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Study of FesMosN catalyst for ammonia decomposition
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A novel synthesis route, using citric acid as a chelating agent, for the preparation of high surface area y-Mo,N and
FesMosN bulk samples and their application as catalysts for hydrogen production via NH; decomposition reaction were
investigated. Successful formation of high surface area pure bulk phase of FesMosN (Sger = 24.9 m*g ™) was confirmed
by using XRD, XPS, SEM-EDX, and HRTEM techniques. The FesMosN catalyst showed moderate catalytic activity
for ammonia decomposition reaction. It demonstrates 100% conversion of NH3 at 600 °C at 6000 h™! GHSV. At lower
reaction temperatures the FesMosN catalyst has higher catalytic activity than y-Mo,N.
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INTRODUCTION

The high level of environmental pollution and
the craving for alternative sustainable clean energy
sources is currently a global issue. Hydrogen is a
potential alternative fuel due to CO,-free emissions
and its versatility as an energy carrier. Hydrogen has
been used as the primary energy source for internal
combustion engines or for fuel cells. The problem of
using hydrogen as a transportation fuel arises due to
the difficulties for finding a proper hydrogen storage
system, i.e. as compressed gas or in cryogenic form.
Researchers intensively are looking for a suitable
hydrogen storage material with high hydrogen
density and mild release conditions, which can be
safely used in transportation vehicles.

Ammonia, whose synthesis is well matured and
in worldwide commercial practice, has been
considered as a potential source for the production
of hydrogen free of CO,. NH; molecule contains
17.2 wt.% H, and agrees with the DOE’s criteria to
be considered as a commercialisable hydrogen
storage material for fuel cell driven transportation
vehicles. The cracking of NHjz an endothermic
reaction, must be pursued via a heterogeneous
catalytic route. Big number of materials has been
tested as catalysts for ammonia decomposition.
Unfortunately, ruthenium has been reported to be
the most active catalyst [1]. For a short period of
time the efforts of the researchers were focused on
the ruthenium-based catalysts for ammonia decom-
position but considering the cost benefit, the bulk
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price of ruthenium, which is 50000 times higher
than that of iron, thereby calls for the need to
develop cheap transition metals-based catalysts with
high catalytic performance [2].

Iron is one of the early studied transition metals
extensively studied as a catalyst for the decomposi-
tion of ammonia reaction for better understanding of
ammonia synthesis kinetics over iron based catalysts
[3,4]. Very few investigations on iron catalysts for
the decomposition of ammonia were reported due to
its much smaller activity and stability in contrast to
the ruthenium catalysts. This was related to the very
strong iron-nitrogen interaction unlike the ruthe-
nium-nitrogen interaction [5]. This strong Fe-N,
interaction leads to formation subnitrides (stable
nitrides) or even bulk nitrides, which were consi-
dered in the early studies to be the inhibitors for the
ammonia decomposition reaction and eventually
deactivating of the catalysts [6-8]. The ammonia
decomposition kinetic study reviles that the rate
limiting step is the associative desorption of
nitrogen over Fe based catalysts [7]. The kinetics
follows a Temkin—Pyzhev type rate equation [9].

In this study, we are presenting results of
investigation of hydrogen production via ammonia
decomposition reaction over high surface area bulk
v-Mo,N and FesMosN (pure phase) catalysts.
Catalysts were prepared using sol-gel method, i.e.
using citric acid as a chelating agent. The prepared
catalysts were properly characterized using BET,
XRD, XPS, SEM-EDX and HRTEM techniques to
identify the textural and chemical properties of the
prepared catalyst samples.
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EXPERIMENTAL

Used chemicals and methods for catalysts
preparation

Ammonium heptamolybdate (NH,)sM0,024.4H,0,
purity > 99.9%, was received from Fluka Chemical
Industry. Iron(ll) nitrate hexahydrate Fe(NO3),.6H,0,
purity > 99%, was received from Sigma-Aldrich.
Citric acid CgHgO7, purity > 99%, was received
from Techno Pharmchem Industry, Haryana, India.
All chemicals were used as obtained.

