial activity, and the
catalyst carburized at 700 °C was completely inactive for toluene hydrogenation. Clearly,
the carburization temperature influences the particle sizes of the doped carbides (Figure 1b)
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but does not change their crystalline structure. This finding means that for toluene hydro-
genation, the defective surface of the doped carbide might display better catalytic activity
than the well-crystallized surface. Considering the effect of Fe doping amounts on the
catalytic performance, it suggests that surface defects in the Fe-modulated Mo,C should
be more active than the non-promoted Mo,C and Fe nanoparticles. Moreover, the initial
reactivity of Mo,C-500 is quite close to that of the doped carbides, which suggests that the
addition of Fe species does not substantially change the activity of active sites for toluene
hydrogenation but inhibits rapid deactivation of the catalysts.
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Figure 5. Effect of Fe doping amounts (xFe-Mo,C-550, x = 0.1, 0.5, 1.0, 1.5, 5, 10, 15, 20) on toluene
hydrogenation. (3.0 MPa of total pressure, 100 °C as reaction temperature, 0.15 h~! as WHSV,
employing newly synthesized Fe-doped molybdenum carbide catalysts).
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Figure 6. Effect of carburization temperature (1.5Fe-Mo,C-T, T = 550, 600, 650, 700 °C) on toluene
hydrogenation. (3.0 MPa of total pressure, 100 °C as reaction temperature, 0.15 h~! as WHSV,
employing newly synthesized Fe-doped molybdenum carbide catalysts).

We characterized fresh and spent 1.5Fe-Mo,C-550 by XRD, TEM and XPS to study
catalyst deactivation. No difference was observed between the XRD patterns of the fresh
and used catalysts (Figure S5a), indicating the structural stability of the carbide catalyst in
the toluene hydrogenation reaction. Microscopic evidence also confirms that the porous
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500 nm
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microstructure of 1.5Fe-Mo,C-550 remained unchanged and that no segregation of Fe
occurred after 14 h of the experiment (Figure 7 and Figure S5b,c). Although the Mo 3d
and Fe 2p XPS spectra of fresh and used catalysts look similar, the O 1s XPS spectra show
that after the reaction, a new peak at 532.7 eV appears, which should be assigned to OH
species absorption on the surface of the catalyst (Figure 8) [57,58]. The XPS data suggest
that surface oxidation might be the main reason for catalyst deactivation. Nevertheless, the
C 1s XPS spectra also indicate that the surface of the fresh and used catalyst is still partially
covered by graphitic carbon (Figure 8).

HAADF MAG: 320kx

50 nm

1
HAADF MAG: 320kx HAADF MAG: 320kx

Figure 7. (a,b) STEM-HAADF image, (c,d) high-resolution TEM (HRTEM) image and its corresponding FFT image of
spent 1.5Fe-Mo,C-550 catalyst, which show that its crystallinity and microstructure keep unchanged, (e) STEM-HAADF
and its corresponding EDX element mapping of (e-1) Mo, (e-2) Fe, (e-3) C of spent catalyst 1.5Fe-Mo,C-550, indicating no

aggregation of Fe species.
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Figure 8. XPS spectra of fresh and spent catalysts of 1.5Fe-Mo,C-550 to study the change due to the reaction.
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To distinguish the influences of surface oxidation and carbon deposition on catalyst
activation, we recarburized the deactivated catalyst and tested its catalytic activity for the
toluene hydrogenation reaction. As shown in Figure 9, the catalytic performance of the
recarburized catalyst is fully recovered and displays identical catalytic performance to
the fresh catalyst even after the third regeneration cycle. This result means that surface
oxidation should be the main reason for catalyst deactivation. The addition of trace
amounts of Fe might inhibit the adsorption of oxygen species in the hydrogenation process,
which extends the lifetime of the carbide catalysts.

