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Abstract: The hydrodeoxygenation (HDO) of renewable fats or fatty acids into alkanes is a powerful
measure to address energy and environmental crises. Molybdenum carbide-based catalysts are
promising due to their platinum-like noble metal electronic properties. In this paper, Mo, C catalysts
were prepared by one-step carbonization of amine molybdenum oxide (AMO) precursors using
diamines with different carbon chain lengths as ligands. The physical and chemical properties and
the HDO catalytic activity of the catalysts were investigated. The results indicate that as the carbon
chain of diamines in the precursor increases, the carbon content of the catalysts in the surface and
bulk phase increases. The Mo,C-12 catalyst exhibited excellent catalytic performance, with a palmitic
acid conversion rate of 100% and an alkane selectivity of 96.6%, which are attributed to the smallest
particle size, largest pore size, and synergistic effect of carbon. This work provides a simple and safe
method for regulating the surface properties of Mo,C catalysts.
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1. Introduction

The production of energy and chemicals from non-renewable fossil resources has
resulted in substantial pollution, which has brought about a series of negative impacts on
the climate and the environment. Therefore, it is urgent to develop alternative energy that
is clean and sustainable [1-3]. Clean electrical energy has achieved much progress in the
renewable energy field [4-6]. However, due to the high energy density of hydrocarbon
fuels, they are still temporarily difficult to be replaced in heavy transportation, agriculture,
and other fields. Faced with these challenges, biomass resource, as a type of promising and
ideal energy, is expected to obtain biofuels with a low CO, footprint. As the CO, generated
during the combustion of biofuels comes entirely from the CO, captured by organisms
from the atmosphere, thus biofuels are considered carbon neutral [7,8].

Hydrocarbon fuels can be produced from the hydrodeoxygenation of fatty acids and
fatty acid esters that are derived from biomass, which has been receiving widespread
attention from researchers recently [9-11]. Benefiting from their excellent activity, precious
metal catalysts are widely used to produce diesel-like hydrocarbons from bio oils and bio
fats, such as Pt [12], Pd [13], and Ru [14]. However, the high cost and rare reserves of
these precious metals have deterred their widespread use. Molybdenum carbides represent
a higher density of states near the Fermi level owing to the incorporation of carbon atoms
at the interstitial sites of Mo, which imparts both the electron configuration and catalytic
behaviors similar to that of noble metals [15]. In view of this, molybdenum carbide catalysts
exhibit excellent activity in many reactions [16-19]. However, molybdenum carbides are
usually synthesized by temperature-programmed reduction (TPRe) of molybdenum oxide
under an atmosphere containing CHy or other hydrocarbons [20]. Since CHy used for car-
bonization is often flowing and excessive, several drawbacks have been brought out. On the
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one hand, the use of mixed combustible gases increases the risk of experiments; on the other
hand, this will result in excessive hydrocarbon gases emitted into the atmosphere. In fact,
methane has a more severe greenhouse effect than CO; [21], which goes against the original
intention of alleviating energy and environmental problems. Hence, new methods to syn-
thesize molybdenum carbides without CHy or other types of hydrocarbon gases should be
developed. The carbonization of organic-inorganic hybrids to obtain molybdenum carbides
can avoid the use of methane. Deng et al. [22] prepared an N-doped Mo,C-embedded
porous carbon network (Mo, C@PCN) using chitosan as a carbon source, which showed
excellent performance as a cathode catalyst for lithium—sulfur batteries. Wan et al. [23,24]
found that four crystal phases of molybdenum carbides could be obtained by carbonization
of amine-metal oxide (AMO) composites. The hydrogen evolution reaction (HER) activities
of these catalysts with four phases have been explored. They also investigated the effects of
different amines, promoters, and synthesis conditions on morphology and crystal phases.
Lin et al. [25] synthesized MoC-Mo,C heteronanowires successfully through controlled car-
bonization of AMO, which achieved efficient HER. A large number of studies have shown
that the ratio of amines and carbonization temperature are key factors in controlling the
crystal phase ratio. Molybdenum carbide catalysts can be obtained from organic-inorganic
hybrid precursors, and the surface properties of these catalysts can be adjusted by changing
the type of carbon resources, preparation conditions, and carbonization process. However,
further research is needed to reveal the formation process of carbides and the influence of
different surface properties on hydrodeoxygenation activity.

