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ABSTRACT: Constant CO,-free H, production from the catalytic
decomposition of ammonia could be achieved over a high-surface-
area molybdenum carbide catalyst prepared by a temperature-
programmed reduction—carburization method. The fresh and used
catalyst was characterized by N, adsorption/desorption, powder X-
ray diffraction, scanning and transmission electron microscopy, and
electron energy-loss spectroscopy at different stages. Observed
deactivation (in the first 15 h) of the high-surface-area carbide
during the reaction was ascribed to considerable reduction of the
specific surface area due to nitridation of the carbide under the
reaction conditions. Theoretical calculations confirm that the N
atoms tend to occupy subsurface sites, leading to the formation of
nitride under an NH; atmosphere. The relatively high rate of reaction (30 mmol/((g of cat.) min)) observed for the catalytic
decomposition of NHj; is ascribed to highly energetic sites (twin boundaries, stacking faults, steps, and defects) which are
observed in both the molybdenum carbide and nitride samples. The prevalence of such sites in the as-synthesized material results
in a much higher H, production rate in comparison with that for previously reported Mo-based catalysts.

1. INTRODUCTION synthesis.'”> He also reported similar rate parameters for
vanadium nitride to those of iron and platinum in ammonia
decomposition.> Choi investigated vanadium carbide'* and
molybdenum carbide," and Pansare et al. studied tungsten
carbide'® for ammonia decomposition. Those materials
reported in the literature showed interesting performance for
ammonia decomposition; unfortunately, none of the catalysts
could achieve more than a 4 mmol/((g of cat.) min) H,
formation rate, which is likely due to the low surface area of the
reported materials.

One of the most facile routes to high-surface-area transition-
metal carbides can be attributed to Lee et al,'” who developed
a temperature-programmed reduction—carburization method
which allows the formation of carbide materials from precursor
oxides under a wide range of conditions. In this study, we
prepared high-surface-area molybdenum carbide from h-MoO;

Carbides and nitrides of early transition metals have been the
focus of much attention following the pioneering work of Levy
and Boudart,' who showed that tungsten carbides display Pt-
like behavior in several catalytic reactions. It has been
subsequently demonstrated that transition-metal carbides and
nitrides are effective catalysts in a number of reactions that
typically utilize group VIII noble metals as catalysts, including
hydrogenation,” dehydrogenation,® hydrogenolysis,* isomer-
ization,">® and methane to syngas,’ in which the catalytic
activities approached or surpassed those of noble metals.

It is well-known that metal—nitrogen interactions play
important roles in both the synthesis and decomposition of
ammonia, since the adsorption and desorption of nitrogen are
reaction-limiting steps for ammonia synthesis and decom-
position, respectively.*” Considering that the catalytic efficiency

of the elements for the synthesis'® and decomposition of metal oxide precursor using a temperature-programmed
ammonia has been correlated with the chemisorption energy of reduction;carburization under a flowing atmosphere of H,
nitrogen, molybdenum carbides and nitrides have been applied and CH,."" This was applied in the catalytic decomposition of
in both the catalytic synthesis and decomposition of NH;."! ammonia and exhibited high performance in H, production.
Oyama showed a number of interstitial alloys (molybdenum

carbide and nitride) that were more active than ruthenium but Received: October 2, 2012

less active than the doubly promoted iron catalyst for ammonia Published: January 27, 2013
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2. EXPERIMENTAL SECTION

2.1. Preparation of Catalysts. The high-surface-area molybde-
num carbide catalyst was synthesized via a temperature-programmed
reduction—carburization of lab-made h-MoO; under a flowing
atmosphere: a mixture of He, H,, and CH, gases at 675 °C for 4
h.'® The fresh molybdenum carbide is denoted as Mo,C-fresh in this
paper. In order to give a comparison between molybdenum carbide
and noble metal ruthenium, 2 wt % Ru was deposited on graphite by
the incipient wetness impregnation method.

