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Manganese and its nitrides have recently been shown to co-catalyse the ammonia decomposition

reaction. The nitriding reaction of manganese under ammonia decomposition conditions is studied

in situ simultaneously by thermogravimetric analysis and neutron diffraction. Combining these
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complementary measurements has yielded information on the rate of manganese nitriding as well as the
elucidation of a gamut of different manganese nitride phases. The neutron diffraction background was
shown to be related to the extent of the ammonia decomposition and therefore the gas composition.

From this and the sample mass, implications about the rate-limiting steps for nitriding by ammonia and
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Introduction

As a feedstock for fertilisers, ammonia is one of the most globally
significant synthetic chemicals industrially with approximately
170 megatonnes produced per year via the Haber-Bosch
process." Ammonia also has excellent potential as a clean chemical
energy store” ™ since only water and nitrogen gas are produced on
reaction with oxygen (either via combustion® or in a fuel cell®®).
Other desirable properties include a specific energy of 5.2-
6.2 kW h kg™' (depending on whether water is produced as gas
or liquid) and straightforward storage as a liquid at 10 bar and
room temperature. In order to realise the potential of ammonia
as an energy vector, advances both in the technology and
understanding of the ammonia decomposition reaction are
required, as this reaction is necessary to use ammonia in low
temperature fuel cells and desirable for combustion engines.” A
large fraction of the studies performed on the ammonia decom-
position reaction thus far have been with the motivation of studying
the more currently relevant ammonia synthesis reaction.
Transition metal catalysts, such as ruthenium, nickel and iron,
are the most active with regards to ammonia decomposition.'***
Recently, however, light metal amides and imides have also been
found to decompose ammonia with performances comparable to
ruthenium."”™** There is some evidence that the use of transition
metal nitride as co-catalysts with light metal amides and imides
enhances the catalytic reaction, where manganese nitride is the

“ISIS Facility, Rutherford Appleton Laboratory, Harwell Oxford, Didcot, 0X11 0QX,
UK. E-mail: thomas.wood@stfc.ac.uk, bill.david@stfc.ac.uk

b morganic Chemistry Laboratory, University of Oxford, Oxford, OX1 3QR, UK

1 Electronic supplementary information (ESI) available. See DOI: 10.1039/c7¢cp07613d

This journal is © the Owner Societies 2018

nitriding by nitrogen are discussed.

best performer.’>™"” Manganese nitrides have also been used in

the reverse reaction—ammonia synthesis—as a looping catalyst."®

There exist few studies for the ammonia decomposition
reaction over manganese and its nitrides, largely because it is
relatively inactive without the presence of a light metal amide
or imide."® However, it is established that, given sufficiently
high temperatures (above 500 °C), manganese will react with
either ammonia or nitrogen (one of the products of ammonia
decomposition) to form manganese nitrides.>* The structures
of these various manganese nitride phases are well established,
especially through the use of neutron diffraction to determine
the magnetic structures as well as the nitrogen ordering.*'~>*

In this study, simultaneous in situ thermogravimetric analysis
and neutron diffraction are employed to investigate the nitriding of
manganese under ammonia decomposition conditions. Information
gained on the quantity of phases present, as well as the rate-limiting
steps of the nitriding reactions by ammonia or by nitrogen, is
applied to the ammonia decomposition reaction using manganese
(nitride) co-catalysts.

Experimental

In situ neutron diffraction measurements were performed at the
POLARIS diffractometer, ISIS Pulsed Neutron and Muon
Source, UK using the Intelligent Gravimetric Analyser for
Neutrons (IGA", Hiden Isochema). The experimental procedure
largely followed that for iron nitriding under ammonia decom-
position conditions reported previously.””> This entailed the
weighing out of around 730 mg of manganese powder (99.3%,
~ 325 mesh, Alfa Aesar) into a quartz bucket under inert atmosphere
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(to prevent any oxidation). The bucket was then hung from a
fine tungsten wire connected to a balance. A stainless steel
reaction chamber surrounded the sample and the entire setup
was lowered into the neutron beam. Furnace elements were
located above and below the quartz bucket and a thermocouple
was also positioned above. The pressure was controlled by an
inlet and outlet valve such that gas did not flow through the
system, but any local changes in pressure (e.g. release of gas by
sample) were adjusted for. A schematic of the setup is shown in
the ESIL.t