Herein, different AMO precursors were synthesized using diamines with different
carbon chain lengths. Through a one-step carbonization method, Mo,C catalysts with
different carbon contents were subsequently obtained. The evolution of the AMO precursors
to molybdenum carbides and the influence of residual carbon on the surface structure
and properties of the catalysts were investigated. Moreover, the hydrodeoxygenation
performance of these catalysts has been further evaluated for the conversion of palmitic acid.

2. Results and Discussion
2.1. Characterizations of Catalyst
2.1.1. XRD Results

XRD was used to characterize the crystal phase and crystallite sizes of both precursors
and catalysts prepared using different diamines as carbon sources for carbonization. As is
presented in Figure 1a, the XRD patterns of different precursors show different diffraction
peaks. The diffraction peaks with the strongest intensity of these precursors are located at
20 =9.6°,7.3°,6.4°, and 5.4°. When the carbon number of diamines increases, the volume
of unit cells in the formed AMO precursors also increases, which leads to wider interplanar
spacing. Therefore, the peaks located at the lowest 26 degree shift towards a smaller
angle from AMO-6 to AMO-12. All patterns are attributed to the AMO generated by the
corresponding diamine, as no diffraction peak of molybdenum oxides is found. The XRD
pattern of AMO-6 is consistent with (NH3CsH1,NH3)-Mo3O1¢ (PDF#00-058-1680), while
the XRD pattern of AMO-8 is attributed to (NH3CgH14NH3),-MogO,4 (PDF#00-058-1315).
Even though AMO-10 and AMO-12 cannot be attributed to any PDF card (PDF 5+, 2024), it
can be anticipated that all the precursors prepared with different diamines formed AMO.
Based on elemental analysis and TG results shown in Figure S1 and Table S1, the chemical
formula of the precursor was calculated. The simplest chemical compositions of AMO-10
and AMO-12 are (NHgC]QHzoNHg)'MO4013 and (NH3C12H24NH3)'M04013. As shown in
Figure 1b, all the catalysts show similar XRD patterns, and the characteristic diffraction
peaks located at 26 = 34.4°, 38.0°,39.4°,52.1°, 61.5°, 69.6°, 72.4°, 74.6°, and 75.5° are ascribed
to 3-MopC (PDF#00-035-078). The average crystallite sizes of Mo,C were calculated by
the Scherrer equation using the strongest peak located at 20 = 39.4° [26]. The average
crystallite sizes of Mo,C were 17.4, 14.5, 13.9, and 11.7 nm of Mo,C-6, Mo,C-8, Mo,C-10,
and Mo,C-12, respectively, which display a decreased trend with the increase in carbon
numbers in the used diamine. The Mo,C-12 prepared by 1,12-diaminododecane exhibits
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the smallest crystallite size for Mo,C. It implied that, under the present carbonization
condition, the crystallite size can be adjusted by changing the carbon chain length of the
diamine in AMO precursors. This might be owing to the larger spacing between unit cells
in the AMO-12 crystal, which prevents carbides from agglomerating into larger sizes at
high temperatures.
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Figure 1. XRD patterns of (a) different amine-metal oxide composite precursors and (b) catalysts
prepared with different diamines carbonized at 700 °C.

