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Abstract: Hydrodeoxygenation (HDO) is one of the promising catalytic routes for converting biomass
derived molecules to high value products. A key step of HDO is the cleavage of an aromatic C-O
bond to accomplish the deoxygenation step, however, which is energetically unfavorable. Herein, we
report a series of palladium (Pd)-incorporated a-phase of molybdenum carbide (x-MoC) mesoporous
composites for enhanced HDO activity of a biomass model molecule, anisole. The catalysts, x%Pd/ «-
MoC (x% is the molar ratio of Pd/Mo), were investigated by X-ray diffraction (XRD), temperature
programmed reduction (TPR), temperature programmed desorption (TPD), Brunauer-Emmett-Teller
(BET), Raman, transmission electron microscopy (TEM), and X-ray photoelectron spectroscopy (XPS)
techniques. Pd is highly dispersed on a-MoC when x% < 1%, but aggregate to form nanoparticles
when x% = 5%. The x%Pd/a-MoC catalysts (x% < 1%) show enhanced HDO activity in terms of
turnover frequency (TOF) and apparent activation energy barrier (Ea) compared with a-MoC and
3-Mo,C catalysts. The TOF of 1%Pd/«-MoC catalyst at 160 °C is 0.115 h~1 and the Ea is 48.2 kJ /mol.
Moreover, the direct cleavage of aromatic C-O bond is preferred on 1%Pd/«-MoC catalyst. The
enhanced HDO activity is attributed to superior H, dissociation ability by the highly dispersed Pd
sites on carbide. This work brings new insights for rational design of the catalyst for selective C-O
bond activation.

Keywords: hydrodeoxygenation; carbide; palladium; anisole; biomass; C-O bond cleavage

1. Introduction

Energy demand and increasingly environmental concerns push the society to explore
clean and renewable energy stock as an alternative to fossil fuels [1]. Biomass is an earth
abundant and sustainable resource and one of the promising solutions to current energy
and environmental challenges. Among common biomass stocks, lignocellulose derivatives
can be upgraded to valuable products such as biofuels and chemical intermediates by
catalytic removal of the oxygen-containing functional group [2-5]. A key step of the
catalytic process is hydrodeoxygenation (HDO) reaction which has been widely studied in
recent years [6,7]. The dissociation and cleavage of aromatic C-O bond is an essential step
in HDO, but unfortunately unfavorable in energetics because the bond energy of aromatic
C-Obond (422 k] /mol) is much higher than that of alkyl C-O bond (339 k] /mol) [8]. As the
result, the alkyl C-O bond cleavage usually occurs prior to aromatic C-O bond dissociation
upon catalytic condition in a practical HDO process, despite the cleavage of the alkyl C-O
bond not being needed for HDO of oxygen containing aromatic compounds (Scheme 1).
Therefore, a rational design of catalyst to selectively dissociate aromatic C-O bond for
direct HDO pathway is a necessary but challenge quest regarding to fundamental research
in catalysis.
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Scheme 1. Hydrodeoxygenation (HDO) pathways of anisole on Pd/x-MoC catalysts.
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Commonly used HDO catalysts are inspired from the petroleum refining industry
catalysts such as supported metal, metal sulfides, carbides, nitrides and phosphides. [6-10]
Among those catalysts, molybdenum carbide has been recognized for its unique catalytic
activities in C-H and C-O bonds activation such as green chemistry [11-15], hydrogen
production [16-21], water splitting [22], and electro-catalysis [23,24] in recent decades.
The catalytic performance of carbide catalyst can be regulated by controlling the surface
catalytic sites by means of transition metal modification, tuning the geometry of the
active site, defect engineering and synergetic effect between different catalytic sites [25-31].
Lee and Chen et al. reported high selectivity of Mo,C catalyst for C-O cleavage over
deep hydrogenation to produce cyclohexane in vapor phase HDO of anisole to benzene
at low temperature and ambient pressure [32,33]. Furthermore, they showed that the
active sites on carbide for H, dissociation are indeed different from the sites for C—O bond
cleavage [32]. Baddour et al. adopted transition metals such as Pt and Ni to modify Mo,C
for enhancing hydrogenation activity of deoxygenation of guaiacol, and, nonetheless, this
leads to the formation of cyclohexane as byproduct through deep hydrogenation [34]. It
was demonstrated that a balance between the hydrogenation and deoxygenation can be
achieved by catalyst design.

In this work, we incorporate palladium (Pd) to molybdenum carbide (MoC) catalysts
to enhance the HDO activity of anisole to benzene with Pd/Mo molar ratio x% = 0.05-5%.
The x%Pd/«-MoC catalysts were prepared and characterized, suggesting Pd sites are
highly dispersed on a-MoC when x% < 1 but aggregate to form nanoparticles when
x% = 5%. The x%Pd/a-MoC catalysts (x% < 1%) show enhanced HDO activity in terms of
turnover frequency (TOF) to benzene and activation energy barrier (Ea) compared with
bare MoC matrix, while 5%Pd/a-MoC catalyst exhibits hydrogenation activity (Scheme 1).
Moreover, the direct HDO route is promoted to be the main pathway (94%) on 1% Pd/ «-
MoC catalyst, indicating the aromatic C-O bond is substantially selectively dissociated
other than the alkyl C-O bond. The enhanced direct HDO activity is attributed to the
highly dispersed Pd. This work reports a new strategy to design a HDO catalyst focusing
on aromatic C-O bond cleavage, and brings insights for rational design of the catalyst for
selective C-O bond activation.