The sol-gel method using citric acid (CA) as a
chelating agent, with molar ratio of CA:Metal = 3,
was used to prepare both the y-Mo,N and FesMo;N
catalysts. FesMosN (3.00 g) was prepared by
dissolving a desired amount (3.78 g) of ammonium
heptamolybdate  (NH,;)sM070,,.4H,0, Fe(NOs),
(8.68 g) and citric acid (24.00 g) in 100 cm® of
deionized water each in separate beakers. Each
beaker was placed on a hotplate at 90 °C and stirred
uniformly with the help of magnetic stirrer for 30
min. Fe salt solution was then added to the Mo salt
solution drop wise and afterwards followed by drop
wise addition of CA. The solution mixture was kept
on stirring for 4 hours at 90 °C and then the tempe-
rature of the hotplate was increased to 150 °C and
waited until the solution was turned into a jelly-like
substance. The jelly-like solution was then put in a
water-bath at 90 °C and aged for 24 hours. After
aging, the sample was dried in an oven at 100 °C for
24 hours. The dried sample was pulverized and
calcined at 500 °C for 5 hours in stagnant air. The
temperature was established by a ramping rate of 5
°C.min?' to form FeMoO, precursor. Then the
precursor underwent nitridation by ammonia to form
the FesMosN catalyst.

The nitridation reaction was performed via
temperature programmed reaction in pure ammonia
stream. The process was carried out in a packed bed
quartz reactor filled with 1 g of the precursor
charged in the reactor at room temperature. Then
pure argon was flown at a flow rate of 30 cm® min™
through the reactor. The temperature was ramped at
10 °C.min™* until it reached 120 °C. Then the gas
was changed to pure ammonia at a flow rate of 400
cm®.min™ and temperature was increased with a 1
°C.min"* ramping rate till it reached 350 °C. After
that the temperature ramping rate was changed to
0.5 °C.min"* and temperature was increased till it
reached 700 °C. This temperature was maintained
for 2 h keeping the ammonia flow unchanged. Then
the gas flow was changed to argon at 700 °C and the
reactor temperature was cooled down to room
temperature at a ramp rate of 30 °C.min". After
reaching the room temperature, the mixture of O,/Ar
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containing 1.0% O, was flown over the catalyst to
create a passivated oxidic layer to protect the
catalyst from ambient oxygen prior to its exposure
to the atmosphere and subjected to catalyst charact-
erization and activity testing experiments.

For the preparation of 2.0 g of y-Mo,N catalyst,
3.77 g of ammonium heptamolybdate salt was
dissolved in 100 cm?® deionized water and drop wise
addition of CA solution (16.70 g in 100 cm® deion-
ized water) in it. Rest of the preparation method
follows the similar steps as for FesMosN catalyst.

Characterization Methods

A Nova 2000 Win32 Quantachrome (USA)
apparatus was employed to analyze the BET surface
area and pore-size distribution of the prepared
samples. Each catalyst was degassed at 200 °C for 2
h under vacuum before conducting the measure-
ment.

The Powder X-ray diffraction (XRD) was per-
formed using an Inel Equinox 1000 power diffracto-
meter equipped with a CPS 180 detector (filtered
Mo Ka radiation, 40 kV, 30 mA, spinning sample
holder). Powder pattern analysis was processed
using Match Crystal Impact software (v.1.11e) for
phase identification (using both COD and ICSD
database), IMAD-INEL XRD software for Rietveld
analysis. Data were collected under the same
condition for all the samples under investigation.
The scanning range was 0 < 20 < 120 with a step
size of 0.0284° at an approximate counting time of 1
second per step.