2.1.2. TGA-DSC Results

In order to investigate the formation of Mo, C during the carbonization procedure,
TGA-DSC of AMO precursors under Ar atmosphere was conducted. It can be observed
in Figure 2 that all the precursors exhibit two stages of weight loss with increasing
temperature. The first weight loss stage occurs between 250 and 450 °C, and the
second one occurs between 600 and 720 °C. Mo,C was obtained from the carboniza-
tion of precursors, and the weight loss rates were 43.0%, 44.7%, 45.5%, and 47.5%
for AMO-6, AMO-8, AMO-10, and AMO-12, respectively. The DSC curve indicates that
self-carbonization is an endothermic process when generating these catalysts, which is
evident near 270 °C and 700 °C. To further clarify the forming process of 3-Mo,C from
AMO, treatments for AMO-12 under different temperatures (275 °C, 400 °C, 500 °C,
and 600 °C) were conducted, and the obtained samples were subsequently character-
ized by XRD. The corresponding results are shown in Figure 3. When carbonized at
275 °C, the flat broad peak at 21.5° is attributed to amorphous carbon. The endotherm
peak of the DSC curve at 273 °C may be due to the disruption of the interaction be-
tween the diamine and MoxOy clusters [27], followed by the formation of carbonized
species. As the temperature increases, the intensity of the characteristic peak (5.4°) of
AMO-12 gradually weakens, while the peaks of x-MoC;_ gradually strengthen. How-
ever, the crystallinity of x-MoC;_y is very poor. When carbonized at 700 °C, 3-Mo,C
eventually generated. Neither MoO; nor MoQOs is observed during the carbonization
process of AMO-12, indicating that molybdenum carbide is directly generated from the
organic—inorganic hybrid precursor and further underwent a phase-transition process
converting a-phase to 3-phase. The peaks of the DSC curve at 680 °C and 708 °C
are attributed to phase transformation and crystallization, which are also important
endothermic processes. The differences in endothermic effects between various AMO
precursors are probably caused by different interaction of the diamines and MoxOy
clusters, for example, hydrogen bonding [28-30] or electrostatic interaction [31], as
well as the intensity of these interactions.
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Figure 2. TGA/DTG/DSC curves for AMO precursors with different diamines: (a) 1,6-Hexanediamine;
(b) 1,8-Diaminooctane; (c¢) 1,10-Diaminodecane; (d) 1,12-Diaminododecane.
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Figure 3. XRD patterns of AMO-12 heated at different temperatures.

2.1.3. SEM, TEM, and HRTEM Results

The morphology and structural characteristics of catalysts were revealed by SEM and
TEM. The SEM images of both precursors and catalysts are shown in Figure 4. There are
no significant differences in the morphologies of precursors and catalysts. It indicates that
organic amines can indeed serve as soft templates for controlling the morphology of molyb-
denum carbide, thus the catalyst morphology remains unchanged after carbonization [24].
Among them, AMO-6 and Mo,C-6 appear in granular form, while AMO-8 and Mo,C-8 are
mainly presented in the rod-shaped form of stacked nanosheets, accompanied with some
fragmented sheet-like structures. The other catalysts and precursors (AMO-10, AMO-12,
Mo,C-10, and Mo,C-12) exhibit irregular nanosheet morphology. Unlike AMO-8, these
nanosheets are not further stacked to form the higher-level structures. It is worth noting
that there is a layer of amorphous carbon (circled in red) coated on the surface of Mo,C-10
and Mo,C-12, which may be formed by the excessive carbon during the carbonization
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process since the used diamines are with more carbon atoms. Moreover, HRTEM images
show that the lattice fringes with distances of 0.24 and 0.23 nm appear on all catalysts,
corresponding to the (0 0 2) and (1 0 1) crystal planes of 3-Mo,C, respectively. This result is
consistent with that of XRD, i.e., all the catalysts are presented with 3-Mo,C, even using
different amines as carbon resources.

Figure 4. SEM images of AMO precursors (a-d) and catalysts (e-h). TEM images of (i) Mo,C-6;
(j) M0o,C-8; (k) Mo,,C-10; (1) Mo,C-12. HRTEM images of (m) Mo,C-6; (n) Mo,C-8; (0) Mo,C-10;
(p) Mo, C-12.

2.1.4. BET and BJH Results

To explore the textural properties of various catalysts, N, adsorption—desorption
isotherms were measured, and the corresponding results are shown in Figure 5 and Table 1.
As shown in Figure 5a, all the catalysts display IV-type nitrogen adsorption—desorption
isotherms with evident H4 hysteresis loops at relative pressures of 0.4-1.0, indicating that
the catalysts have irregular mesoporous structures. This is also evident in the pore size
distribution curves shown in Figure 5b. Although the different diamines used have no
significant effect on the formed crystal phase, they display a significant impact on the pore
structure of the catalysts. With the increase in carbon number in the used diamine, the
specific surface area of the catalyst decreases, while the pore size increases. This indicates
that when the used diamine has a shorter carbon chain, it tends to generate more pores
with small sizes, thus leading to a larger specific surface area. When 1,12-diaminododecane
is used as the carbon source, the Mo,C-12 displays the smallest specific surface area
(31.4 m?/g) and the largest average pore size (14.7 nm).
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Figure 5. (a) Nitrogen adsorption-desorption isotherms and (b) BJH pore-size distribution curves of
different catalysts.

Table 1. Textural properties and element contents of catalysts.