Two experiments were run with manganese powder under
ammonia (99.98%, SIP Analytical). First, the sample was heated
t0 250 °C at 4 °C min~" and then to 420 °C at 1.4 °C min ", where it
dwelled for ~15 h. Secondly, a fresh sample was heated to 480 °C at
3.7 °C min " (with a short interval of cooling when the neutron
beam was unavailable), where it dwelled for ~ 10 h before cooling at
2 °C min~" to 420 °C and dwelling for a further ~2.5 h. The
ammonia atmosphere was evacuated and refreshed periodically for
both experiments in order to remove nitrogen and hydrogen
products from the ammonia decomposition reaction.

Neutron diffraction data were analysed by Rietveld analysis
using TOPAS v5 (Bruker AXS). The banks of detectors used for
fitting the data were the backscattering bank (up to 2.62 A), the
bank at 90° (up to 4.1 A) and the low angle bank at 50° (up to
7.0 A). Steel peaks were fitted by Pawley analysis using two
different Fm3m phases corresponding to the reactor walls at
neutron beam entry and exit points. Similarly, small peaks
pertaining to the thermocouple were fitted to an Im3m NiCr
phase. A previously collected silica scattering pattern was used
as a scalable background to fit the scattering from the quartz
bucket in conjunction with a Chebyshev polynomial function.
Multiple datasets were refined using a batch process from a
seed dataset, which had all phases present.

Results & discussion
Nitride phases present

The neutron diffraction and sample mass data, along with the
temperature and pressure, for the sample run at 420 °C are
shown in Fig. 1. Pairs of steel peaks (corresponding to neutron
beam entry and exit points) at 1.1 A (311), 1.3 A (220), 1.8 A (200)
and 2.1 A (111) were the most prominent features. Initially,
besides the steel peaks, there were manganese peaks at 2.10 A
(330)/(411) (this peak is initially a shoulder to the steel (111)
peak), 1.90 A (332), 1.75 A (510)/(431) and 1.21 A (721)/(633)/
(552) along with the MnO(111) peak at 2.52 A. After reaching
400 °C under ammonia the manganese peaks diminished and
were replaced by manganese nitride phases including Mn,N
(which appeared first with peaks at 1.18 A (311), 1.59 A (211),
1.75 A (210), and 2.25 A (111)), followed by Mn,N phases (with
peaks at 2.17 A, 2.29 A and 2.47 A) and Mn;N, (which appeared
concurrently to Mn,N with major peaks at 1.23 A (181) and
2.41 A (031)/(130)), Fig. 2(a).

When the expected sample mass (calculated from the Rietveld
analysis-obtained manganese nitride mass fractions) is compared
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Fig. 1 For manganese heated under ammonia to 420 °C: (a) gas pressure;
(b) sample temperature; (c) sample mass; (d) neutron diffraction data
(backscattering bank; black sections refer to beam-off periods).

with the actual mass gain (measured gravimetrically), there is
excellent agreement over the course of the experiment, Fig. 2(b).