The XPS measurements were carried out in an
ultra-high vacuum multi-technique surface analysis
system (SPECS GmbH, Germany) operating at a
base pressure of 10° bar range. A standard dual
anode X-ray source SPECS XR-50 with Mg-Ka
(1253.6 eV) was used to irradiate the sample surface
with 13.5 kV, 150 W X-ray power and a take-off-
angle for electrons at 90° relative to sample surface
plane. The high energy resolution or narrow scan
spectra were recorded at room temperature with a
180° hemispherical energy analyzer model
PHOIBOS-150 and a set of nine channel electron
multipliers MCD-9. The analyzer was operated in
Fixed Analyzer Transmission (FAT) and medium
area lens modes at pass energy of 20 eV, step size of
0.05 eV and dwell time of 0.3 sec. As the standard
practice in XPS studies, the adventitious hydro-
carbon C1s line at Binding Energy (BE) of 284.6 eV
corresponds to C—C bond has been used as BE
reference for charge correction.

TEM analyses of all the catalyst samples were
performed using a Tecnai G2 F20 Super Twin
device at 200 kV with a LaB6 emitter. The
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microscope was fully equipped for analytical work
with an energy-dispersive X-ray (EDX) detector
having an S-UTW imaging. The scanning trans-
mission electron microscopy (STEM) imaging and
all analytical work were performed with a probe size
of 1 nm? resulting in a beam current of about 0.5
nA. The TEM images and selected- diffraction area
(SAD) pattern were collected on an Eagle 2K HR
200 kv CCD camera. The HAADF-STEM EDX
and CCD line traces were collected fully auto-
matically using the Tecnai G2 user interface and
processed with Tecnai Imaging an Analysis (TIA)
software version 1.9.162.

Catalytic activity measurements

Catalytic activity tests were performed at atmo-
spheric pressure in a PID Eng&Tech automated
reactor system (Spain) using a fixed bed quartz tube
reactor with an external diameter of 6.0 mm. The
reactor was charged with 0.10 g of catalyst mixed
with 0.1 g of quartz beads to increase the reaction
contact area and was held at the center of the
heating zone of the reactor furnace. Prior to the
reaction, catalysts were activated at 500 °C under
nitrogen flow for 1 hour. This was followed by
reduction with hydrogen for 5 hours and flushing
again with N, for 1 hour at the same temperature.
After catalyst activation, the reactor temperature
was reduced to 300 °C and pure ammonia gas
(reactant) was introduced into the reactor at GHSV
of 6000 h™*. Then, the temperature was increased
stepwise by 50 °C at a ramping rate of 10 °C.min™".
The catalytic test experiments were carried out
within the temperature range of 300-600 °C. At
each temperature, the reaction was carried out until
a steady state regime was established, verified by a
relative percentage difference of less than 5% for
two successive runs of effluent gas analysis.
Effluent gas analysis was performed using an
online-connected gas chromatography (GC-450
Varian, USA) equipped with a thermal conductivity
detector and a 2.0 m long Porapak Q column.

RESULTS AND DISCUSSION
Catalyst Characterization

The textural properties of the freshly prepared
v-Mo,N and FesMozN catalysts were studied using
N,-physisorption. The obtained isotherms and the
pore size distributions for FezMosN and y-Mo,N
catalyst are shown in Fig. 1. The BET surface area
and the pore volume of y-Mo,N were 110.0 m’.g™*
and 0.071 cm® g*. For FesMosN catalyst they were
24.9 m?.g* and 0.033 cm®.g™", correspondingly. Our

preparation method has allowed us obtaining

FesMo3N samples with eight times larger surface
area compared to the method used by Srifa et al.
[10], in which case they have observed BET surface
area 8.8 m%.g". The increase in surface area is the
result of using CA as a chelating agent in the
preparation method used by us. CA presence leads
to formation of small micelles of metals far apart
from each other and thus upon nitridation forming
the micro/mesoporous structure.

XRD was used to analyze and identify the phases
and crystallinity of the catalysts. Fig. 2 shows the
XRD patterns of freshly prepared y-Mo,N and
FesMosN catalysts (nitridited and passivated). From
the analyzed XRD patterns, y-Mo,N and MoO,
phases were registered in the bulk y-Mo,N sample.
The Mo,N catalyst had mixed phase of y-Mo,N with
diffraction peaks (ICSD no. 158843 at 20 = 43.72,
50.95, 91.00, and 96.27°) and MoO, with peaks
(ICSD no. 80830 at 26 = 30.35, 43.31, 63.09, 63.17,
71.29, and 79.36°). The oxidic phase (MoO,) may
arise from the reaction with oxygen present in the
atmosphere and also while passivating of the
catalysts.