Catalyst Sper ? (mp/g)  Vpju P (em®/g) Dp © (nm) Mo ¢ (wt%) C e (Wt%) N € (wt%) Mo/C f
Mo, C-6 90 0.062 3.1 79.0 6.6 0.2 15
Mo,C-8 57 0.058 44 82.7 7.2 0.2 14
Mo,C-10 53 0.035 7.5 77.1 9.3 0.2 1.0
Mo,C-12 31 0.039 14.7 78.1 95 0.2 1.0

@ Surface area (Sggr) determined by the BET method; b BJH adsorption cumulative volume of pores; ¢ BJH
adsorption average pore diameter; ¢ Obtained by ICP, weight percentage content; ¢ Obtained by elemental
analysis, weight percentage content; f Atomic ratio.

As listed in Table 1, the content of Mo in different catalysts was tested by ICP, while
the content of C and N was obtained by elemental analysis. The carbon content of Mo,C-6,
Mo,C-8, M0,C-10, and Mo,C-12 was 6.6%, 7.2%, 9.3%, and 9.5%, respectively, which
gradually increases with the longer carbon chain length of diamines used for precursors
preparation. The C/Mo atomic ratios were further calculated, and all of them were <2,
indicating that there are other types of carbon presented besides 3-Mo,C. Combined with
the XRD results displayed in Figure 3, it is reasonable to conclude that «-MoC;_y is first
generated and undergoes a phase transition at sustained high temperatures, ultimately
resulting in the formation of 3-Mo,C and C.

2.1.5. XPS Result

The surface element compositions and chemical states of the Mo,C catalysts were char-
acterized by XPS experiments, and the obtained results are shown in Figure 6. Four pairs
of peaks were deconvoluted in the spectrum of high-resolution Mo 3d spectroscopy. The
peaks near 228.3 eV are referred to Mo 3ds5,, and corresponded to Mo?* in Mo,C [32-35].
There is a certain amount of molybdenum in higher valence on the surface as a result of
passivation before the detection of the catalysts. The peaks located at 228.7 eV, 229.9 eV,
and 232.6 eV are considered to be originated from Mo®+@<8<4) Mo*, and Mo®, respec-
tively [36,37]. These peaks ascribed to molybdenum with higher valence are caused by the
oxidation of Mo, C [33,34]. The C 1s spectra were deconvoluted into four peaks, and the peaks
centered at 283.3 eV are ascribed to the Mo-C in Mo,C, which coincides with the XRD results.
The other peaks located at 284.6 eV, 286.1 eV, and 288.7 eV are ascribed to C-C, C-O, and C=0,
respectively [32]. The emergence of C-C peaks may be caused by polluted carbon, amorphous
carbon, and graphitized carbon [38]. Since XPS spectra were obtained under the same experi-
mental conditions simultaneously, the impact of contaminant C in the deconvolution of the C
1s peak and related discussions can be considered as a systematic error.
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The surface content of all elements on different catalysts was calculated with the peak
area and sensitivity factor, and the results are shown in Table S2. It is found that the surface C
contents increase with the increase in the carbon atoms of the used diamines, while those of Mo
and O decrease. The above results are consistent with those obtained from element analysis,
wherein the Mo,C-12 owns the highest content of C (52.1%) but with the lowest content of
Mo (24.6%). On the one hand, more carbon in the precursor is conducive to the reduction
of molybdenum oxides. On the other hand, excessive carbon would cover the surface of the
catalyst, which is in accordance with the results of TEM that amorphous carbon was detected.
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Figure 6. XPS spectra of Mo,C catalysts (a) Mo 3d and (b) C 1s.

2.1.6. Raman Result

In order to investigate the existence of different forms of carbon in these Mo,C catalysts,
Raman spectroscopy experiments were conducted. As shown in Figure 7, the scattering
peaks located at 1331 cm ™! (D-bond) and 1575 cm ™! (G-bond) refer to amorphous carbon and
graphite carbon, respectively [31,39]. Among them, the intensities of these peaks over Mo,C-6
are rather low. However, as the carbon number of diamines in the precursors increases,
both the intensities of D-bonds and G-bonds gradually strengthen, which is consistent with
the results of TEM, elemental analysis, and XPS. The intensity of G-bond/D-bond (I/Ip)
on catalysts Mo,C-8, Mo,C-10, and Mo,C-12 values were 1.16, 0.94, and 0.94, respectively,
implying that higher carbon numbers of diamines in the precursor are favorable for keeping
higher carbon contents, and more amorphous carbon was formed on the catalyst.

| I ~——Mo,C-6
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| | — e
D bond | | Mo,C-10
1331em!/ ! ! Mo,C-12

Intensity (a.u.)

