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ABSTRACT

We demonstrate that the ammonia decomposition reaction catalysed by sodium amide proceeds
under a different mechanism to ammonia decomposition over transition metal catalysts. Isotopic
variants of ammonia and sodium amide reveal a significant kinetic isotope effect in contrast to the
nickel-catalysed reaction where there is no such effect. The bulk composition of the catalyst is also

shown to affect the kinetics of the ammonia decomposition reaction.
INTRODUCTION

Ammonia offers excellent properties as an energy vector for a future carbon-free economy as it is
liquid at room temperature and moderate pressure (10 bar) and under those conditions has among
the highest volumetric and gravimetric hydrogen densities known (121 kg H, m™ and 17.8 wt%
respectively).”? This compares favourably to storing hydrogen in its elemental form where
liqguefaction (below 33 K) or high pressures (700 bar) give lower hydrogen densities than ammonia
itself. Lightweight solid state hydrogen stores have similar hydrogen densities to ammonia, but

suffer from issues of reversibility and require high temperatures to release the hydrogen.>*

Recently we showed that sodium amide may be used as a catalyst to effectively decompose
ammonia into its constituent elements, nitrogen and hydrogen, with similar performance to the
state-of-the-art ruthenium catalysts but at a fraction of the cost.’ This catalytic activity was proposed

to be due to a combination of the following two reactions:
Na + NH; — NaNH, + %H, (2)
NaNH, — Na + %N, + H, (2)

whereby it may be seen that, under flowing conditions, ammonia can be decomposed continuously

into nitrogen and hydrogen (a phenomenon recognised as early as 1894).°
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Traditionally, transition metal catalysts have been used for the decomposition of ammonia with the
relative activities being closely related to those for the reverse reaction of ammonia formation.”? As

%1% The mechanism for these

such, iron and ruthenium are the most commonly used catalysts.
reactions follows a standard heterogeneous catalytic pathway with ammonia adsorbed onto the
catalyst surface, followed by breaking of the N-H bonds to give adsorbed nitrogen and hydrogen
atomic species which then desorb as N, and H,. Extensive studies have been performed under

different conditions to elucidate the reaction mechanism.™*

In general, these have shown that the
rate-limiting step is the desorption of nitrogen from the metal surface, i.e. the formation of the
nitrogen-nitrogen triple bond (although there is some variation depending on the conditions and

13,14,15,16,17

transition metal used). Alkali and alkaline earth metals have been used to promote the

surface catalytic activity of ruthenium and iron and therefore lower the temperatures

1920212223 The question arises as to whether the activity of sodium amide falls into this

required.’®
category of promoting the catalytic activity of a transition metal via surface interaction, or whether
the ammonia decomposition proceeds independently of the transition metal via the sodium amide

decomposition and formation reactions proposed above.

In this paper, we use different isotopologues of ammonia and sodium amide (NH;, ND;, NaNH, and
NaND,) to study the ammonia decomposition reaction via mass spectrometry analysis of the isotope
traces, in order to elucidate the nature of the reaction, including its mechanism and possible rate-

limiting steps.
EXPERIMENTAL

Ammonia decomposition experiments with different isotopes were performed in a nickel-plated
stainless steel reactor with an internal volume of 21.3 cm?. As described previously,>** the reactor
was fitted with an inlet gas pipe running from the reactor lid to around 1 cm from the base of the
reactor. A thermocouple monitored the temperature around 5 mm from the bottom of the reactor.
Gas flows (NH; and ND;) were mediated by mass flow controllers (HFC-302, Teledyne Hastings
Instruments) and the outlet gas flow monitored by a mass flow meter (HFM-300, Teledyne Hastings
Instruments) in a custom-designed gas panel, Figure 1. The gas species flowing out from the reactor
were characterised by Quantitative Gas Analysis (QGA) using a Hiden Analytical HPR-20 QIC R&D
mass spectrometer system in histogram mode (MASsoft 7), monitoring peaks from m/z =1 to m/z =
40 (inclusive). The post-reaction gas species were also flowed through an infrared gas cell (Specac)
with a path length of 10 cm contained within a Bruker Vertex 80v spectrometer (equipped with a
liquid-nitrogen cooled mercury-cadmium-telluride detector) with spectra recorded every 30 s from