2. Results and Discussion
2.1. Synthesis and Characterization of Pd/a-MoC Catalysts

The x%Pd/«-MoC catalysts were prepared by temperature programed carburization
(TPC) of Pd/MoOj3 oxide precursor (see details in Materials and Methods). The crystal
phase transformation from oxide to carbide via TPC treatment is clearly shown by X-ray
diffraction (XRD) in Figure 1. All Pd/MoQj3; precursors exhibit a typical MoOj3 diffraction
pattern (powder diffraction file PDF No. 05-0508) without evidence for Pd or PdO diffrac-
tion peaks before TPC treatment (Figure 1a), indicating the Pd is highly dispersed in the
primitive oxide precursors. After the TPC process, all Pd/«-MoC catalysts with Pd /Mo
atomic ratio 0.05-5% follow a typical «-MoC diffraction pattern [17,18]. There are no Pd
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or PdO diffraction peaks in Pd/«-MoC series catalysts either. Therefore, Pd species are
incorporated into a-MoC matrix without major change to the crystal phase of x-MoC. It is
also noticed that 3-Mo,C was obtained from MoOj3 precursor by the same TPC protocol but
preparation of x-MoC from MoOj3; requires TPC in an ammonia atmosphere as discussed
in literature [35,36]. Thus, the presence of Pd species is crucial for the phase transformation
from MoOj oxide to ax-MoC.
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Figure 1. X-ray diffraction (XRD) patterns of (a) Pd/MoOj precursors and (b) corresponding x%Pd/ «-
MoC catalysts after the temperature programed carburization (TPC) process.

The authentically Pd /Mo molar ratio was examined by inductively coupled plasma
optical emission spectrometry (ICP-OES) as summarized in Table 1. The Pd/Mo ratio
trend is consistent in terms of nominal value. As shown in Figure 2, the bands at 661,
819 and 991 cm ! are observed on Raman spectra for all catalysts, which are consistent
with characteristic bands of carbide [23]. Moreover, there is no spectrum band found at
1350 and 1580 cm !, which are usually considered as D and G bands of surface graphitic
carbon, respectively [37]. This excludes the formation of extra coke on the surface of catalyst
after TPC treatment, suggesting the surface of catalyst is free of graphitic coke formation.

Table 1. Surface properties and quantification element analysis of Pd/a-MoC catalysts.

Sample Surface Area Average Pore Pd Concentration in Pd/Mo Ratio H; Desorbed
P (m?/g) 2 Diameter (nm) ? Catalyst (wt%) P (at%) P (mmol/g) €

B-Mo,C 29.2 7.6 N.A. N.A. 0.10
a-MoC 4 117 40 N.A. N.A. 0.24
0.05%Pd/x-MoC 739 8.7 0.032 0.05 0.22
0.2%Pd/ o-MoC 719 8.9 0.12 0.16 0.31
1%Pd/ a-MoC 67.2 9.1 0.65 0.86 0.28
5%Pd/«-MoC 50.8 12.2 3.19 3.7 0.30

2 obtained by N, adsorption; P obtained by inductively coupled plasma optical emission spectrometry (ICP-OES); © data obtained by
H,-TPD; 0.13 g catalysts were used; ¢ prepared by ammonia assisted TPC; N. A. stands for not available.

The presence status of Pd in the 1%Pd/«-MoC catalyst was examined by high-
resolution transmission electron microscopy (HR-TEM) in Figure 3. The 1%Pd/x-MoC
catalyst exhibits mesoporous structure consistent with N, adsorption result (Table 1). The
lattice fringes were measured to be 2.45 A in Supplementary Materials Figure S1 and
assigned to (111) crystal plane of x-MoC. Selected area electron diffraction (SAED) of the
catalyst nanoparticle shows diffraction spots in the cubic crystal system (Figure 3b). The
diffraction rings are labeled in a dashed line, with the measured radius of 2.14, 1.51 and
1.06 A, respectively, which are further assigned to (200), (220) and (400) lattice plane of
a-MoC (Table S1). The SAED result is consistent with diffraction pattern from powder
XRD, confirming the formation of x-MoC phase. The element dispersion in the catalyst
nanoparticle was demonstrated by energy-dispersive X-ray spectroscopy (EDS) element
mapping in Figure 3c. The high angle angular dark field (HAADF) image of the catalyst
was captured firstly, then the EDS spectra on Pd and Mo were record from the catalyst



Catalysts 2021, 11, 370 4 of 14

nanoparticle in the microscope. The dispersion of Pd and Mo are visualized as well as
HAADEF image. It is clearly observed that the Pd species are evenly dispersed in the catalyst
with Mo without formation of individual Pd nanoparticles.

HA n Jl j 5%Pd/a-MoC

1%Pd/a-MoC

Mo ’\ |  0:2%Pdia-MoC

M A A l 0.05%Pd/a-MoC

- A N B-Mo,C

Tlltl tililrrrrererr{7 T~
0 200 400 600 800 1000 1200 1400 1600 1800

Raman shift (cm™)

Figure 2. Raman spectra of a-MoC, 3-Mo,C and x%Pd/«-MoC catalysts with excitation laser of
532 nm.