Heating a fresh manganese sample under ammonia to
480 °C showed similar results to those at 420 °C, in that the
manganese peaks began to diminish at ~400 °C and were
replaced by Mn,N peaks followed by Mn,N phases, then Mn;N,
and finally MngNs., (up to 3 wt%), Fig. 3 and 4. There are,
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Fig. 2 For manganese heated under ammonia to 420 °C: (a) phase mass
fractions obtained from Rietveld analysis of the neutron diffraction data;
(b) sample mass measured gravimetrically (red line) and calculated from
Rietveld-obtained phase fractions (cyan line).
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Fig. 3 For manganese heated under ammonia to 480 °C (a) gas pressure;
(b) sample temperature; (c) sample mass; (d) neutron diffraction data
(backscattering bank; black sections refer to beam-off periods).

however, some significant differences from the 420 °C experiment
that include a greater degree of nitriding. This is shown by the
appearance of Mn¢N;., after 13 h and a larger overall sample
mass gain. It can also be seen that the sample mass gain is
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Fig. 4 For manganese heated under ammonia to 480 °C: (a) phase mass
fractions obtained from Rietveld analysis of the neutron diffraction data;
(b) normalized manganese nitride phase mass fractions from Rietveld
analysis (zoomed inset shows MngNs.,, fraction); (c) sample mass measured
gravimetrically (red line), calculated from Rietveld-obtained phase fractions
(cyan line) and calculated from Rietveld-obtained fractions assuming Mn
fraction at zero above time = 8.5 h (grey line).
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stepped in correlation with the ammonia evacuation-repressur-
ization cycles (Fig. 3(a) and (c)).

Similarly to the 420 °C sample, below 8.5 h, the calculated
sample mass from the Rietveld analysis agrees well with the
gravimetrically measured sample mass, but above 8.5 h there
is a significant underestimate. This can be explained by the
Rietveld analysis overestimating the remaining elemental
manganese fraction. There are a number of reasons for this: first,
manganese itself has a much smaller (in absolute magnitude)
coherent scattering length than nitrogen (—3.73 fm and 9.36 fm
respectively); secondly, the largest Mn peak (the (330)/(411) peak at
2.10 A) appeared as a shoulder of the largest steel peak and as
such, there can be significant uncertainties when the manganese
fraction is small. These manganese fraction uncertainties are
shown by the noise of the manganese fraction trace after 8.5 h,
Fig. 4(a). When the manganese (and manganese oxide) fractions
are removed, the normalized manganese nitride phase fractions
exhibit significantly reduced noise, such that even the evacuation-
repressurization cycles can be seen as steps in the Mn;N, fraction,
Fig. 4(b). Moreover, the calculated sample mass above time = 8.5 h
is significantly closer to the gravimetric value when the Mn
fraction is assumed to be zero. After cooling to 420 °C, there was
no significant change in the rate of mass increase, but the decrease
of Mn,N levelled out.

Another significant difference between the two experiments
is the fraction and composition of the Mn,N phases present
denoted { in the Mn-N phase diagram (where Mn, Mn,N,
Mn;N, and MngNs,, are denoted o, ¢, # and 0 respectively).”"
Leineweber et al. found that these Mn,N { phases had commonality
in the hexagonal close packed ordering of the manganese atoms,
but differed in the nitrogen ordering.*® Here we have borrowed the
notation of y to denote disordered nitrogen occupancy (space group
P6;/mmc) and ( to denote orthorhombic ordering of the Fe,N type
(other nitrogen orderings were not observed), Fig. 5.