5500-600 cm* for the duration of the experiment (using Bruker OPUS 7.2 software).
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Figure 1: Experimental gas handling setup, where the inlet NH; or ND; gas flows (or vacuum) are controlled by
mass flow controllers (MFCs) prior to the reactor. Valves are located above the reactor inlet and outlet,
allowing it to be isolated when evacuating the gas panel upstream. Gas flow out of the reactor is monitored by
a mass flow meter (MFM) before analysis via a mass spectrometer and Fourier-transform infrared (FTIR)
spectrometer.

The isotopic reactions used the following gases: NH; (99.999%, SIP Analytical), ND; (99 atom % D,
Sigma-Aldrich) and argon (99.998%, BOC). Isotopic experiments were performed by loading 0.1 g of
the powder into the reactor under an argon atmosphere. Sodium amide (NaNH,, hydrogen storage
grade, Sigma-Aldrich) and its deuterated isotopologue (NaND,), which was synthesised from passing
ND; gas over NaNH, for 3 h at 300 °C, were used. For the latter, the complete exchange of hydrogen

for deuterium was confirmed by Raman microscopy (see ESI).
Three types of isotope exchange experiment were undertaken for the ammonia decomposition:

1) Without a catalyst (blank) under a flow of NH;, switching to a flow of ND; (with residual NH;
in the reactor) and finally switching back to a flow of NH; (with residual ND; in the reactor).
The use of the term “blank” throughout this article denotes no catalyst powder is present in
the reactor.

2) With a catalyst (NaNH,) under a flow of NH3;, switching to a flow of NDs.

3) With a catalyst (NaND,) under a flow of ND;, switching to a flow of NHa.

Samples were heated up to a temperature of around 200 °C at 5 °C min™ under flowing argon, which
was used as the infrared background spectrum. The gas flow was then changed to NH; or ND; and
the reactor heated to 485 °C at 5 °C min™". Typically the flow of gas was 25 sccm into the reactor and
upon switching gas, the gas panel was evacuated up to the reactor inlet (in order to minimise

NH5/ND; mixing) and then the relevant isotopologue was introduced also at 25 sccm.

Additionally two experiments examined the decomposition of NaNH, or NaND, under flowing argon

gas. To perform these experiments 0.2 g of catalyst sample was introduced into the reactor with 15
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sccm of flowing Ar (without infrared monitoring). The furnace was heated at a rate of 5 °C min™ up

to a temperature of 550 °C and the mass spectrometry output was measured throughout.

Mass spectrometry data analysis involved fitting each histogram collected to fractions of the
following gases: Ar, N,, ND3;, ND,H, NDH,, NH3, D,, HD and H,. The ammonia species were assumed
to have statistically scrambled hydrogen/deuterium (since this occurs at room temperature),
therefore seven parameters were used: the gas fractions of Ar, N,, ammonia species, D,, HD and H,
and the deuteration fraction of ammonia. The gas fraction of the ammonia species is calculated as
the sum of the fractions of NH;, NDH,, ND,H and NDs, given the shorthand “NH;+NDs"”, whereas the
deuteration fraction is calculated as (ANDH, + 24ND,H + ND3)/( NH; + NDH, + ND,H + NDs), which is
given the shorthand “ND3/(NH;+ND;)”. For experiments where very little argon was expected, the
fraction of argon parameter was set to zero and not fitted. The mass spectrometer was calibrated
using pure gas streams of the relevant gases (Ar, N,, ND3;, NH;, D, and H,), in order to ascertain the
fragment peak ratios, Table S1. The relative ionization factors (how well the mass spectrometer
filament ionizes each gas) were calculated from running 50/50 mixtures of each gas with argon
(which itself was given a standardized ionization factor of 1.0). For hydrogen and deuterium, these
values were internally calibrated during each experiment if possible. The fragmentation patterns and
ionization factors of the partially deuterated species were interpolated from the values of the purely
hydrogenated and wholly deuterated isotopologues (NHs;, ND3, H,, D,). Further details are available

in the ESI.