10.0 1/nm

Figure 3. Transmission electron microscopy (TEM) analysis of 1%Pd/a-MoC catalyst. (a) TEM image under bright field,
(b) corresponding selected area diffraction (SAED) analysis of catalyst, and (c) image in dark field combined with element
mapping of Pd and Mo of 1%Pd/x-MoC catalyst.

The result of a similar TEM analysis on 5%Pd/«-MoC catalyst unveils the status of Pd
in the 5%Pd/x-MoC catalyst in Figure S2 and Table S2. The 5%Pd/x-MoC catalyst also
exhibits mesoporous structure. By EDS analysis for the whole nanoparticle in red dash
box in area #1 of Figure S2, the Pd /Mo atomic ratio in the nanoparticle is 5.5%, which is
considered as the bulk ratio of Pd/Mo in the catalyst. However, intensive bright spots of
small nanoparticles under dark field are found in the catalyst (Figure S2, spots marked
in red cycle in #2-4). Further quantitative analysis by EDS on the bright nanoparticles
shows that local Pd/Mo atomic ratio is 68.0%, 16.3% and 11.5%, respectively, for spots
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#2—-4. These Pd/Mo ratios are much higher than the overall bulk Pd/Mo ratio of 5.5%.
This result confirms the aggregation of Pd and the presence of Pd nanoparticles in the
5%Pd/o-MoC catalyst. The lack of a diffraction pattern of Pd nanoparticles in the XRD
result of Figure 1 is attributed to the small size and relatively poor crystalline structure of
nanoparticle. Recently, Ma et al. studied a similar Pd/«-MoC catalyst by in situ techniques
and a theoretical method to reveal the high density and single atom dispersed Pd on
«-MoC matrix [38]. They observed the infiltration of Pd nanoparticles into a-MoC by in
situ STEM during the TPC program. They also checked the coordination environment of Pd
by extended X-ray absorption fine structure (EXAFS) to support the single atom dispersion
despite the atomic number of Mo and Pd are too close to be clearly distinguished by Fourier
transformed (FT) EXAFS. Their result is consistent with the 1%Pd/«-MoC catalyst but
differs in the case of 5%Pd/«-MoC in this work. The difference on status of Pd between
literature and 5%Pd/a-MoC catalyst is attributed to different TPC protocols and initial
oxide precursors.

The surface features of catalysts were studied by Nj physical adsorption, and tem-
perature programmed techniques. The nitrogen adsorption-desorption isotherms of the
catalysts are shown in Figure 53, and the relevant analysis results are summarized in Table 1,
including the specific surface areas by the Brunauer—-Emmett-Teller (BET) method and
porous texture information by the Barrett-Joyner-Halenda (BJH) method. The surface areas
of x%Pd/x-MoC catalysts with Pd/Mo ratio x = 0.05%, 0.2% and 1% are 67.2-73.9 m2/ g,
which are higher than that of 3-Mo,C (29.2 m?/g) obtained by the same TPC pretreatment.
The average pore size of the catalysts of x = 0.05-1% are 8.7-9.1 nm, suggesting micropores
structure in the catalysts. On the other hand, the surface area of 5%Pd/x-MoC is 50.8 m2/ g
and the pore size is 12.2 nm, implying the mesostructure of 5%Pd/x-MoC is different from
0.05-1%Pd/x-MoC catalysts.

The surface reactivity of the catalysts was investigated by temperature programmed
reduction (Hp-TPR) and desorption (Hy-TPD) (Figure 4). As shown in Figure 4a, the H,-TPR
patterns of x%Pd/MoOj; oxide precursors show a major reduction peak at 280 °C, which is
much higher than the reduction temperature of PAO but much lower than the reduction
temperature of MoOs at approximately 700 °C (Figure S4) [39,40]. The areas of the major
reduction peak of all catalysts are similar, which are independent of Pd concentration of
the catalysts. Thus, the peak at 280 °C is assigned to reduction of Mo cations around Pd
sites rather than direct reduction of PAO nor MoOj3 regarding the presence of Pd sites in the
catalyst can readily promote H; dissociation and boost the reduction reaction. Nevertheless,
a minor negative peak could be found at 82 and 74 °C on 1% and 5%Pd/«-MoC catalyst,
respectively. It is due to Hy desorption on Pd nanoparticles, suggesting Pd nanoparticles
are formed in these two samples upon TPR condition [39,40].

(a) (b) |5%Pd/a-Moc
:
5%Pd/MoO, i
150 °C
1%Pd/MoO, 1%Pd/a-MoC
0.2%Pd/a-MoC
0.2%Pd/Mo0,
0.05%Pd/o-MoC
0.05%Pd/MoO,
L] T L] r L] b ] b ]

T L | LA DL DL DL DL LA DL DL |
50 150 250 350 450 550 650 50 100 150 200 250 300 350 400 450
Temperature (°C) Temperature (°C)

Figure 4. Temperature programmed studies of Pd/o-MoC catalysts. (a) Hy-TPR (temperature
programmed reduction) pattern of Pd/MoOj precursors. (b) Hy-TPD (temperature programmed
desorption) of Pd/a-MoC catalysts.