100 —
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. . Sel.=100%
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Figure 9. Catalyst 1.5Fe-Mo,C-550 reuse on toluene hydrogenation, 1st: after pretreatment, 2nd: regeneration after the first

deactivation, 3rd: regeneration after the second deactivation. (The regeneration condition is the same as the pretreatment
condition. Reaction conditions: 100 °C, WHSV: 0.15h~1, pressure: 3 MPa).

3. Materials and Methods
3.1. Synthetic Procedures

The Fe-MoOj; precursors were synthesized by aqueous mixtures of iron nitrate
(Fe(NO3)3-9H;0, 99%, Sigma-Aldrich, St. Louis, MO, USA) and ammonium molybdate
tetrahydrate ((NH4)sMo07074-4H,0, 99%, Aladdin, Los Angeles, SC, USA ), and the Fe
atomic percent (at% (Fe/(Fe + Mo)) is 0.1 at%, 0.5 at%, 1.0 at%, 1.5 at%, 5 at%, 10 at%,
15 at%, 20 at%. The reagents were first dissolved in DI water at room temperature and the
solution was stirred for 4 h and then transferred to rotary evaporator to dry the sample
until no apparent moisture. After that, the solid sample was kept at 120 °C in an oven
overnight and calcined in a muffle furnace at 500 °C for 4 h. The carburization of the
precursor was carried out using home-made equipment, including gas controlling system
and tube furnace for carburization which could be controlled by temperature-program.
The precursor of Fe-MoO3 was placed in quartz tube and both ends were plugged with
silica wool. The quartz tube including precursor was put on tube furnace and then, in a
20% CHy4/H; atmosphere, the temperature was increased from room temperature to 200 °C
at 5 °C/min, and continuously increased to the final temperature (550 °C, 600 °C, 650 °C,
700 °C) at a rate of 1 °C/min. Finally, the reactor was cooled to room temperature to obtain
the Fe-promoted molybdenum carbide (Fe-Mo,C) catalyst. For a contrast experiment, the
MoQOj3 precursor was synthesized by calcination of ammonium molybdate tetrahydrate
at 500 °C for 4 h in a mulffle furnace. Later, the MoO3 was carburized in the same way
as Fe-MoQ3. In this work, the synthesized Fe-Mo,C catalyst with different Fe atomic
percentages (0.1 at%, 0.5 at%, 1.0 at%, 1.5 at%, 5 at%, 10 at%, 15 at%, 20 at%) are denoted
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as xFe-Mo,C-Y, in which X was 0.1, 0.5, 1.0, 1.5, 5, 10, 15, 20 and Y is 550, 600, 650 and
700, respectively.

3.2. Characterization

Brunauer-Emmett-Teller (BET) surface area analysis: the surface area was measured
on a surface area analyzer (Model ASAP 2420, Micromeritics, Norcross, GA, USA) via
nitrogen absorption at —196 °C using the BET method.

X-ray diffraction (XRD) testing was performed on an X-ray diffractometer (Bruker D2
type, Karlsruhe, Germany). The test source was Cu K, the test wavelength was 0.154 nm,
the operating voltage and test current were 30 kV and 40 mA, respectively, and XRD
patterns were recorded within a 20 range of 10-90° with a scanning rate of 4° /min.

Temperature programmed carburization-reduction (TPC) was performed with home-
made equipment [59]. Approximately 50 mg precursor was mounted in a quartz tube with
an inner diameter of 6 mm, and a flow of 20% CH,/H, was used as the carburization-
reduction gas. The precursor was first heated from 20 °C to 200 °C at a heating rate of
10 °C/min for 2 h in helium gas and then decreased to room temperature. After that, the
gas was switched to 20% CH,/H; gas. The vent gas was detected by the measurement of
the MS signal.

In situ XRD experiments were performed with a Bruker D8 Advance XRD equipped
with a high-temperature reaction cell (SRK-900, Anton Paar GmbH, Graz, Austria). The
sample temperature was increased from room temperature to 700 °C at a rate of 1 °C/min,
and the carburization gas atmosphere was 20% CHs/H,. In situ XRD patterns were
collected continuously with 26 values ranging from 10° to 80° and a scanning rate of
10° /min.