During the experiment run at 420 °C the y and { Mn,N
phases began to appear at the same time (from time = 4.2 h)
and can be most simply fitted to two Y Mn,N phases and one {
Mn,N phase, Fig. 5(c). This latter phase is easily discernible from
the former phases by a (110) superstructure peak at 3.567 A,
which appeared in the 90° and 55° detector banks (see ESIT).
It can be seen at 420 °C (Fig. 5(c)(i)) that the assignment of two
v phases is arbitrary and there is probably a solid solution
between the y end member nitrogen occupancy values. The low
signal-to-noise ratio in the neutron diffraction data collected
during these experiments (because of the relatively low mass
fractions of these phases) did not allow these nitrogen occupancy
values to be fit without a high degree of uncertainty, but it is
assumed that an increase in the lattice parameters corresponds to
an increase in nitrogen occupancy. At 480 °C, initially there was no
€ Mn,N phase present (this appeared on the first ammonia
evacuation-repressurization cycle) and the y phases separated into
two end members (denoted v, and v,), Fig. 5(c)(ii). When this sample
was exposed to fresh ammonia, then the y phases diminished
significantly and the { phase began to appear, Fig. 5(c)(iii). These
observations are consistent with the { phase being associated with a
larger nitrogen occupancy, as previously observed.”®
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Fig. 5 Nitrogen (blue) ordering within a hexagonal manganese (magenta)
array for: (a) the disordered P6s/mmc unit cell (ab plane shown) denoted v;
(b) the orthorhombic Pbcn unit cell (bc plane shown) denoted ¢. For both,
the nitrogen occupancies are in square brackets and are taken from ref. 22.
(c) Mn,N peak profiles (y (100) reflection and ¢ (021) and (002) reflections)
for: (i) sample at 420 °C; (ii): sample at 480 °C (between time = 6.6 h and
8.5 h); (iii) sample at 480 °C (after time = 8.5 h).

245 2.46

Possible nitriding mechanisms

Inspection of the neutron diffraction data in Fig. 1 and 3 show a
significant difference in the height of the background dependent
on the pressure of the system, where the background significantly
increased upon the introduction of NH; gas.>® This is due to the
large incoherent scattering cross section of hydrogen, which is
the major contributor to the background. Since the volume of the
system is constant, the number of gas moles in the IGA" vessel is
a function of pressure and temperature (according, to a good
approximation, to the ideal gas equation, n = pV/RT). Integrating
the background for the 90° bank for the 2.63-2.74 A and 3.10-
3.45 A regions (where no Bragg peaks are expected) gives a
measure of the changes in incoherent scattering. The following
corrections were performed for the integrated background data:
(i) the initial background (due to incoherent scattering from the
manganese and steel walls as well as coherent and incoherent
scattering from the silica bucket) was taken away; (ii) incoherent
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scattering from any nitrogen gained by the sample was taken
away (by comparing the difference between the elemental
manganese and the nitride manganese under vacuumy; (iii) dividing
the background data by p/T transformed the data into incoherent
scattering per gas mole (i.e. removing the effects of pressure and
temperature). For the experiment at 420 °C, the incoherent
scattering per gas mole value was constant up to ~3 h before
decreasing steadily up to ~6 h, Fig. 6(a). This decrease in
scattering per gas mole is associated with either the manganese
nitriding reaction:

3
Mn + xNH; — MnN, + TXH2 )

or the ammonia decomposition reaction:
2NH; — N, + 3H, (2)

where both reactions involve a decrease in the number of hydrogen
atoms per gas mole and therefore a decrease in incoherent
neutron scattering per gas mole. The initial amount of manganese
(~730 mg) compared with the size of the IGA" chamber (> 3 dm®)
means that reaction (1) does not contribute significantly to the
effect measured in Fig. 6(a). Therefore ammonia decomposition
must be the dominant contributor—this ammonia decomposition
happens on the steel walls of the reactor or the furnace elements
themselves, since pure manganese has a very low catalytic activity
for the ammonia decomposition reaction.™®

Comparison of the incoherent scattering for this experiment
with the sample mass shows that the ammonia begins to decom-
pose (at ~350 °C) before the manganese significantly increases in
mass (at ~400 °C), Fig. 6(a) and (b). This decrease in incoherent

L
scattering was fitted to an exponential decay function (¢ <), where
7 =1.9(6) h. Once the sample has reached a constant temperature of
420 °C, the sample mass gain can be well fitted to an exponential

t
saturation function of the form 1 — ez, where t = 2.446(3) h.

Scattering / mol™
Scattering / mol?