2.2. Characterization Methods. Samples were analyzed by N,
adsorption/desorption using a Quantachrome Autosorb AS-6B
instrument and measured after a pretreatment under vacuum at 200
°C for 2 h. The specific surface areas were determined by applying the
Brunauer—Emmet—Teller (BET) method using 11 points in the
relative pressure p/p, range between 0.05 and 0.3. The pore size
distributions were calculated using the Barrett—Joiner—Halenda (BJH)
method from the desorption branch of the N, isotherm. Powder X-ray
diffraction was carried out for all samples using a STOE STADI P
diffractometer in transmission geometry (primary focusing Ge
monochromator, Cu Kal radiation (1 = 1.5406 A), linear position
sensitive detector). The morphologies of all samples were investigated
on a Hitachi S-5200 scanning electron microscope (SEM) coupled
with an EDX detector for elemental analysis. The samples under
investigation have been deposited on conducting carbon tape. All
images were acquired using an acceleration voltage of 3 kV for better
image contrast of surface features and 15 kV to investigate the inner
cavities/subsurface of the samples. A transmission electron microscope
(TEM) equipped with a FEG emitter (Philips CM200) and image
energy filter (GIF200, Gatan) operated at 200 kV was used to perform
overview and high-resolution (HRTEM) investigations for all samples.
Electron energy-loss spectroscopy (EELS) spectra of all samples were
acquired in diffraction mode at 0.1 eV per channel dispersion with a
probe size of around 100 nm radius, circular region.

2.3. Catalytic Performance Measurement. All catalytic tests
were conducted in the Department of Heterogeneous Catalysis at the
Max-Planck-Institut fiir Kohlenforschung, Miilheim, Germany. Details
of catalytic measurements: 50 mg of the catalyst was loaded in a quartz
tube fixed bed reactor. Pure gaseous NH; (30 mL/min) was passed
through the catalyst bed, and the temperature was increased to 600 °C
with a ramp of 10 °C/min. The effluent gas was analyzed by an online
gas chromatograph (MicroGC 30004, Agilent) equipped with two
lines, a PLOTU precolumn/Molsieve column combination with Ar as
carrier gas for N,, H,, and CH, and a PLOTU column with He as
carrier gas for NH; and CH,. Both lines were equipped with TCD
detectors. The apparent activation energy of Mo,C was estimated by
the Arrhenius equation (E, = —R[((0 In k)/(d(1)/(T)))]p, where R is
the Boltzmann constant and k is the rate constant of ammonia
decomposition at the temperature T) in the temperature region of
450—600 °C. The samples collected after 4 and 100 h of reaction are
labeled as Mo,C-NHj;-4h and Mo,C-NH;-100h, respectively.

2.4. Density Functional Theory Calculations. DFT calculations
were performed using CASTEP' with Vanderbilt-type ultrasoft
psedopotentials’® and the generalized gradient approximation
(GGA) exchange-correlation functional proposed by Perdew, Burke,
and Ernzerhof (PBE).*" A plane-wave basis set with an energy cutoff of
380 eV was used for all calculations. The Brillouin zones of the (1 X 1)
surface unit cells of Mo,C (0001) and MoN (0001) were sampled
with 6 X 6 Monkhorst—Pack k-point meshes. The surfaces were
modeled with unsymmetric seven-layer slabs, where the lowest two
layers were fixed at the bulk crystal structure. The geometries of the
remaining layers were optimized to <0.03 eV/A.

3. RESULTS AND DISCUSSION

3.1. Catalytic Performance of High-Surface-Area
Molybdenum Carbide. Catalytic NH; decomposition was
conducted according to the procedure detailed in the
Experimental Section. The performance of Mo carbide over
100 h on stream at 600 °C is shown in Figure 1. Here the NH;
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Figure 1. Catalytic activity and stability of (circles) Mo carbide and
(triangles) graphite-supported 2 wt % Ru catalyst for NH,
decomposition. Reaction conditions: S0 mg of the sample, NH;
space velocity 36000 mL/((g of cat.) min), reaction temperature
600 °C (Mo) or 450 °C (Ru).