X-ray photoelectron spectroscopy (XPS) was performed on an X-ray photoelectron
spectrometer (Model: Thermo Scientific K-alpha, Waltham, MA, USA). The test source
was Al Ko, the instrument chamber pressure was 1.0 x 1078 Pa, the test voltage was
1486.6 eV, and the electron beam pass energy was 50 eV. The test data were corrected to
283.4 eV (Mo-C). The instrument was equipped with a glove box to make the sample test
avoid oxygen pollution as much as possible, and the test results were more accurate. The
quasi in situ XPS was carried out in the following way: after carburization, the reactor
was sealed under pure N2 atmosphere and consecutively transferred to a glove box. The
catalyst was pressed to a slice of 6 mm diameter in the glove box, and then the as-prepared
sample was transferred to another glove box connected with an XPS load section using
a sealed container avoiding the oxidation of the catalyst by air. After that, the sample
was loaded, vacuumed to UHV and transferred to an analytic room for quasi in situ XPS
characterization. The Figure S7 shows that the catalyst should not be oxidized during the
transferring process.

Scanning electron microscopy (FEI Quanta 400 FEG type, Hillsboro, OR, USA) was
used to observe and analyze the morphology of the sample. The test voltage was 15 kV, the
magnification range was 20,000~240,000, and the objective lens distance during testing was
8.9 mm.

Scanning transmission electron microscopy (Thermo Fischer Talos F200X, Waltham,
MA, USA) equipped with a Super-X EDX detector was operated with a acceleration voltage
of 200 kV.

Inductively coupled plasma (ICP) analysis: The actual iron contents in the samples
were determined by inductively coupled plasma-optical emission spectroscopy (ICP-OES)
(Model Optima 2000, PerkinElmer, Waltham, MA, USA).

Ambient pressure X-ray photoelectron spectroscopy (APXPS): the APXPS experi-
ments were measured at BLO2B1 of the Shanghai Synchrotron Radiation Facility (SSRF).
The bending magnet beamline delivers soft X-rays with a photon flux of approximately
1 x 1011 photons/s @E/AE = 3700 and a tightly focused beam spot size (~200 um x 75 pm)
at the sample. All of the XPS spectra were calibrated by the Au 4f peak located at 84 eV
(B.E.) [60].
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3.3. Catalyst Test

The evaluation of the toluene hydrogenation reaction performance of the catalyst was
performed on a fixed bed. The inner diameter of the fixed bed was 8 mm. The evaluation
device consisted of three systems: a feed gas supply system, a reactor control system, and a
product analysis system.

In the feed gas supply system, N, was divided into a balance gas for maintaining
toluene as a gas and a carrier gas introducing saturated toluene vapor to the reactor, and Hp
was a reaction gas. Among them, H, was high-purity hydrogen, and N, was introduced
into the reactor after dehydration, deoxidation, decarbonylation, and desulfurization. Hp
and the balance gas (N) and carrier gas (N;) were controlled by a mass flow meter and
connected to the reactor. The total gas flow rate was 50 mL/min, the carrier gas (N;) flow
rate was 17.50 mL/min, the H, flow rate was 6.09 mL/min, the molar ratio of H, /toluene
was 100, and the balance gas (N;) was 26.41 mL/min, which was for maintaining toluene
gaseous state at 3 MPa. A small amount of gas at the outlet of the reactor was directly
passed to the gas chromatograph for online analysis, and the remaining gas was discharged
through the exhaust gas tube line. The reactor control system included three control
systems: pressure, temperature and flow. The pipeline gas entered the reactor through
the pressure-reducing valve, and the reaction pressure was controlled at 3 MPa. The
temperature control system was controlled by a temperature controller produced by the
Shanxi Institute of Coal Chemistry, Chinese Academy of Sciences.