770 (b) J(d)

T T T

2 3 4 5 4 5 6 7 8
Time / h Time /h

Fig. 6 Forthe sample at 420 °C: (a) the incoherent background scattering
per gas mole (fit shown by solid black line); (b) the sample mass (fit shown
by black dashed line). For the sample at 480 °C: (c) the incoherent
background scattering per gas mole (fit shown by solid black line);
(d) the sample mass (fit shown by black dashed line).
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This can be related to the Kolmogorov-Johnson-Mehl-Avrami

. . . . 1
expression (which describes phase transformations), where — = k,
T

the rate constant, and the exponent of ¢ = 1; this may be indicative
of a two-dimensional growth via a diffusional reaction process,
with all nucleation sites present at the beginning of the
reaction.”®*” This relationship between sample mass means that
the nitriding reaction (eqn (1)) must be first order with respect to
one of the reactants (either ammonia or manganese). Although the
incoherent scattering per gas mole decrease is fitted to an expo-
nential decay function, the noise in the data means that the
ammonia decrease may follow a more complicated form. Indeed,
for ammonia decomposition over most transition metal catalysts
(including iron) the rate is dependent on both the ammonia
and the hydrogen partial pressures (the Temkin-Pyzhev
mechanism®®).>° If this is the case here and the rate-limiting
step of reaction (1) is dependent on the partial pressure of
ammonia, the sample mass increase would be expected to be a
more complex form than a simple exponential. If however, the
rate-limiting step is first-order dependent on the ratio of elemental
manganese to nitrided manganese, then this would fit with a simple
exponential decrease in the manganese. Therefore the two possibi-
lities that remain are: (i) the manganese nitriding reaction is first
order with respect to the partial pressure of ammonia and the
ammonia itself is decomposing via a tungsten-type mechanism
(where N-H bond scission is the rate limiting step)* or (i) the
manganese nitriding reaction is first order with respect to the ratio of
elemental manganese to nitrided manganese.

Further light can be shed on these reactions by examining
the background incoherent scattering per gas mole and the
sample mass gain for the sample at 480 °C before the first
ammonia evacuation-repressurization cycle, Fig. 6(c) and (d). It
can be seen from the incoherent scattering data that the
ammonia decomposition reaction proceeds more quickly at
higher temperatures—the time constants for the exponential
fits in Fig. 6(a) and (c) are 1.9(6) h and 0.20(4) h respectively. As
in the 420 °C case, the manganese nitriding starts at around
400 °C, but by ~4.2 h there is a significant slowing in the rate
of sample mass gain. However, the sample mass keeps increasing
despite the fact that there is very little ammonia present. This
increase in sample mass can (similarly to the 420 °C case) again be
well fitted to an exponential saturation function of the form

1— e‘f, where 7 = 2.125(4) h. These considerations imply that
the nitriding of the manganese occurs directly from nitrogen gas
rather than via ammonia since there is very little present in the
system beyond time = 4.2 h. This reaction would be of the form:

2Mn + xN, — 2MnN, (3)

In this case, the exponential form of the sample mass rise
indicates that reaction (3) is first order with respect to the ratio
of elemental manganese to nitrided manganese (as was one of
the possibilities for the ammonia nitriding reaction (1)), since
the partial pressure of nitrogen over the time period 4.2-8.2 h
remains nearly constant (due to the large volume of the reaction
vessel compared to the sample mass).

This journal is © the Owner Societies 2018
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The nitriding reactions via ammonia (reaction (1)) and
nitrogen (reaction (3)) are expected to proceed via a series of
steps involving gas molecule adsorption, bond cleavage of either
N-H or N=N bonds to form N,qs) species on the manganese
surface, followed by the dissolution of the adsorbed nitrogen
atoms into the bulk lattice to form MnN, species. In the case of
reaction (1), there would also be the recombination of Hagg)
species and desorption to form H,, but this would not be
expected to be rate limiting given that H, readily forms from
Hi,as) ON transition metal surfaces at these temperatures.’®*!
Reaction (1) can therefore be split into the following (generalized)
reactions:

NH3(g) - NH3(adS) (4)
NHj(ads) = Nads) * 3H(ads) (5)
Mng) + ¥N(aas) = MnNy (6)

2H(ads) = Ha(g) 7)