conversion of the fresh high-surface-area Mo,C decreases from
85% to 71% over 15 h and subsequently stabilizes at a constant
H, formation rate of about 30 mmol/((g of cat.) min). The
catalytic activity of 2 wt %Ru/graphite is also shown in Figure 1
for comparison, showing an H, formation rate of about 37
mmol/((g of cat) min) under the same conditions. The
apparent activation energy for the decomposition of NH; over
Mo,C (as measured from 600 to 450 °C, calculated according
to the Arrhenius equation) is about 89 kJ/mol, which compares
favorably to the value found for 2 wt % Ru supported on
different carbon materials (75—85 kJ/mol).”* These findings
imply that the high-surface-area transition-metal carbides have
the potential to replace noble metals in the application for CO,-
free H, production from ammonia. Owing to the high reaction
temperatures the reaction process is likely beyond kinetic
control: i.e., influenced by mass transfer limitation. However,
considering the low surface areas of the catalysts, the internal
diffusion effects are less pronounced as for high-surface-area
materials.

3.2, Characterizations. The results of the physico-
structural characterizations of the fresh and used (4 and 100
h) catalysts are summarized in Table 1. Figure 2 shows the N,
physisorption isotherms and BJH pore size distributions for the
desorption branches of all samples. The isotherm of the fresh
molybdenum carbide sample is intermediate between type II
and type IV, according to the JTUPAC classification,®" with an
H3 hysteresis loop indicating a slitlike mesopore structure. As
shown in Figure 2b, two different pore-size distributions (2—4

Table 1. Physical Properties of Samples

BET surface area” pore volume?

sample (m*/g) (1072 em®/g) phase structure®
Mo,C 47.7 8.9 hexagonal Mo,C
Mo,C-NHj;- 6.0 4.6 hexagonal Mo,C
4h and MoN
Mo,C-NHj;- 4.8 2.6 hexagonal MoN
100h

“Calculated from N, adsorption and desorption analysis. “Total pore
volume. “determined from XRD and TEM analysis
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Figure 2. N,-adsorption/desorption analysis: (a) isotherms; (b) pore
size distribution from BJH desorption.

and 10—11 nm) were observed for the fresh Mo,C. Following
ammonia decomposition for 4 h at 600 °C, the mesopores
between 2 and 4 nm were not observed, and the isotherm
changed to a typical type II shape, indicating the disappearance
of the mesopore structure. This resulted in a considerable drop
of surface area from 50 to 6 m’/g. The surface area and
mesopore structures further decreased with time on stream
(TOS). After 100 h of reaction, there was about 90% loss of
surface area. However, the loss of catalytic activity was only
about 15%. Therefore, in order to find an agreement between
the solid materials and catalytic performance, further character-
izations of the Mo,C, Mo,C-NH;-4h, and Mo,C-NH;-100h
catalysts were carried out.

The morphologies of all the samples were investigated by
transmission/scanning electron microscopy (SEM and TEM).
Figure 3 shows representative TEM images of the three
samples. As shown in Figure 3a, the fresh Mo,C sample has a
homogeneous mesopore structure, giving the uniform distri-
bution of the bright regions in the TEM image. After reaction
for 4 h, the catalyst appears to lose the porosity (TEM image of
Figure 3b). Further, very few mesopores can be observed in the
sample of Mo,C-NH;-100h (in Figure 3c), which has increased
in apparent density by comparison with the fresh sample. These
observations are in good agreement with the results obtained
from N, physisorption. The representative SEM images with
different magnifications of all samples shown in Figure 4 also
agree with the findings that, after reaction of ammonia

Mo C-fresh
= Mo, C-A0f =dh
= Mo C-NIT 100k

Intensity (a.u.)

Figure 3. TEM images and EELS spectra of fresh and 4 and 100 h
used Mo carbide/nitride samples: (a) Mo,C-fresh; (b) Mo,C-NH;-4h;
(c) Mo,C-NH;-100h; (d) Mo M-edge, C and N K-edge EELS spectra
of the samples.

decomposition, the catalyst became a more compact solid
structure with lower specific surface area.