T T T T
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Figure 7. Raman spectra of Mo,C catalysts.
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2.2. The Conversion of Palmitic Acid over Molybdenum Carbide Catalysts

The catalytic performances of different catalysts were evaluated by hydrogenating
palmitic acid. The presented activity results were repeated three times, as shown in
Figure 8a. It is found that all the catalysts are capable of achieving the complete conversion
of palmitic acid after reacting for 8 h. However, both the yield and selectivity of hexadecane
increased with the increase in carbon number in diamine when preparing AMO precursor.
Among them, the selectivity of hexadecane over Mo,C-6 was 73.3%, while that on Mo,C-12
reached the highest 96.6%. Noteworthy, the selectivity of pentadecane on all catalysts was
less than 1.5%, which proves that the main deoxygenation pathway for converting palmitic
acid over these Mo,C catalysts is hydrodeoxygenation (HDO) rather than decarbonylation
(DCO) or decarboxylation (DCO;).
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Figure 8. (a) The reactivity results for converting palmitic acid over different Mo,C catalysts. (b) The
recycling results of Mo,C-12 catalyst. (c) The time-on-stream profile of palmitic acid conversion

over MoyC-6. (d) The time-on-stream profile of palmitic acid conversion over Mo,C-12. (e) Possible
reaction pathway in the HDO of palmitic acid via Mo,C-12 catalyst.

Since the Mo,C-6 and Mo,C-12 catalysts exhibited the worst and best catalytic perfor-
mance, respectively, towards the hydrogenation of palmitic acid, the dynamic changes of
products with the prolongation of reaction time were investigated. As shown in Figure 8c,d,
the change trends of palmitic acid and all products were analogous on the two catalysts. It
can be seen that a certain amount of hexadecaldehyde was generated in the initial stage of
reaction. As the reaction time increased, the conversion rate of palmitic acid continued to
increase, and the yield of hexadecaldehyde also continued to decrease. After 4 h of reaction,
the conversion rate of palmitic acid on Mo,C-6 and Mo,C-12 reached 88.6% and 95.1%,
respectively, and the yield of hexadecaldehyde decreased significantly. During the reaction
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process, the yield of hexadecanol first increased and then decreased, the turning point rep-
resented at 4 h. Meanwhile, the yield of hexadecane continued to increase, indicating that
hexadecaldehyde and hexadecanol are important intermediates for the hydrogenation and
deoxygenation of palmitic acid to produce hexadecane. It can be inferred that the conversion
pathway of palmitic acid on Mo,C-12 catalyst is hydrogenation deoxygenation. It should be
noted that the summation yield of all products is different from the conversion rate. This
is probably due to the esterification reaction between palmitic acid and the intermediate
product hexadecanol, resulting in the formation of palmityl palmitate [40,41], which is
undetected. As shown in Figure 8e, palmitic acid was converted to hexadecaldehyde firstly,
and then hexadecanol and hexadecane were further formed. There might be a reversible
esterification reaction between hexadecanol and palmitic acid to produce palmityl palmitate.
Palmitic acid can be completely converted after 8 h of reaction. It is clear that the yield of
pentane is very low during the entire reaction process, which further confirms that the main
deoxygenation pathway of palmitic acid over the Mo,C catalysts is HDO, which is similar
to the result reported by Du and Peroni et al. [16,42]. It is notable that during the initial
stage of the reaction, the conversion rates of palmitic acid on the two catalysts were close,
but more hexadecanol was produced in the reaction using Mo,C-12. Since hexadecanol is
the product obtained by further hydrogenation of hexadecaldehyde, Mo,C-12 is considered
to be able to convert the reaction intermediates faster and thus have better catalytic effects.

The reusability of catalysts is vital for recycling. Therefore, the lifetime tests were
carried out, and the corresponding results are shown in Figure 8b. It is shown that both the
conversion rate of palmitic acid and the selectivity of hexadecane remain stable without
obvious change after consecutive runs for five times. For the fifth run, the conversion and
hexadecane yield are still as high as 100% and 94.0%, respectively, showing no significant
decrease compared to the fresh catalyst. Moreover, the XRD pattern of the catalysts used for
five times all exhibit no obvious change compared to the fresh one, as shown in Figure S2.
Altogether, the available experimental data indicate that Mo,C-12 exhibits outstanding
catalytic stability with a slight decrease in catalytic activity, particularly in the conversion
of palmitic acid to hexadecane.