Fourier-transform infrared data analysis entailed the monitoring of the N-H stretching rovibrational
peaks between 4600 and 4150 cm™ and the N-D stretching rovibrational peaks between 2750 and
2200 cm™, Figure S2. After the background spectrum was subtracted from the measured spectrum,
the area of these peaks was calculated and divided by the areas measured for the pure ND; and NH;
calibration runs to obtain estimates of ND; and NH; partial pressures. Unlike mass spectrometry,
gas-phase infrared spectra were subject to systematic errors from water peaks with varying
intensities in the background. When the system was operating under low flow, there was also the
potential for ambient air to enter into the gas cell. As a result of these errors being difficult to
quantify, the mass spectrometry data are the primary basis for discussion through the remainder of
the paper. Nevertheless, the gas-phase infrared data are in qualitative agreement and are presented

in Figures S3-S5.
RESULTS AND DISCUSSION

Kinetic Isotope Effects
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Kinetic isotope effects were calculated from the ratio of the rate constants for the H-containing
reaction and the D-containing reaction (ky and kp). The variation of rate constant with conversion at
a given temperature was calculated from data previously gathered under variable flow conditions.”

Rates were assumed to follow the relationship:
r =k[NH;]* (3)

where ris the rate, k the rate constant and a the pseudo-order of reaction.? It should be noted that
this approximation is valid only when the reaction lies at some point between the two extremes of
pure NH; or %N, + */,H, (as per the ammonia decomposition reaction). Since the gas introduced in
all our experiments is pure, undiluted ammonia this assumption holds. There is also a second
assumption, that the reaction mechanism does not change whether the reactant is hydrogenated or
deuterated, which is equivalent to the transition state(s) for the rate-limiting step(s) of the reaction
being structurally unchanged (except for substitution of hydrogen with deuterium atoms or vice
versa). This second assumption underlies the significance of kinetic isotope effects and is presumed

to be true in this reaction.”” Given that the rate is also calculable from the following expression:

r— _ 4INHs] (4)
dt

We can substitute for r (equation (3) into (4)) to get the following differential equation:

d[NHs] _ _
i = —kdt (5)

This gives the solution:

[NH;] = (1 — (1 - @)kt)ia  (6)

Equation (6) was fitted to the experimental data for constant temperature, variable flow (15-100
sccm) NH; experiments using the blank reactor and the reactor with NaNH,, Figure 2. These fits give

values for a of 5.4(4) for the blank reactor and 1.56(9) for NaNH,.

%It is important to clarify that the absolute values of k and a hold no significance with regards to the order of
the reaction or providing any mechanistic insight. They can only be interpreted relatively.
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Figure 2: Plot of the decrease in fraction of NH; versus residence time in the reactor for the blank reactor and

NaNH, (fits are the dashed lines).

Values obtained for the equilibrium fraction of ammonia can then be substituted into equation (6)
along with the relevant value of a depending on the conditions of the experiment and the residence
time in the reactor (which equals the reactor volume multiplied by the flow rate) to give pseudo-rate
constant values for k for both the hydrogenated and deuterated experiments (ky and kp). This
assumes that a is unchanged between hydrogenated and deuterated samples, which is equivalent to

the assumption that the reaction mechanism and the rate-limiting step are unchanged.

The mass spectrometry data for the blank experiment (nickel-plated reactor without catalyst
powder) are shown in Figure 3. From these data, it can be observed that the “NH; + ND;” fraction is
0.577(7) under NHs, rises initially upon introduction under ND; but then slowly equilibrates reaching
0.596(6). Switching back to NH; causes a small fall in the ammonia fraction. As the ammonia fraction
reflects the rate of ammonia decomposition, this difference in ammonia fractions can be expressed
as a kinetic isotope effect. For the blank reactor this equates to a kinetic isotope effect (k./kp) of
1.10(8) once small systematic offsets with the mass flow controllers are taken into account. This is
consistent with either a secondary kinetic isotope effect or no significant kinetic isotope effect, with
steady-state conditions under NH; and ND; giving approximately the same ammonia conversion

value.
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Figure 3: Mass spectrometry fractions for the blank reactor run under 25 sccm NH; (0-32 min and 189-220
min) or ND3 (18-189 min), T = 494 °C.