Both powder XRD and high-resolution TEM techniques
were used to identify the phases of molybdenum carbide and
nitride and compare them with various phases of these
materials reported in the literature.”>** Figure 5 shows the

Figure 4. SEM images of samples: (a, d) Mo,C-fresh; (b, e) Mo,C-
NH;-4h; (¢, f) Mo,C-NH;-100h.
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Figure 5. XRD patterns of fresh and 4 and 100 h used Mo carbide
samples: (squares) JCPD Mo,C; (circles) JCPD MoN. All used
samples were collected after the ammonia decomposition reaction and
sealed under the protection of inert gas.

XRD patterns of the fresh and used samples. The XRD pattern
of the fresh Mo,C sample indicates a hexagonal-close-packed
structure (-Mo,C), which was compared with the reference
pattern of JCPD-00-035-0787 Mo,C (34.4° (100), 38.0° (002),
39.4° (101), 61.5° (103), and 74.6° (112)). The XRD pattern
of used molybdenum carbide collected after 100 h indicated a
hexagonal MoN structure by comparinson with JCPD-01-089-
5024 MoN (31.8° (002), 36.1° (200), 48.8° (202), 64.9°
(220), 78.0° (204), and 85.3° (402)). Both f-Mo,C and §-
MoN diffraction peaks can be observed in the pattern of Mo,C-
NH;-4h, which indicates nitridation of Mo,C during the
ammonia decomposition reaction. The XRD pattern of Mo,C-
NH;-4h exhibited broader and lower intensity in comparison to
Mo, C-fresh and Mo,C-NH;-100h, indicating smaller crystallites
of both Mo,C and MoN. We assume that the nitridation of the
carbide is initiated at dislocation structures in the primary
carbide crystallites, which act as nucleation sites for
continuously growing MoN crystallites.

Figure 6 shows the high-resolution TEM images of the fresh
and used catalysts, revealing the polycrystalline structures of all
the samples. Various lattice fringes and analysis of their
characteristic acute angles confirmed that there is only one
phase in either the fresh or 100 h used sample: that is, -Mo,C
(Mo,C-fresh) and 5-MoN (Mo,C-NH;-100h), respectively.
Both of these two structures can be observed coexisting in the
Mo, C-NH;-4h sample (Figure 6b). In addition, as shown in the
inserted images in Figure 6, a large number of twin boundaries,
stacking faults, steps, and defects could be observed among the
high-resolution images of all the observed samples, which can
be recognized as highly energetic sites in these samples.”®

In a catalytic cycle which involves several elementary steps,
the step which is not in thermodynamic equilibrium is the rate-
determining step. In ammonia synthesis this step is the
dissociative chemisorption of nitrogen.*® In the reverse
reaction, ammonia decomposition, this step is the recombina-
tive desorption of dinitrogen atoms from the surface. It was
reported® that in ammonia synthesis the active site might occur
on a single step edge, as the required hydrogen populates the
terraces of metal particles in a highly mobile form. Instead, the
active site for the reverse reaction, ammonia decomposition, is a
larger ensemble than that for synthesis. Unlike the ammonia
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Figure 6. High-resolution images of fresh and used molybdenum
carbide samples indexing with different lattice orientations: (a) Mo,C-
fresh; (b) Mo,C-NH;-4h; (c) Mo,C-NH;-100h.

synthesis, two neighboring step sites will be needed for the
formation of the N—N bond. Additional terrace sites might also
be needed for H atoms due to the inhibition effect of hydrogen.
As a bulk solid system, the carbides and nitrides in this study
strongly differ from supported metal nanoparticles, which
expose much more specific surface area for reactant
chemisorption. Nor is this the model catalyst or single crystal
of surface science, both of which could only offer one or several
coordination structures. We believe that high-energy sites
related to dislocation defects and crystal twinning, which are
observed in these carbide and nitride samples, could be the
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active sites for ammonia decomposition. This may explain why
the significant drop of the specific surface area did not cause a
dramatic decrease in catalytic performance.