To calculate conversion and selectivity values, a gas chromatograph couple was
connected to the reactor system. The GC System (Agilent 7890B, Santa Clara, CA, America)
equipped with an PONA column with the following parameters: length: 50 m, inner
diameter: 200 um, and film thickness of 0.5 um, and a flame ionization detector (FID) was
used to analyze the online gas stream. The separation of these products was achieved by
the following temperature program: 40 °C as the initial temperature (holding for 12 min),
ramp: 3 °C/min up to 70 °C.

Toluene hydrogenation was used as probe reaction to determine the hydrogenation
performance of the catalysts. Before the reaction measurements, the catalysts were pre-
treated in 20% CH4/Hp at 100 mL/min at 550 °C for 2 h (heating rate from RT of 2 °C/min).
Afterward, the temperature was directly decreased to the reaction temperature. The hydro-
genation of toluene was performed at two temperatures (80 °C and 100 °C) and 30 bar. A
flow of N, was passed through two toluene saturators in series maintained at 80 °C and
50 °C to obtain stable toluene vapor. The products were analyzed by an online GC-7890B.

4. Conclusions

We found that the catalytic performances of the molybdenum carbide catalysts for
toluene hydrogenation could be effectively modulated by adding cheap transition metals
like Fe. The crystalline characteristics and microstructure of the Fe-doped molybdenum
carbide characterized by XRD and TEM show that the addition of Fe promotes the car-
burization process but does not change their crystalline properties. Synchrotron-based
XPS and STEM-EDX element mapping data suggest Fe species are highly dispersive but
accumulated in the surface of the synthetic catalyst. The addition of the small amount of
Fe slightly changes the initial activity of the molybdenum carbide catalysts, but strongly
promote their catalytic stability. The deactivation should be attributed to the surface
oxidation but the re-carburization treatment can fully recover their catalytic activity to
toluene hydrogenation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11091079/s1, Table S1: Textural properties and elemental compositions of the as-prepared
Fe-Mo,C catalysts with different Fe loadings, Figure S1: (a) XRD patterns of beta-Mo,C prepared
at different final temperatures (550 °C, 600 °C, 630 °C, 650 °C and 700 °C), (b) XRD patterns of
Fe-MoOj precursors, Figure S2: SEM images of (a) MoOs, (b) beta-Mo,C, (c) 1.5Fe-MoO3, (d) 1.5Fe-
Mo,C-550, (e) 10Fe-MoO3, (f) 10Fe- Mo,C-550, Figure S3: Temperature-programmed carburization
of Fe-MoO3 and using MS to detect the vent gas of HyO (m/z = 18) and CO (m/z = 28), Figure 54:
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STEM image and corresponding element mapping picture of 1.5Fe- Mo,C-550, Figure S5: (a) XRD
patterns of catalyst (1.5Fe-Mo,C-600) before and after the reaction, (b) SEM image of spent catalyst
(1.5Fe-Mo0,C-550), (c) STEM-HAADF image of spent catalyst (1.5Fe-Mo,C-550), and (d) STEM image
and corresponding STEM-EDX element mapping image of spent catalyst (1.5Fe-Mo,C-550). Figure Sé6:
Carbon balance curve of during toluene hydrogenation using 1.5Fe-Mo,C-550 as catalyst. (3.0 MPa
of total pressure, 100 °C as reaction temperature, 0.15 h~! as WHSV, employing newly synthesized
Fe-doped molybdenum carbide catalysts). Figure S7: A control experiment using catalyst of 1.5Fe-
Mo, C-550 for examining if surface of molybdenum carbide should be oxidized during transferring.
The 1.5Fe-MoOj3 precursor was carburized in a fixed bed, which is identical one to the equipment
used in toluene hydrogenation, at an atmosphere of 20% CH,4/H,. After carburization, the reactor
was sealed under pure N; at-mosphere and consecutively transferred to glove box. The catalyst was
pressed to a slice of 6 mm diameter in the glove box, and then the as-prepared sample was transferred
to another glove box connected with XPS equipment load section using a sealed container avoiding
the oxidation of catalyst by air. After that, the sample was loaded, vacuumed to UHV and transferred
to ana-lytic room for quasi in-situ XPS characterization.
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