Within the mass spectrometry data for the blank reactor, it can be seen that there exists a small
fraction of HD, which is far less than would be expected from a statistical distribution of hydrogen
species. This can be attributed to minimal mixing of NH; and ND; within the reactor during
switchover. It is noted that the “ND3/(NH;+NDs)” fraction rises on a slightly slower timescale than
the D, signal, which indicates that the ammonia is not sticking to the walls of the reactor for long

time periods (as observed under room temperature conditions).

The mass spectrometry data for the same experiment but with 0.1 g of NaNH, in the reactor are
shown in Figure 4(a). The most noticeable difference is the large increase in conversion relative to
the blank reactor as evidenced by the decrease in the “NH3;+ND3” fraction. There is also a significant
kinetic isotope effect observed both with the “NH;+ND;” fraction increasing from 0.060(1) to

0.125(1) moving from NH; to ND; flow.
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Figure 4: Mass spectrometry fractions for (a) 0.1 g NaNH, run under 25 sccm NH; (0—18 min) and subsequently
under 25 sccm ND;, T =485 °C and (b) 0.1 g NaND, run under 25 sccm ND; (0-18 min) and subsequently 25
sccm NHs, T=485 °C.
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This kinetic isotope effect is also observed in the reverse reaction starting with NaND, under ND; and
switching to NHs;, Figure 4(b). The fraction of ammonia according to the mass spectrometry under
ND; is 0.1393(2) and decreases to 0.057(4) under NH;. Once mass flow offsets are taken into
account, the combination of both NaNH, + ND; and NaND, + NH; experiments gives a kinetic isotope
effect of 1.77(11). The magnitude of this kinetic isotope effect shows that it is primary in origin
(rather than secondary, which would have a maximum of 1.4), which indicates that a bond including

at least one hydrogen (or deuterium) atom is broken or formed in the rate-limiting step.

Primary kinetic isotope effects are observed because of differences in the zero point energy of the
reactants, with deuterium bonds sitting lower in energy than their hydrogen counterparts. This
difference in zero point energy decreases in the transition state of the reactants (the momentary
structure at the maximum of the reaction coordinate energy), which overall results in a lower
activation energy for the breaking/forming of hydrogen bonds compared to deuterium bonds and a

concomitant difference in reaction rates (for the rate-limiting step).

Given that there is no appreciable kinetic isotope effect observed in the blank reactor (ku/kp =
1.10(8)), it can be inferred that the rate-limiting step in this reaction is the desorption of nitrogen gas
from the surface of the nickel (i.e. N=N bond formation), since this is the only step in the ammonia
decomposition reaction which does not involve either the breaking of an N-H bond or the formation
of an H-H bond, both of which would be expected to show primary kinetic isotope effects (in this
system the formation of an H-H bond would be expected from combination of chemisorbed
hydrogen atoms and therefore would show a kinetic isotope effect). By contrast, the significant
kinetic isotope effect observed in the case of the sodium amide catalyst (ky/kp = 1.77(11)) shows that

the rate-limiting step involves either N-H bond scission or H-H bond formation.

Although the difference in kinetic isotope effect with and without sodium amide implies that the
sodium amide case proceeds via a different mechanism, there is also the possibility of sodium
promoting nickel-mediated ammonia decomposition. Metal catalyst promoters have several modes
of action including structural promotion (where the solid state chemistry of the catalyst is modified)
and bifunctional promotion where the promoter plays a chemical role in the catalytic event.”® For
alkali metals in ammonia decomposition, the promotion effect is probably due to electron transfer
between the alkali metal and the catalyst surface, as is the case for ammonia synthesis.”” The
possibility of the observed kinetic isotope effects being solely due to promoting action is unlikely
however, since, according to Tamaru,® the kinetics of ammonia decomposition over transition
metals can be generalized into two limiting cases. The first is where chemisorbed nitrogen is easily