Electron energy-loss spectroscopy (EELS) is a suitable
technique for the chemical analysis of transition-metal carbides
and nitrides.”” Unfortunately, however, the Mo M, s-edge (at
ca. 227 eV) and M, ;-edge (doublet peaks at ca. 410 and 392
eV, respectively) overlap with the C K-edge (at ca. 284 €V) and
N K-edge (at ca. 401 eV), causing difficulty in the standard
procedure for EELS analysis.”® Figure 3d summarizes the EELS
spectra of all samples. In the spectra of Mo,C-fresh, the Mo M-
edge is broad and has small features at ca. 227, 393, and 410 eV,
respectively. A large peak was observed for the C K-edge which
is indicative of the presence of sp>-bonded carbon.

After 4 h of reaction, the intensity of the carbon peak
decreases while the formation of N K-edge at ca. 401 eV is
observed, consistent with the formation of molybdenum
nitride. After 100 h, nearly no carbon edge is observed,
indicating the complete nitridation of molybdenum carbide. In
ammonia synthesis, the dissociative adsorption of nitrogen on
metallic surfaces leads to a state of adsorbed nitrogen atoms
sometimes referred to as “nitride”; the dissolved nitrogen can
not only recombine and desorb but also be dissolved in the
subsurface and form a solid solution.® In ammonia decom-
position, after cleavage of the N—H bond, the adsorbed N
atoms may also undergo the same phenomena as seen in
ammonia synthesis to form the “surface” and “subsurface”
nitride and further form the bulk nitride. At the same time, the
adsorbed H atoms can not only recombine and desorb but also
react with carbon atoms in solid solution to form C—H bonds
and eventually desorb from the surface as CH,. In Figure 7a,
the EELS spectra of the Mo,C-NH;-4h sample is shown, which
has both Mo,C and MoN structures, as confirmed by XRD and
TEM analysis. Two representative areas were selected to
measure the EELS spectra. One is on the outer perimeter of the
selected particle, which could more or less be regarded as the
“surface” of the sample; the other is in the center of the selected
particle, which is close to the “bulk” region. The intensity of
carbon features of the “bulk” area is much more pronounced
than the “surface” part, which contains nearly no C signal.
These results indicated the nitridation of Mo,C during
ammonia decomposition starting from the surface to the
bulk, which is in good agreement with previous characterization
and also with the literature.®

3.3. Theoretical Calculations. We first determined the
heats of formation of different Mo—C—N bulk compounds. In
addition to the experimentally known hexa-Mo,C (space group
P6;/mmc (No. 194))* and §1-MoN (space group P6m2 (No.
187))*® structures, we constructed Mo,C,, Mo,CN, and
Mo,N, by adding C and N atoms to interstitial sites of hexa-
Mo,C. As can be seen in Figure 8, the nitrided structures are
more stable than carbide structures by roughly 0.2 eV per unit
cell, showing that there is a driving force for molybdenum
carbide to convert into a nitride under a nitrogen atmosphere.
Although we find that a mixed Mo,CN crystal phase should
even be more stable than Mo,N, and MoN, its formation might
be kinetically hindered, since at the real reaction conditions the
surface is likely saturated with adsorbed N atoms, which could
force the formation of nitride.

The rate-limiting steps for both the synthesis (N,
dissociation) and decomposition (recombinative desorption
of N atoms) of ammonia are related to the interaction between
N and active surface sites of the catalyst. Also, it was reported
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that the computed TOFs on the metal surface of ammonia
synthesis could be perfectly correlated with the computed heats
of chemisorptions of activated nitrogen by the link between the
kinetic parameters of a reaction with the thermodynamic
parameters of bond strengths of adsorbates.*'**" It was further
reported that the catalytic performance of ammonia decom-
position on the bimetallic surface can be predicted from the
binding energies of N-metal from DFT calculations guided
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from first-principles-based microkinetic models.>* Therefore,
we concentrated on the bond strengths between N and the
catalyst surface, which should play the dominant role in both
the synthesis and decomposition of ammonia. We conducted a
series of calculations for nitrogen adsorption on stepped hexa-
Mo,C(0001) and 51-MoN(0001), which are comparable to the
catalysts’ structures proposed by the experimental findings.
Both surfaces were modeled as stepped surfaces with six atom-
wide terraces of (0001) orientation, separated by double-atomic
steps in the case of Mo,C(0001) and monatomic steps in case
of 61-MoN(0001). Nonequivalent bridge (b) and hollow (h)
sites near the step (yellow circles in Figure 9) or on the terrace
(red circles in Figure 9) are considered.