For FesMosN catalyst, only the pure phase of
FesMo;N (PDF# 01-089-4564) was recorded. No
other oxidic or separate Mo or Mo nitride phase was
detected as also reported by previous researchers
[10,11]. Fig. 2 shows the XRD patterns of fresh and
spent y-Mo,N and FesMosN catalysts. There are no
considerable changes in the structure of FesMosN
catalyst except broadening and or increase of the
intensity of peaks at some points suggesting that
crystallite growth took place in the spent catalyst.

The XPS analysis was done for the freshly
prepared nitride catalysts to gain insight view into
the oxidation states at the catalyst surface. The XPS
spectra for Mo3d region of y-Mo,N and FesMosN
are shown in Fig. 3a and 3b. The Binding Energies
(BE) are tabulated in Table 1. The predominant Mo
oxidation states in the y-Mo,N catalyst were the
Mo?" and/or Mo®" which is similar to what was
reported by Podila et al. [12]. There was also the
detection of Mo** and Mo®* oxidation states in the
3d region. Previous reports [13-15] showed that
Mo?*" and Mo®" oxidation states represent molyb-
denum nitride. The Mo*" state correspond to MoO,
while the Mo® depicts the oxidized form of y-Mo,N
phase. The piroforic nature of y-Mo,N require the
sample passivation with 1% O,/Ar mixture to form a
protective layer for the bulk catalyst before it is
exposed to the oxygen in the atmosphere for the
activity testing and characterization tests, which will
inevitably lead to formation MoO, phase due to
reaction with oxygen.
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Fig. 1. BET and pore size distribution of y-Mo,N and FesMo3N catalysts.
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Fig. 2. XRD pattern of fresh and spent FesMosN and fresh Mo,N catalysts.
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For the Mo3d XPS spectra of FesMozN (Fig. 3b)
showed typical mixed oxidation state of molyb-
denum. Higher oxidation states Mo®>* and Mo®* are
more pronounced compared to y-Mo,N sample. The
deconvoluted peaks for Mo3ds, positioned at BE of
227.2, 228.33, and 230.83 eV correspond to Mo°,
Mo**® and Mo™ oxidation states [16]. According to
Perret et al. [17] the peak with lower BE of 228.33
eV corresponds to the presence Mo*? ions which
represents FesMosN phase and similar conclusion
was also drawn by Hada et al. [14]. Fig. 3c (values
tabulated in Table 1) shows the Fe2p XPS spectral
region, which has a notably split spin-orbit compo-
nents with a range of 15 eV. The BE of 706.8,
708.23, 709.97, and 711.41 eV are assigned for Fe’,
Fes0, (Fe'*?), FeO (Fe™) and Fe,O4(Fe*™®) oxida-
tion states respectively. The ratio of areas of FeO
and Fe,O; oxidation state signals is 1:1, which
might have resulted in the formation of highly
dispersed FesMosN. The dominant phase occurs at
BE of 709.97 eV and is due to possible presence of
iron in trivalent state, i.e. Fe,0s.
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Fig. 3. XPS spectra: a - Mo3d of y-Mo,N;
b - Mo3d of FesMosN; ¢ - Fe2p of FesMosN.

Table 1. Comparison of the oxidation state of Mo3d with
their BE for FesMosN and Mo,N catalysts.