Compared with other reports for converting fatty acids (as listed in Table 2), the
catalytic performance of Mo,C-12 catalyst can accomplish the complete conversion of
palmitic acid, and a high yield of alkanes was obtained, which is close to the results
obtained over precious metal catalysts or other types of catalysts.

Table 2. The activity performance over various catalysts in the conversion of fatty acids.

Catalysts Raw Material Reaction Conditions Activity Performance Ref.
Batch reactor, T = 360 °C, P = 1.7 MPa 60% conversion
Pd/C Stearic acid (5% H,/He), t=6h 90% au‘ianes seloctivit [43]
Rea/Cat(wt/wt) =20 ? y
Batch reactor, 100% conversion
Ru/C Stearic acid T=330°C,P=1MPaN,, t=125h, 90% alk"anes selectivit [14]
Rea/Cat(wt/wt) =10 ° y
Batch reactor, 100% conversion
Ni/P-MIL-101 Palmitic acid T=400°C,P=3MPaH,,t=3h, 100°% allzanes selec ti\’/i ¢ [44]
Rea/Cat(wt/wt) = 20 0 y
Trickle-bed reactor, 100% conversion
. . . T =290°C, P =3MPaH,, o ’
Ni,P/SiOy—y-Al,O3 Methyl palmitate H,/feed = 600 Nm® /m?, 99 /oS Elirg:iavc}fcane [45]
WHSV =5h"! y
Batch reactor, 100% conversion,
Ni/CeO, Palmitic acid T=270°C,P=2MPaH,,t=10h, 94.8% pentadecane [46]

Rea/Cat(wt/wt) =5 selectivity
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Table 2. Cont.
Catalysts Raw Material Reaction Conditions Activity Performance Ref.
Batch reactor, 100% conversion,
Ni-Mo(R)/ZSM-5 Palmitic acid T=300°C,P=35MPaH,,t=4h, 999 alkoanes selec ti\;it [47]
Rea/Cat(wt/wt) =4 ? y
Batch reactor, 100% conversion,
Ni/MoO,@Mo,CTy Palmitic acid T=280°C,P=4MPaH,,t=4h, 97.09 allZanes selecti\,/it [48]
Rea/Cat(wt/wt) =5 ’ y
Trickle-bed reactor, 99.9% conversion
e T =300 °C, P = 4 MPa H,, ’
Moy 56CNo 50 Palmitic acid H, /feed = 600 Nm?/m?3, 81.0 goeiecrtlitjiclecane [49]
WHSV =50.84 h~! Y
Batch reactor, 100% conversion
NizMozN@600 Palmitic acid T=270°C,P=2MPaH,,t=10h, 94.39, ali)(anes selecti’V it [50]
Rea/Cat(wt/wt) =10 e y
Batch reactor, o . .
Mo,C-12 Palmitic acid T=275°C,P=2MPaH,, t=8h, 100% conversion, This

Rea/Cat(wt/wt) = 5 96.7% alkanes selectivity =~ work

2.3. The Structure-Activity Relationship of Mo,C Catalysts

All catalysts are directly obtained by thermal decomposition of AMO precursors, and
the trend of carbon content in the surface and bulk phase of catalysts is consistent with that in
precursors. On the one hand, the higher carbon content in the AMO precursor is beneficial to
disperse Mo, C better during the carbonization process, thus the crystallite size of Mo,C-12
is the smallest. On the other hand, the surface carbon may also play a role in stabilizing the
active phase, which brings excellent reusability to Mo,C-12. The research of Li et al. [31]
prepared Mo,C@C catalysts for HER through carbonizing organic-octamolybdate crystalline
superstructures. They proved that the synergistic interaction between Mo,C nanoparticles
and carbon layers is the primary source of electrocatalytic activity. Wang et al. also found
that the synergetic effect of metal and carbon nanotubes leads to the stable activity of Ni® [51].
Pores with larger sizes are favorable for adsorbing substrates, transferring intermediates,
and desorbing products, especially for large-sized molecules. With the largest pore size,
the catalytic performance of Mo,C-12 may be improved by affecting mass transfer during
the reaction. Wang et al. [52] reported that the NiMoS/Al,O3 catalyst with larger pores
(19.2 nm) of Al,O3 support was beneficial for the rapid diffusion of products in the pores,
thus improving the HDO performance of the catalyst.