Catalysts 2021, 11, 370

6 of 14

On the other hand, the H,-TPD results of the x%Pd/x-MoC catalysts are shown in
Figure 4b and Table 1. There is also one major peak observed on x%Pd/«-MoC catalysts
with x = 0.05-5% at 250-300 °C due to H, desorption, which are assigned to H, adsorbed
on carbide. Note that there is a broad desorption peak at 150 °C on 5%Pd/«-MoC catalyst,
which is not found on x%Pd/x-MoC catalysts with x < 1%. The desorption pattern of
5%Pd/a-MoC catalyst is further deconvoluted in Figure S5, showing the component at
150 °C contributes 29% of overall H, desorbed. This peak has been reported in literature for
the catalyst containing Pd nanoparticles and further interpreted as the H, desorbed from
metallic Pd nanoclusters or nanoparticles [41-43]. It not only suggests that the presence
of metallic Pd nanoparticles in 5%Pd/x-MoC catalyst, but also excludes the formation
of Pd nanoparticles in 0.05-1%Pd/«-MoC catalysts for its absence in corresponding Hj-
TPD results. Based on the understanding of TPR and TPD results, it is deduced that
Pd species in Pd/MoOj3 precursor aggregate to form nanoparticles in 1% and 5%Pd/ «-
MoC catalysts during the reduction program. However, after the TPC program, Pd in
the 1%Pd/o-MoC catalyst redispersed into «-MoC matrix to form highly dispersed sites,
whereas nanoparticles are excluded by H,-TPD [38]. Hp-TPD also suggests the presence of
Pd nanoparticles in 5% Pd/x-MoC, which has been confirmed by TEM analysis.

The chemical state of the 1%Pd/«-MoC catalyst was studied by X-ray photoelectron
spectroscopy (XPS) in Figure 5 and Figure S6. The C 1s, Mo 3d and Pd 3d spectra are
deconvoluted and the deconvolution parameters are summarized in Table S3 [11]. The
C 1Is spectrum is deconvoluted to two main components, carbide C Is at 283.5 eV and
environmental C 1s at 284.6 eV despite two minor oxidized C Is components at 286.2 eV
and 288.9 eV. The Mo 3d spectrum is deconvoluted to four pairs components, which are
assigned to carbide and oxides. This confirms the surface chemistry of «-MoC and also
suggests that the surface of the catalyst is passivated by oxide layer as the preparation
protocol. Pd 3d spectrum is deconvoluted to two pairs of components, with Pd 3ds,, at
336.0 and 337.3 eV, respectively. The Pd 3d5,, at 336.0 eV is attributed to highly dispersed
Pd on a-MoC [38] while the Pd 3ds,, of 337.3 eV is assigned to surface oxidized Pd. It
is proposed that since the catalyst was pretreated in a reductive condition during the
carburization program, the binding energy of Pd 3d5/; is close to but slightly higher than
metallic (335.0 eV) Pd due to electron transfer from Pd to «-MoC [38].

(a) [Mo 3d (b)[Pd 3d (c)[c 1s

240.2;!8'2;36.254'2:;2.250.258'256 346 ' 3:14 3:12. 3410 ' 3;58 . 3;38. 3;34' 292'2é0'2é8.2§6'2;34'2!|32 .260.2;8
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
Figure 5. X-ray photoelectron spectroscopy (XPS) spectra of 1%Pd/x-MoC catalyst at (a) Mo 34,
(b) Pd 3d and (c) C Is.

2.2. Hydrodeoxygenation (HDO) Performance of Pd/x-MoC Catalysts

As shown in Figure 6a, the vapor phase HDO activity of 1%Pd/«-MoC catalyst is
compared with 5%Pd/a-MoC catalyst in terms of stability test under similar conversion
levels at 30-40% through controlling the usage of each catalyst [44]. 1%Pd/ax-MoC catalyst
exhibits good activity toward the selective production of benzene at a reaction temperature
as low as 160 °C, which is slightly above the boiling point of anisole (153.6 °C). Benzene is
the primary product with a selectivity as high as 96%, while minor amount of cyclohexane
is produced with 4% selectivity. No other byproduct such as phenol or methoxycyclohexane
is detected, suggesting the HDO route dominates the 1%Pd/«-MoC catalyzed reaction. As
a striking contrast, the selectivity to benzene over 5%Pd/a-MoC catalyst is only 30-40%,
which is remarkably lower than that over 1%Pd/x-MoC catalyst. The main product is
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methoxycyclohexane with a selectivity of ca. 50%, while a minor product of cyclohexane
with a selectivity of ca. 9%. It suggests that direct hydrogenation to aromatic ring serves as
the predominant reaction pathway rather than HDO on 5%Pd/«-MoC catalyzed reaction,
which is attributed to the catalytic contribution of aggregated Pd nanoparticles to the
hydrogenation over 5%Pd/x-MoC catalyst. It has been reported by Tan et al. on the HDO
of anisole over supported metal catalyst that the hydrogenation prefers to occur on metallic
nanoparticles sites rather than the catalytic HDO route [45]. It has also been realized that
the activities and selectivities for HDO reactions depends on the nature and chemical state
of metal sites. For example, the HDO experiment on the SiO, supported Pt and Ni catalyst
shows that there are mainly hydrogenation products of 3-methylcyclohexanone and 3-
methylcyclohexanol [45]. The overwhelming hydrogenation product on 5%Pd/x-MoC
catalyst also suggests that the highly dispersion of Pd sites is crucial for the HDO selectivity,
otherwise the aggregated Pd nanoparticles will lead to hydrogenation reaction route. In
other words, the missing hydrogenation products in the 1%Pd/«-MoC catalyst hints that
there is no Pd nanoparticles in the catalyst with Pd concentration <1%.