Oxida- Mo BE of catalysts, eV

St;gtr; Fe,sMosN y-Mo,N Fe2pas
3dy, 3dsp  3dy, 3ds); Oxida- 2psp

tion state

Mo® 2309 2278 x X X X

Mo*  x  x 23159 22844 X X

Mo®" 231.85228.75 232.39 229.39 Fe? 706.8

Mo* 233.54 230.44 234.01 230.68  Fe**  709.97

Mo®* 235.04231.94 x X Fe?"®  708.23

Mo®* 236.34233.24 23523 232.61  Fe* 71141

SEM-EDS analysis for Fe;MozN catalyst are
shown in Fig. 4. EDX elemental analysis showed
that the atomic ratio of Fe:Mo is ~1.17. The results
suggest the possible formation of Fe-Mo-N species
by the chemical interaction of molybdenum nitride
with Fe species.

o

Dr Sharif 44
MAG: 2000x  HV: 16 kV WDk 12.4 mm

cps/eV

164

144 [\

123

101 K0S

giMo O Mo

6]

43

2300 | o

0_‘)\"‘I"I/“"\“"\""\‘"‘\"“I“"\"“I“"\"
05 10 15 20 25 3.0 35 40 45

Energy [keV]

Fig. 4. SEM-EDX analysis of FesMo3N catalyst.

HRTEM and selected-area electron diffraction
(SAED) pictures of FesMozN are shown in the Fig.
5. The nanodomain of the FesMo3N with an average
particle size of 5 nm was clearly seen. The selected-
area electron diffraction (SAED) pattern of a small
representative of FezMosN particle is shown in the
bright-field image confirms the existence of (511),
(400), (311), and (331) planes, which are belonging
to FesMosN. The average particle size of FesMozN
measured by HRTEM is 5 nm which is close to the
average crystallite size measurement (5.5 nm) using
XRD (Mo ka = 0.71 A) half width data in Scherrer
equation.
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SADE image
Fig. 5. HRTEM and SADE image of FesMosN.

Catalytic activity measurements

The catalytic activity for ammonia decompo-
sition reaction of y-Mo,N and FesMos;N catalysts
was investigated at GHSV of 6000 h™* as a function
of temperature at atmospheric pressure. The obtained
results are depicted in Fig. 6a. Ammonia decom-
position, being an endothermic reaction, showed an
increase of ammonia conversion with the increase of
temperature. A sharp rise in NH; conversion at the
beginning of the reaction at 300 °C was observed
for FesMo3N catalyst, which was not noticed for y-
Mo,N sample until the reaction temperature reached
above 450 °C. At 550 °C the recorded NH; conver-
sion over FezMosN, was 78.2%, which is a little
better conversion when compared to that reported by
Srifa et al. [10] at the same temperature and space
velocity. On the other hand, at this temperature,
v-Mo,N catalysts gave only 71.9% conversion.
Table 2 shows the experimental data for some
previously reported catalysts and the results
obtained in this work at 550 °C. The conversion of

186

ammonia at 600 °C on both the FesMo;N and y-Mo,N
catalysts showed approximately equal value with
97.1% and 97.9% NH; conversion, respectively.
The better results observed in our work might be
attributed to the sol-gel preparation method using a
chelating agent which gave higher surface area.

Table 2. Activation Energies and NHj conversions on
different catalysts at 550 °C and GHSV 6000 h™.

Ammonia Activation energy
Catalyst conversion, % Ea, kimol™ Ref.
FesMo;zN 78.2 72.9 This work
FesMo;zN 75.1 88.9 11
y-Mo,N 69.2 97.4 11
y-Mo,N 719 131.3 This work

Experimental results of catalytic activity tests of
FesMosN catalyst especially at lower temperatures
showed that this catalyst had higher activity
compared to y-Mo,N catalyst which was an indirect
indication that the reaction was actually promoted
by the addition of Fe as a catalyst component.
Consequently, we can come to the conclusion that
adding Fe in the molybdenum nitride structure is the
key reason for obtaining the high activity for
ammonia decomposition reaction. This effect was
connected with lowering the nitrogen association
energy over the catalyst induced by the electronic
distribution disruption of y-Mo,N by the addition of
Fe. Also at lower temperatures below 500 °C
nitrogen association on the surface is the rate
limiting step for the NH; decomposition reaction as
evidenced by kinetic and DFT investigation of
several researchers proposing the following rate
equation a for NH; decomposition:

2
PNH3

T, < [18].
PI-312PN2Keq synthesis

rdecomposition -

Dissociative adsorption of N, over Fe based
catalyst hindered the ammonia decomposition
reaction, whereas Fe modified with Mo and N in the
structure enhances the reaction at temperatures
about 300 °C suggesting N, association is promoted
with this structure configuration, i.e. the recombi-
nation of N, atoms were performed over Fe-Mo-N
sites. More experimental evidence is required to
confirm the above observation. On the other hand,
Srifa et al. [10] also reported the decrease in N,
association energy over (TM),MozN (TM = Fe, Co,
Ni) surfaces compared to Mo,N surface, which may
attribute to the high activity of these bimetallic
nitrides compared to y-Mo,N for this reaction. This
is also in agreement with our observation.

With the increase of temperature higher than 550
°C the inhibition of activity comes from hydrogen
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association over the surface (N, recombination is no
longer a rate limiting step), a well-known pheno-
menon known as hydrogen poisoning, being the rate
limiting step and the two catalysts behave in almost
the same way. This is evidenced by kinetic studies
conducted by several researchers over different
catalysts including Fe based catalysts [7] where
ammonia decomposition rate is a function of NH;
partial pressure of and H, only.

The relationship plot of the degree of NH;
conversion versus temperature for FezMosN and
v-Mo,N catalysts (Arrhenius plot) is depicted in Fig.
6b. y-Mo,N has higher activation energy of 131.29
kJ.mol™ compared to Fe;MosN, for which the acti-
vation barrier drastically reduced to 72.88 kJ.mol™.
This may be the main reason for the high activity of
FesMo;N. Srifa et al. [10] reported. The activation
energy of 88.9 kJ.mol ™ for FesMo;N, which is little
higher compared to what we have attained.
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Fig. 6. Catalytic activities (A) and Arrhenius plots (B)
of FesMosN and y-Mo,N catalysts.

CONCLUSIONS

Ammonia decomposition reaction was investi-
gated using y-Mo,N and FesMosN catalysts which
were successfully prepared by using sol-gel method
and citric acid as a chelating agent. Pure FesMosN
phase was successfully obtained from this method
of preparation and gave a high surface area of 24.9
m?g’. The catalytic activity of this sample was
higher compared to catalytic activity of y-Mo,N at
temperatures below 600 °C.
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N3CJIEABAHE HA KATAJIM3ATOP FesMosN 3A PA3JIAT’AHE HA AMOHSK

1. @. 3aman*, JI. A. XKomnanozo, A. A. An-3axpanu, 5. A. Anxamen, C. [loguna, X. Unpuc, M. A. Hayc,
JI. TletpoB

Henapmamenm no XuMuuno uHICEHEPCMeo u mamepuanosuanue, Uuocenepen paxynmem,
Yuusepcumem ,, Kpan A6oynazuc“, n.x. 80204, 21589 /ceoa, Cayoumcka Apabus

Mocrenuna Ha 5 depyapu 2018 r.; Ilpepaborena Ha 23 mapt 2018 .
(Pesrome)

[pennoxkeH e HOB MeTo[ 3a cuHTe3 Ha MacuBHU Y-MO,N u FesMozN o6pa3uu ¢ Bucoka creruduiHa NOBBPXHOCT
NP W3M0JI3BaHe Ha xenarH. [[oMydeHnTe KaTali3aTopy ca M3CIICNBAHN B PEaKIMsITa Ha pasfiaraHe Ha aMOHSK C el
[0JIy4aBaHe HA YUCT BOZOPOA Ge3 chabpxkanne Ha CO. INomyuaBaHeto Ha oGpasew FesMosN (Sger = 24.9 m*.g™h) ¢
BUCOKa crieliu()uuHa MOBBPXHOCT € MOTBBpAeHO 4pe3 u3nonzBaHero Ha XRD, XPS, SEM-EDX, u HRTEM wmeronu.
KaranusaTopbT nputeskasa 106pa aktusHocT. [Ipi 600 °C 1 GHSV 6000 h™ komBepcusita Ha amonsik goctura 100%.

[pu o HUCcKH Temmepatypu katanmsarop FesMosN e mo- aktusen ot y-Mo,N.
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