3. Materials and Methods
3.1. Materials

Ammonium molybdate tetrahydrate ((NH4)¢Mo7;0,4-4H,0, AHM, >99.0%), palmitic
acid (C15H31COOH, >99%), and heptane (using as solvent, C;Hyg, >99.0%) were purchased
from Chron Chemical Co. in Chengdu, China. 1,6-Hexanediamine (C¢H13N3, >99.0%);
1,8-Diaminooctane (CgHygN», 98%); 1,10-Diaminodecane (CioHysN»o, >98.5%); and 1,12-
Diaminododecane (C12H39Nj, 97%) were purchased from Adamas Co., Shanghai, China.
All the reagents were used directly without further purification. H, Ar, and 5%O,/N;
were all purchased from Chengdu Xuyuan Chemical Co., Chengdu, China.

3.2. Catalysts Preparation

The synthesis method for a series of Mo,C catalysts was adapted from the literature [24]
with some modifications. Firstly, an amine-metal oxide (AMO) composite precursor was
formed by mixing AHM and different organic diamines in deionized water, then acid
was added to promote dissolution. The added molar amount of AHM and different
diamines was kept the same. Typically, 2.47 g (2.00 mmol) AHM was dissolved into
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50 mL water, and 3.49 g (30.00 mmol) 1,6-Hexanediamine was then added into the above
solution. Subsequently, the solution was heated to 60 °C with constant stirring for 30 min.
Then, HNOj3 (1 mol/L) was added to adjust the pH value to about 3; at this time, white
precipitates were generated completely. Following this procedure, the mixture was kept
being stirred under 60 °C for 4 h. Finally, the precipitates were collected by vacuum
filtration and then washed with water and ethanol three times. After drying at 80 °C for
12 h, the above obtained precursors were further tableted and crushed into the size of
40-60 meshes. The Mo,C catalysts were obtained by heating the precursors under Ar
atmosphere, i.e., calcining in a tube furnace under Ar flow (30 mL/min) by the temperature
programming procedure, which was maintained from room temperature to 700 °C with
a heating rate of 5 °C/min and kept at the final temperature for 2 h. After cooling down to
room temperature under Ar flow, the sample was later passivated in 5% O, /N, for 2 h to
avoid rapid oxidation or spontaneous combustion upon contact with air.

3.3. Catalytic Activity Test

Reactivity evaluation experiments were conducted by selecting palmitic acid as the
model compound, and they were performed in a 50 mL stainless steel autoclave (Century
Senlong MC50, Beijing, China) with a circulating water system and mechanical stirring
at 400 rpm. Typically, 0.25 g palmitic acid, 0.1 g catalyst, and 25 mL heptane were added
into the reactor. Then, the reactor was sealed and flushed with 2.0 MPa N, three times to
replace the air, and then 2.0 MPa H; was purged to replace N, three times, as well. Finally,
2.0 MPa H; was retained in the reactor. Afterward, the reactor was heated to the specified
temperature and timed. Once the reaction was completed, the reactor was forced to cool
under ice bath, and the pressure was subsequently released. Later, the reaction mixture was
taken out, and the catalyst and reaction solution were separated for further analysis. All
the activity experiments were repeated three times to ensure accuracy. The used catalyst
for the lifetime test was washed with heptane three times and dried at 50 °C in a vacuum
oven for 30 min until put for the next run.

The liquid product was quantitatively analyzed by gas chromatography (GC, Panna
A91, Zhejiang, China) equipped with a Flame Ionization Detector (FID) and a capillary
column (HP-5,30 m x 0.25 mm x 0.25 um). The configured sample and internal standard
solution were injected into the GC with temperature-programmed heating, and the set
procedure was as follows: 70 °C, kept for 3 min, heat to 160 °C at a ramp of 5 °C/min, kept
for 3 min, and finally heat to 250 °C at 10 °C/min for 3 min. The conversion and selectivity
of each component were calculated by the following equations:

Conversion = (ny — n;)/ng x 100% (1)
ng is the initial mole amount of reactant, and #; is the final mole amount of reactant.
Selectivity = n,/(ng — n;) x 100% (2)
1y is the mole amount of product.