1%Pd/a-MoC 5%Pd/a-MoC
(a) —_ 1.6 7y Y 100 (b)A 5.0 o 100
'-:‘ 1.4 ] = 90 '°=_, 4.5 =|—=—Consumption of Anisole| 90
Cg J [ 0 mg 4.0 J—A—Benzene
= 1.2 4 —a - = 35 {—e— Methoxy cyclohexane 80
g b D N 70 ¢ g ¥ J—x—Cyclohexane 70 o
£ 1.04 t—m—n—tnenaf 60 2 E 3.0 60 =
T 0.8 - 502 32548 2 50 £
E 0.6 ] —=—Consumption of Anisole La0Z E 204 . s aaal 40 F
2 ] —a—Benzene 30 2 45— - A F30 3
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Figure 6. Catalytic performance Pd/«-MoC catalysts for anisole HDO on the stream of time at
160 °C in terms of anisole consumption rate (black) and product selectivities (red). (a) 1%Pd/x-MoC,
(b) 5%Pd/«-MoC catalyst (with insert TEM image for Pd nanoparticle on a-MoC with a scale bar of
500 nm).

With the selectivities to benzene of all catalysts are no less than 94%, the intrinsic
catalytic activity of various catalysts in vapor phase HDO reaction of anisole at 160-200 °C
was evaluated in kinetics controlled regime (conversion <20%) as shown in Figure 7 and
Figure S7. The TOF of a-MoC and -Mo,C catalysts is 0.00666 and 0.00466 h—!, respectively.
The results are consistent with the literature reported value [32,46]. TOFs of the x%Pd/ «-
MoC catalysts are higher than that of pure-phase «-MoC and 3-Mo,C catalysts (Table 54).
It is noticed that the TOF of 1%Pd/ «-MoC catalyst is 0.115 and 0.355 h~1 at 160 and 200 °C,
respectively. It is the best performance among all tested catalyst. On the other hand,
apparent activation energy barriers (Ea) of pure phase molybdenum carbide without Pd
is 74.0-74.5 kJ /mol (Figure 7) [32,46]. The activation energy barrier is decreasing from
74 to 48 k] /mol by the incorporation of Pd to carbide (Table S4). Again, 1%Pd/x-MoC
catalyst shows the lowest Ea (48.2 k] /mol) among all catalysts, and furthermore better
than the TOF and Ea results of x-MoC and 3-Mo,C catalyst at similar temperature in
literature (see comparison in Table S5), which is 0.0028-0.026 h~! and 67.8-75.8 k] /mol,
respectively [32,46]. Moreover, the catalyst working under similar temperature (lower than
200 °C) are very limited in literature. It also suggests the HDO activity of our catalyst
is superior since the reaction temperature is much lower than conventional cases. The
enhancement of catalytic activity of x%Pd/«-MoC catalysts depends on the Pd doping con-
centration in the catalysts, suggesting incorporating Pd into carbide does readily promote
HDO activity of a-MoC.
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Figure 7. Kinetics study of Pd/a-MoC catalysts in terms of (a) reaction turnover frequency and (b) apparent activation

energy barrier.

The stability of x%Pd/«-MoC catalysts in the HDO of anisole at 160 °C was evaluated
at controlled conversion of 20-40% as shown in Figure 8. The catalysts exhibit good stability
and high selectivity to benzene on the stream of time. The productivity of 1%Pd/«-MoC
catalyst is significantly higher than others. Minor activity loss is observed while the
selectivity to benzene maintains higher than 94% for all tested catalysts. The x%Pd/«-MoC
catalysts after reaction were also examined by XRD and Raman in Figure S8. There is no
crystal phase change after the reaction, nor extra coke deposition found on the surface of
catalysts, suggesting good stability of the Pd/«-MoC catalysts for HDO.

(@) . (b) 100 ]
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Figure 8. Stability study of Pd/«a-MoC catalysts on time of stream at 160 °C. (a) Productivity to
benzene and (b) selectivity to benzene.

The reaction route was further analyzed for the C1 molecule product distribution in
terms of CH3;0H/(CH3OH+CHy) ratio, considering CH3OH is the demethoxyl product
while CHy is the demethyl product as shown in Scheme 1. The ratio of CH;0OH/(CH30H+CHy)
reflects the fraction of direct HDO route in the overall HDO reaction [32]. The higher ratio
of CH30H/(CH3OH+CHy) suggests the better direct HDO selectivity for aromatic C-O
bond cleavage. As shown in Figure 9, the direct HDO selectivity of -MoC and (3-Mo,C
is 59% and 67%, respectively. The mediocre direct HDO preferences of a-MoC and (3-
Mo, C are consistent with the values reported in literature [32]. By introducing Pd into the
carbide matrix, the proportion of methanol gradually was elevated as the increasing of
Pd concentration, suggesting the direct HDO pathway is enhanced gradually. It is also
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noticed that the selectivity to methanol of 1%Pd/«-MoC is about 94%, which proves that
the reaction pathway is optimal through the direct cleavage -OCHj of anisole to generate
benzene. Therefore, the hypothesis that integrating Pd sites into x-MoC could tune the
HDO activity is successfully proofed in the 1%Pd/«-MoC catalyst for the high direct
HDO contribution.