The binding energies that were calculated by subtracting the
total energy of the clean surface and half of a N, molecule in

uniler step
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Figure 9. Calculated nitrogen adsorption energies (binding energy
(eV) referenced to !/, N, molecule) at different sites on terraces and
steps of Mo,C(0001) and MoN(0001). Labels h and b indicate hollow
and bridge sites, respectively.

the gas phase from the total energy of the surface with nitrogen
are shown in Figure 9. On both stepped surfaces, N prefers
binding at the step edges, where the calculated binding energies
are 0.81 and 0.35 eV larger in comparison to binding at terrace
sites of Mo,C(0001) or §1-MoN(0001), respectively. This can
be understood by the fact that nitrogen atoms have three
unpaired electrons and prefer high coordination sites.
Following the previous discussion on the role of the binding
energies, the lower heats of chemisorption of N may thus
indicate an increased activity for ammonia decomposition. For
Mo,C, since N adsorption is much more favorable (by ~0.85
eV) at the step sites than on the terrace sites, the
decomposition of NH; most likely only occurs at steps. For
MoN, the difference in the binding energy at the step and
terrace sites is only ~0.35 eV, which might show that the
reaction can occur at steps as well as over terraces. Therefore,
although the binding energy of N is stronger over MoN than
over Mo2C, we expect the former to be more active because of
a greater number of active sites. While the previous studies
already show the general activity trend, it will be the aim of
future work to elucidate the full reaction mechanism on the
different surfaces to allow for quantitative conclusions of their
activities.

4. CONCLUSIONS

In summary, we reported a high-performance ammonia
decomposition catalyst of high-surface-area molybdenum
carbide, which could achieve about 30 mmol/((g of cat.)
min) constant H, production rate. The comprehensive
characterization of fresh and used samples showed that the
high-surface-area Mo,C not only can crack the NH; molecule
but also has a tendency to form MoN under a pure ammonia
atmosphere at high temperature (600 °C), causing a significant
drop of specific surface area (from about S0 m*/g to about 5
m?/g). Theoretical calculations showed that the N atoms tend
to assume subsurface positions of Mo,C, promoting the
progressive formation of a molybdenum nitride. This result is
in agreement with the EELS analysis over the sample collected
after 4 h of reaction: that is, MoN is dominant on the surface
compared to the bulk.

Over 100 h of catalytic measurements the activity was
observed to drop by about 15% over the first 20 h before
stabilizing. This drop in activity is not proportional to the drop
in specific surface area, indicating that the molybdenum nitride
may be more active for ammonia decomposition in comparison
to molybdenum carbide. The opposite order was observed by
Oyama over #-Mo,C and y-Mo,N for ammonia synthesis at
400 °C.'> We believe that the abundance of highly energetic
sites (twin boundaries, stacking faults, steps, and defects)
observed on molybdenum nitride should be the most active
sites for cracking ammonia, since this reaction requires high
electron density as well as undercoordinated sites to proceed.
The observation of N—catalyst interactions over the terrace and
step locations of Mo,C and MoN showed the importance of
high-energy sites for ammonia decomposition, in agreement
with earlier studies in the literature.*® N atoms tend to be more
strongly bound (0.4 eV higher) to the step edge on
MoN(0001) than on Mo,C(0001), which likely benefits the
difficult step of N—N recombination through surface diffusion
from two sites of ammonia cleavage on weakly adsorbing sites
(terraces).8
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