3.4. Catalysts Characterization

X-ray diffraction (XRD) of amine-metal oxide composite precursors was performed
on a D2 PHASER (Bruker, Kalkar, Germany). The working conditions were as follows: Cu
Ko radiation (A = 0.1542 nm), step size: 0.04°, scan rate: 5° /min current: 30 kV, and voltage:
10 mA. XRD patterns were recorded from 2 to 60°. XRD of catalysts was performed with
an XRD-6100 diffractometer (Shimadzu, Kyoto, Japan) by Cu K« radiation (A = 0.1542 nm),
with a step size of 0.02° and a scan rate of 5°/min, working current: 40 kV, and voltage:
30 mA. XRD patterns were collected from 10 to 80°. The crystal sizes were calculated using
the Scherrer Equation.

X-ray photoelectron spectroscopy (XPS) was carried out with an AXIS Ultra DLD
(Kratos, Manchester, Britain). The Al Ko monochromatized line was operated under the
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condition of tube power: 144 W, pass energy: 20 eV, and energy step: 0.05 eV. The binding
energy was calibrated with C 1 s at 284.6 eV.

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) exper-
iments were conducted on an STA 449 F5 (NETZSCH, Selber, Bavaria, Germany). About
10 mg sample was tested in an Ar flow (30 mL/min), and the temperature was raised from
30 °C to 900 °C at a rate of 5 °C/min.

Raman spectrum was performed with a HORIBA-XploRA PLUS (HORIBA Scientific,
Paris, France), with an excitation wavelength of 532 nm and a 1% filter. The spectrum was
the average of 10 measurements using a 600 g/mm grating.

Inductively coupled plasma emission spectroscopy (ICP—AES) was performed on
an OPTIMAS8000 (PerkinElmer, Waltham, MA USA) to measure the molybdenum con-
tent in catalysts. All samples were dissolved in aqua regia before analysis, whereas the
C, H, and N contents were analyzed using a Vario EL Cub (Elemental, Langenselbold,
Hessian, Germany).

Scanning electron microscopy (SEM) images were collected by using a Thermo Scientific
Apreo 2C (Thermo Fisher, Waltham, MA, USA). Also, 10 kV accelerating energy was used
to obtainthe secondary electron signal

Transmission electron microscopy (TEM) was performed with a Talos F200S (Thermo
Fisher, Waltham, MA, USA). The sample was firstly dispersed in anhydrous ethanol and
then dissolved sufficiently with ultrasonication. The obtained suspension was dropped
through a copper mesh and then dried before being sent to the test chamber.

Nj isothermal adsorption—desorption experiments were performed on a Micromeritics
Tristar II 3020 instrument (Micromeritics, Norcross, GA, USA). The BET equation and BJH
method were used to calculate the specific surface area and pore size, respectively.

4. Conclusions

Different AMO precursors were synthesized by using diamines with different carbon
chain lengths, which can be used to produce 3-Mo,C and carbon through one-step thermal
decomposition. During the heating process, the precursors gradually formed x-MoCj_
and then regenerated (3-Mo,C. By changing the carbon number of diamines in the precur-
sors, the bulk and surface carbon content of the catalysts can be adjusted, which can also
affect the morphology, structural properties, and crystallite size of the catalysts, thereby
affecting their performance in palmitic acid hydrogenation and deoxidation.

When using 1,12-diaminododecane to prepare precursors, Mo,C-12 obtained by car-
bonization has the largest pore size, which is beneficial for the conversion of palmitic
acid with larger molecular sizes. Mo,C-12 also has the highest bulk and surface carbon
content, and the generated amorphous carbon may disperse and protect the Mo,C active
phase, resulting in better activity and good stability of Mo,C-12. On the catalyst, the main
conversion pathway of palmitic acid is hydrodeoxygenation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ catal14020138/s1, Figure S1. TG curves for AMO-10 and AMO-12
in 20% O, /N, atmosphere; Figure S2. XRD patterns of fresh and used Mo,C-12 catalyst; Figure S3.
(a) The reactivity results for converting palmitic acid over different Mo,C catalysts and MoOs.
(b) XRD pattern of MoOg; Table S1. Element contents of AMO-10 and AMO-12; Table S2. Surface
contents on Mo, C catalysts calculated form XPS; Table S3. Surface contents of C and Mo in different
chemical states in catalysts.
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