rehydrogenated to form ammonia (i.e. the reverse reaction rate constant for the N-H bond scissions
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on the nickel surface is large) and the second is where chemisorbed nitrogen is mostly desorbed
before it is rehydrogenated. In the former case, the nitrogen desorption is the rate-limiting step and
there is no observable kinetic isotope effect. In the latter case, the nitrogen desorption is relatively
fast, and therefore there is a kinetic isotope effect seen. The rate-limiting step changes under
varying conditions with the former seen, in general, at lower temperatures and higher hydrogen
pressures, and the latter at higher temperatures and lower hydrogen pressures. The only difference
in conditions between the blank reactor and the sodium amide experiments (other than the
presence of the sodium amide) is that there is increased conversion, leading to a higher partial
pressure of hydrogen. In this scenario, therefore, the higher partial hydrogen pressure will increase
the rate of ammonia re-formation on the nickel walls, which would mean that the nitrogen
desorption would most likely still be the rate-limiting step. When sodium amide is present, given
that the opposite effect is observed (i.e. there is a significant kinetic isotope effect of 1.77(11)), it is
reasonable to infer that the sodium amide decomposes ammonia independently of the nickel-plated
reactor and that any promotion effect of the sodium is minimal (indeed, the increased hydrogen
partial pressure as a result of the sodium amide decomposition will suppress the nickel-mediated
decomposition, since it favours the re-formation of ammonia). This conclusion is supported by
previous studies on the effects of alkali metal promoters for ammonia decomposition on iron where

nitrogen desorption is shown to remain the rate-limiting step.”®***°

Mechanism and Rate-limiting Step

The presence of a kinetic isotope effect for the sodium amide-mediated decomposition (k./kp =
1.77(11)) signifies that either an N-H bond is broken or an H-H bond is formed in the rate-limiting

step:
2Na + 2NH; = 2NaNH, + H, (8)
2NaNH, - 2Na + N, + 2H, (9)

The formation of sodium amide, equation (8), entails the scission of two N-H bonds and the
formation of one H-H bond. In equation (9) there are four N-H bonds broken and two H-H bonds and
one N=N bond formed. The presence of a significant kinetic isotope effect indicates that the N=N

bond formation is not the rate-limiting step.

An indication of which reaction includes the rate-limiting step may be ascertained by calculating
whether the sodium amide exists as mostly sodium metal or sodium amide in the reactor under
ammonia decomposition conditions, as this will give an indication of the relative ratio of the rate

constants for the sodium amide formation and decomposition reactions. This may be ascertained by

9
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calculating the volumes of the various gas species after NH; is switched for ND; (or vice versa). At the
point of gas switchover from NH; to NDs, any H-containing species detected in the mass spectra
must be as a result of residual gas within the reactor or as a result of being released from the sodium
amide (NaNH,) sample. These volumes may be then compared with those ascertained for the blank
reactor to remove the residual gas within the reactor component. For each experiment in Figures 3
and 4, the moles equivalent of H, or D, have been calculated from the mass spectrometry data by

using the following expressions:
3 ot t 1 0t
Vit, = [5Jy fam (1 = Dam)dt + f; fr,dt +3 [ fupdt|F (10)

Vo, = [ fy famDamdt + f fo,dt +3 [3 fapdt|F (11)

where V; is the volume of i, f,, the fraction of all ammonia isotopologues (“NH;+ND;”), D, the
deuteration fraction of the ammonia species (“ND3/(NH3;+NDs)”), F the gas flow out of the reactor,
t=0 is the time when the gas is switched over and t=t the time once equilibration has been reached.
The volume is converted to moles, n, using the ideal gas equation n = pV/RT, and the results are
shown in Table 1. Once the value for the blank reactor, which refers to any residual gas left in the
reactor and the rig up to the mass spectrometer, has been taken into account then the amount of
moles equivalent of H, produced from the NaNH, (once the gas input has been changed from NH; to
ND;) is approximately zero, which indicates that the sodium amide exists mostly as sodium metal
and not NaNH,. This implies that the formation of sodium amide from sodium metal and ammonia
includes the rate-limiting step. In contrast, however, the amount of moles equivalent of D, produced
from the NaND, (after switchover from ND; to NH;) is greater than that expected if the equilibrium
was 100% amide. This extra deuterium is attributed to ND; adsorbed on the amide surface or
dissolved within the amide (which exists as liquid at these conditions). This indicates that for the
deuterated isotopologue, the decomposition of sodium amide now includes the rate-limiting step,
since the sodium amide exists mostly as NaND, not sodium metal. This is consistent with what might
be expected, since the only difference in the reaction conditions is that there is a higher partial
pressure of ammonia for the NaND, experiment (thanks to the kinetic isotope effect), which leads to
the formation of amide being favoured while a lower partial ammonia pressure favours the amide