Reaction (3) can similarly be split into the following, where
reactions (4) and (5) are replaced by:

Nog) = Naaas) (8)
N2(ads) - 2N(ads) (9)

Given that reaction (3) is significantly slower than reaction (1)
(as seen by the slowing in the rate of sample mass gain in
Fig. 6(d)), the rate-limiting step for at least one of the nitriding
reactions must be one that relies on the gas composition
(otherwise no difference in nitriding rate would be observed).
The simplest scenario which explains this result is that the N-H
bond scission (reaction (5)) is rate limiting in the case of
reaction (1) and the N=N bond scission (reaction (9)) is rate
limiting in the case of reaction (3). In both cases the chemi-
sorption requires active sites on the manganese surface, where
it is likely that there is a difference in active site density
between elemental manganese and nitrided manganese. A
significant number of extra experiments would be required to
confirm these are definitely the rate-limiting steps (especially
given that the presence of different manganese nitride phases
has not been considered). However, the scenario where reaction
(9) is the rate-limiting step for reaction (3) is consistent with the
rate-limiting step observed for ammonia synthesis where
N=N bond cleavage is slow>> and with the very slow degree
of nitriding shown once the majority of manganese is (at least
partially) nitrided at 480 °C.

Implications for use of manganese nitrides as ammonia
decomposition catalysts

The results presented have implications for using manganese
and manganese nitrides as supports/co-catalysts for ammonia
decomposition. It has been reported that the combination of
MngN;,, and lithium imide (Li,NH) results in a larger rate of
ammonia decomposition than for either of the separate parts.*
There are a number of possibilities why this may be the case:
(i) the lithium acts as a promoter to the manganese (nitride)-
mediated ammonia decomposition; (ii) the manganese (nitride)
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catalyses the rate-limiting step in the lithium imide-mediated
ammonia decomposition; (iii) the ammonia decomposition
proceeds via an intermediate to which both manganese (nitride)
and lithium imide contribute. Differentiating between these
possibilities is not straightforward. Regardless of the mechanism
of ammonia decomposition, however, greater understanding of
how manganese nitrides and the propensity of manganese
(nitride) surfaces to adsorb nitrogen is valuable information
in elucidating these mechanisms. Different partial pressures of
ammonia (and therefore nitrogen and hydrogen) in the system
lead to differing rates of nitriding, which must be taken into
consideration when using manganese nitride as an ammonia
decomposition co-catalyst. The method of bypassing this variability
is to use the end member MnN (MngNs,, where x is 1), but there
is no evidence that this is the optimum phase for ammonia
decomposition. Indeed previous studies of ammonia decom-
position over manganese nitrides found that moving from lower
to higher temperatures (the turning point being 440 °C) resulted
in higher activation energies for ammonia decomposition,
which was suggested to be due to different nitride species.'® If
this relationship holds when lithium imide is a co-catalyst, then
a lower degree of nitriding may be beneficial for the ammonia
decomposition rate, in which case, the results shown here
suggest that minimizing the partial pressure of ammonia (such
that nitriding proceeds as slowly as possible) would be optimal.

Conclusions

The nitriding reaction of manganese under ammonia decom-
position conditions yields a variety of manganese nitride phases
including at least two nitrogen-disordered P6;/mmc (y; and v,)
Mn,N phases and one nitrogen-ordered Pbcn () Mn,N phase.
The simultaneous gravimetric and neutron diffraction measure-
ments agreed with each other and provided complementary
information on nitriding rate and phase identification respec-
tively. Further information on the gas composition (i.e. the
extent of ammonia decomposition) gained from the incoherent
background scattering of the diffraction data showed that the
nitriding reaction proceeded by reaction of manganese with
either ammonia or nitrogen gas. In the former case, the most
probable rate-limiting step was inferred to be N-H bond scission on
the surface of the manganese, whereas for the latter the scission of
the nitrogen-nitrogen triple bond was most likely rate-limiting.
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