100 -
90 J
80 3
70 3
60 3 ——T—
50 3
40 J —a— -Mo,C
30 3 = q-MOC

. —v—0.05%Pd/a-MoC

20 —+—0.2%Pd/a-MoC

10 ~ ' 1%Pd/a-MoC
0~

CH3;0H/(CH;0H+CH,) (%)

—TTrTTT T T
0 100 200 300 400 500
Time on stream (min)

Figure 9. Reaction pathway analysis on Pd/a-MoC catalysts at 160 °C for demethoxyl product
fraction CH30H/(CH3OH+CHy).

To further study the role of Pd played in the direct HDO preference, H-D exchange
rate and reaction order of H; pressure were investigated. The H, dissociation ability was
firstly studied by H-D exchange rate as shown in Figure 10a. 0.2 g of various catalysts
were tested under the same method. The signal of m/z = 3 stands for molecule HD
produced by H-D exchange was monitored by an on-line mass spectrometer [47]. The H-D
signal is 0.13 x 1077 cps on a-MoC, indicating a relative weak H-H bond dissociation
ability. The H-D exchange rate is increased significantly by incorporating Pd into a-MoC.
1%Pd/ a-MoC exhibits the highest H-D exchange rate (5.0 x 107 cps at 50 min) among all
HDO catalysts. It confirms the 1%Pd/a-MoC catalyst has the highest ability to activate
molecule hydrogen, providing the opportunity for the optimal HDO performance among
all catalysts. Moreover, the order of hydrogen partial pressure to the reaction rate was
examined in Figure 10b since activity of Pd sites towards H, dissociation is proposed to be
the key factor to enhance the HDO activity. The reaction order of hydrogen partial pressure
to the reaction rate of x-MoC and 1%Pd/«-MoC is 0.45 and 0.50, respectively. Both results
could be considered as % order for H, partial pressure in the rate equation [32]. Therefore,
no significant difference is found between 1%Pd/«-MoC and «x-MoC for the role of Hp
played in the HDO pathway. It can be inferred that the HDO on «-MoC and Pd/x-MoC
catalysts follows the same reaction pathway from the view of Hj; in other words, the
introduction of Pd does not change the reaction pathway; the enhanced HDO activity
benefits from the boosted hydrogen dissociation step. The results show that the synergy
effect between Pd sites (for H-H dissociation) and «-MoC sites (for C-O bond cleavage)
leads to the lowest apparent activation energy and the highest TOF among all catalysts.

2.3. Dicussion on the HDO Performance of Pd/ax-MoC Catalysts

For a reaction following the Langmuir-Hinshelwood mechanism, two reactant molecules
are adsorbed on the surface catalytic sites and then activated respectively [44]. We demon-
strated that the synergy between two sets of active sites (Ru; and Ni; sites on ceria) can
promote catalytic activity for CH4 reforming with CO; [48]. The synergy effect is originated
from different roles of Ru; sites and Nij sites played in the reforming reaction, whereas
Ru; sites prefer to activate CO, to CO while Nij sites dissociate the C—H bond of CHy
synergistically. Regarding both H; dissociation and C-O bond cleavage are requested in
HDO reaction, a dedicated HDO catalyst should be able to accomplish both elementary
surface reaction efficiently, otherwise multiple-step HDO reaction or side reaction of hy-
drogenation could occur (as shown in the purple and red route in Scheme 1, respectively).
Therefore, it is proposed to design a catalyst for desired aromatic C—O bond cleavage for
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HDO by integrating two kinds of catalytic sites working for C-O cleavage and H-H bond
dissociation, respectively. In this work it is proposed to improve the catalytic HDO activity
through boosting the hydrogen dissociation activity by incorporating highly dispersed Pd
sites to molybdenum carbide matrix with high HDO selectivity. The collaboration between
Pd sites and the MoC matrix is demonstrated by catalytic performance in terms of TOF and
Ea, and further convinced by H-D exchange experiment. This work brings the opportunity
to balance the hydrogenation and deoxygenation aspects of HDO activity. An optimal
solution is expected to accomplish the goal of direct HDO of biomass molecules.

H,+ D,=2HD

(a) 6 )
w
c 5+
T
o b —
% ¢ E
o . T
3 -
el ——1%Pd/a-MoC <
° ) ——0.2%Pd/a-MoC £ .
g —— 0.05%Pd/a-MoC
% . a-MoC
(2]
s
0 =
rrrrrrryrrrrria
0 10 20 30 40 50 -3.0-2.5-2.0-1.5-1.0-0.5 0.0
Time on stream (min) In (PIPy)

Figure 10. H; participation in the HDO reaction. (a) H-D exchange rate comparison of «-MoC and
Pd/«-MoC catalysts. Hy-D, mixture feed was switched on at time = 10 min. (b) reaction order of Hp
partial pressure to TOF of 1%Pd/a-MoC and «-MoC at 160 °C.

3. Materials and Methods
3.1. Materials and Synthesis

Materials: All chemicals are used as received without any purification. Anisole
(99%) was purchased from Aladdin (Shanghai, China). Ammonium molybdate (99%) was
purchased from Macklin (Shanghai, China) and palladium nitrate (product number 205761)
was purchased from Sigma-Aldrich CN (Shanghai, China). All gases are purchased from
Linde Industrial Gases CN (Shanghai, China) with purity higher than 99.99% unless notified.

Synthesis of Pd/MoC catalysts: The catalysts were synthesized following a temperature-
programmed carburization (TPC) procedure similar to literature [34]. A typical procedure
for 1%Pd/«-MoC catalyst is briefly introduced as follows. The oxide precursor (Pd/MoQO3)
of the Pd/o-MoC catalyst was firstly obtained by co-precipitation method. 3.0 g of am-
monium molybdate was dissolved in 10 mL of water, and 3.92 mL of aqueous solution
of palladium nitrate (10 mg/mL) was added under stirring. After stirring for 10 h at
room temperature (25 °C), The mixture containing precipitation was dried using a water
bath at 80 °C, followed by drying at 110 °C in a vacuum oven for 12 h. The resulting
powder was calcined in air at 500 °C for 4 h to obtain 1%Pd/MoQOj precursor. Then, 0.8 g
of 1%Pd/MoOj; precursor was placed in a tube furnace and kept in 60 mL/min of 20%
CHy/H; flow. The heating program was kept at 5 °C/min for 120 min from 25 to 700 °C
and then cooled naturally to room temperature. Finally, the gas feed was switched to
O, (12 mL/min, 5% in Ar) for 10 h to passivate the 1%Pd/«-MoC catalyst. According
to the molar ratio of Pd/Mo, a series of catalysts with different Pd/Mo atomic ratios
were prepared, which are named 0.05%Pd/«-MoC, 0.2%Pd/x-MoC, 1%Pd/«-MoC and
5%Pd/a-MoC. The percentage number stands for the atomic ratio of Pd to Mo.

-Mo,C was obtained by the same protocol without using a Pd precursor, while
«-MoC was prepared by ammonia assisted carburization as reported by literature [17,18].
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3.2. Catalyst Characterization

The concentration of Pd in the catalysts were confirmed by ICP-OES on an iCAP7000
(Thermal-Fisher Scientific, Waltham, MA, USA). The ICP-OES experiment protocol is
summarized as below. A certain amount of catalyst (30-100 mg, depends on the Pd
concentration) was weighted and dissolved in 2 mL aqua regia, then diluted to 50 mL
by deionized water. The standard solutions of Pd was prepared by using Pd(NOs);
as precursor in 0.5wt% HNOj; with Pd concentration of 0.54-26.8 ppm. Similarly, the
standard solution of Mo was prepared by (NH4)¢Mo70,4-4H,0 in 0.5wt% HNO3 with
Mo concentration of 5.0-100 ppm. The spectrum line of 340.458 nm and 202.030 nm
was selected to measure the element concentration of Pd and Mo, respectively. X-ray
diffraction (XRD) was collected on a Smart Lab SE diffractometer (Rigaku, Tokyo, Japan)
equipped with Cu K« X-ray source and HyPix-400(H) detector. Transmission electron
microscope (TEM) images and the energy-dispersive spectrum (EDS) were collected on FEI
Talos F200S (FEI, Hillsboro, OR, USA). N; adsorption experiments were performed on an
ASAP 2020 (Micrometrics, Norcross, GA, USA). Temperature programed reduction and
desorption were carried on an AutoChem II 2920 chemisorption apparatus (Micrometrics,
USA). Raman spectra of the catalysts were recorded on a DXR2xi microscope spectrometer
(Thermal-Fisher Scientific, USA) with an excitation laser of 532 nm. X-ray photoelectron
spectrum (XPS) was collected on an ESCALAB 250 X-ray photoelectron spectroscopy
equipped with Al Ko X-ray source (Thermal-Fisher Scientific, USA). XPS spectra were
calibrated by contamination C Is at 284.6 eV and deconvoluted [11].

3.3. Catalytic Experiment

The catalytic performance was evaluated in a fixed bed quartz tubular reactor with
the inner diameter of 6 mm. Anisole was introduced to the quartz tube reactor by Hy
flowing through a bubbling bottle containing liquid anisole kept at room temperature
(25 °C) in an isothermal Dewar. The partial pressure of anisole can be obtained by the
Antoine equation. We weighed 7-220 mg of catalyst and diluted it with 0.9 g quartz sand
(3040 mesh), then fixed it in the reaction tube with quartz wool. A K-type thermal couple
coated with quartz shield was inserted into the catalyst bed to monitor the reaction tem-
perature. The catalyst was pre-treated in a mixture of 42.5 mL/min H; and 7.5 mL/min
CHy,4 for 2 h at 590 °C before reaction. The outlet of the reactor and downstream tube
connecting to the gas chromatogram (GC) was kept at 160 °C. The products were analyzed
by an on-line chromatography (GC-2014, Shimazu, Japan) equipped with an auto-sampler,
a Rt-Stabilwax-DA column (0.53 mm x 1 um X 60 m) and a flame ionization detector
(FID). The mass diffusion limitation under experiment condition is analyzed in Supporting
Information (SI), suggesting that the reaction rate measured is not affected by mass dif-
fusion [32]. The conversion of anisole, and selectivity to benzene are calculated as below
equations [33].

[anisole];,, —[anisole] x 100%

Conversion = :
[anisole];,

Selectivity = g erienel % 100%

The stability of the catalyst was also studied, and a reduced amount of catalyst was
used to achieve the conversion less than 80%. Concentration of anisole and products were
collected by the auto sampler once the gas composition of the reactor outlet was stable.

Kinetics studies of HDO reaction: in order to compare the intrinsic activities of the
anisole HDO reaction on the Pd/«-MoC catalysts, activities in the kinetic-controlled regime
in terms of turnover frequency (TOF) and activation energy barrier (Ea) were studied by
control the conversion rate below 20% to eliminate the diffusion limitation [48]. The TOF is
calculated by the equation below [49]. The mass of produced benzene was measured at
the time when the product composition at the outlet was stabilized. Three consequence
entries on GC were analysed to calculate the TOF. The derivation between three entries
are less than 3%. The apparent activation energy barriers were obtained by corresponding
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Arrhenius plot [48]. The effect of Hy pressure was studied by measuring TOF under
different H, partial pressure [32].

mass of benzene produced

TOF = -
mass of catlayst x time

H-D exchange rate was measured in a fixed bed micro reactor (inner diameter = 5 mm)
as our reported method [47]. In the typical test, 0.2 g of catalyst was loaded and pretreated
in Ny flow at 120 °C for 1 h, then it was cooled to 50 °C. The gas feed was switched to
H;-D, mixture (12 mL/min), while the signal of m/z = 3 for molecule HD was monitored
by an on-line mass spectrometer (Hiden QGA) as the function of time.

4. Conclusions

In summary, a series of Pd incorporated «a-MoC mesoporous catalysts for HDO
have been proposed and synthesized by co-precipitation and temperature programmed
carburization. The catalysts were characterized by ICP-OES, XRD, Raman, N, adsorption,
TPR, TPD, TEM and XPS techniques. Pd sites were highly dispersed in the catalyst with
Pd /Mo ratio <1%, but aggregate to form nanoparticles in the catalyst with Pd/Mo = 5%.
Catalytic activity of HDO of anisole to benzene was studied on Pd/x-MoC catalysts in
kinetics controlled regime, suggesting Pd sites on «-MoC could increase the reaction TOF
from 0.00666 to 0.115 h—! and reduce the activation energy barrier from 74.5 to 48.2 k] /mol,
which are better than primitive carbide catalysts in this work and the literature. The
benzene selectivities of all catalysts are as high as 94%. All catalysts exhibit good stability
for anisole HDO on time of stream. Product analysis in terms of CH;0OH/(CH30OH+CHy)
suggests the presence of Pd sites readily tunes up the direct HDO pathway. The ratio
of CH30H/(CH30H+CHy4) on the 1%Pd/«-MoC catalyst is as high as 94%, suggesting
optimal direct HDO preference over the demethyl route. The H-D exchange rate suggests
that H-H dissociation rate is boosted by Pd sites. Reaction order of H, partial pressure
measurement shows that the molecule H; dissociate and participate the HDO reaction
in the same manner for 1%Pd/a-MoC and «-MoC catalysts. The enhanced activity and
superior direct HDO priority are attributed to the synergy between Pd sites for H-H
dissociation and the MoC catalyst for C-O bond dissociation. This work reports a new
strategy to design a HDO catalyst focusing on aromatic C-O bond cleavage, and brings
new insights for rational design of a catalyst for selective C—O bond activation. It is not only
a successful case report for a catalyst integrated with two kinds of different catalytic sites
synergistically, but also brings insight for a rational design of the catalyst for comprehensive
catalysis task.

Supplementary Materials: The following are available online at https://www.mdpi.com /2073
-4344/11/3/370/s1, including mass transfer analysis, Figure S1: Lattice fringes measured from
1%Pd/o-MoC catalyst, Figure S2: TEM and energy-dispersive X-ray spectroscopy (EDS) spectra
of the 5%Pd/«-MoC catalyst, Figure S3: N adsorption desorption isotherm at —196 °C for Pd/ «-
MoC catalysts, Figure S4: Hp-TPR pattern of MoO3 precursor, Figure S5: Deconvolution of Hy-TPD
pattern of 5%Pd/«-MoC catalyst, Figure S6: (a) Mo 3d and (b) C 1s XPS spectra for the Pd/a-MoC
catalysts, Figure S7: Catalytic activity in kinetics control regime for Figure 7. (a) Conversion of
anisole and (b) selectivity to benzene at 160-200 °C, Figure S8: Characterization of x%Pd/«-MoC
catalysts after catalytic reaction. (a) XRD patterns and (b) Raman spectra, Table S1: Diffraction
ring data of 1%Pd/«-MoC, Table S2: EDS analysis for 5%Pd/x-MoC catalyst, Table S3: XPS fitting
parameters of 1%Pd/«-MoC catalyst, Table S4: Apparent energy barrier and turnover frequency
(TOF) of x%Pd/«-MoC catalysts shown in Figure 7, Table S5 Activity comparison of 1%Pd/«-MoC
catalyst with literature reported cases under similar condition.
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