decomposition.

Table 1: Volumes of gases produced and overall moles of H or D produced after gas switchover along with the
moles of H or D in the original catalyst. It should be noted that the “NH;” and “NDs” volumes incorporate the
relevant fractional components of NDH, and ND,H.

Page 10 of 17
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equivalent®
Experiment | “NH;” | H, HD D, “ND;” | H, D, H, D,
NaNH, + 28.7(2) | 82.3(5) | 24.8(1) -0.2(1) 2.584(3)
ND;
NaND, + 17.2(1) | 66.5(4) | 77.6(5) 3.2(1) 2.373(2)
NH;

After the blank reactor volumes have been taken into account.

A closer look at Figure 4 yields further observations that are consistent with the above analysis. In
the NaNH, experiment (Figure 4(a)), after switchover to ND;, there is an immediate dip in the
fraction of ammonia (“NH; + ND;”) and a subsequent delay in the increase of the deuteration
fraction of that ammonia (“ND3/(NH3+ND3)”) when compared to the NaND, experiment. This can
also be seen in a much larger rise in the N, fraction for the NaNH, experiment. This is consistent with
ND; reacting with elemental sodium in the reactor and the sodium/sodium amide equilibrium
moving towards the amide. With NaND, (Figure 4(b)) after the introduction of NHj;, there is no delay
in the decrease of “NDi/(NH;+ND;)” fraction and no significant, immediate reduction in the
“NH3+ND;"fraction itself. From these data, it can be concluded that both the decomposition and the
formation of sodium amide (depending on the conditions) are important in the kinetics of ammonia

decomposition.

These conclusions are consistent with the thermodynamics of the sodium amide formation and
decomposition reactions. The changes in entropy (AS) for equations (8) and (9) (the formation and
decomposition of sodium amide) are -101.9 J mol™ K and +200.9 J mol™* K respectively, which
results in the formation of sodium amide becoming less favourable and the decomposition of
sodium amide becoming more favourable as the temperature increases. At the temperature at
which the ammonia decomposition was carried out in this study (485 °C), an equilibrium between
sodium metal and sodium amide is likely to be thermodynamically feasible and the ratio of sodium

metal to amide is determined by kinetics.

In contrast to the marked kinetic isotope effects observed under flowing ammonia (ku/kp = 1.77(11)),
the mass spectrometry data for the decompositions of NaNH, and NaND, under flowing argon show
no significant kinetic isotope effect, Figure 5. The H, peak and D, peak maxima are at 480 °C and 474
°C respectively, which is within the expected experimental uncertainty for this setup. A significantly
increased temperature of decomposition for the NaNH, case would imply a secondary kinetic
isotope effect where deuterium-containing bonds break and form faster than their hydrogen-
containing counterparts. This would seem unlikely as secondary effects are usually due to stabilising

contributions of B hydrogens/deuteriums, which are not obviously present in this system.

11
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Figure 5: Decomposition of (a) NaNH, and (b) NaND, under flowing argon.

The stark difference between the decompositions of sodium amide and its deuterated analogue
under argon and under ammonia indicates that two different mechanisms must be in operation
depending on the composition of the surrounding gas. The bonds which are broken and formed in
the NaNH, decomposition are four N-H bond scissions, two H-H bond formations and one N=N bond
formation (see equation (9)). Given that no kinetic isotope effect is observed for the amide
decomposition under argon, the rate-limiting step in that reaction cannot involve N-H bond scission
or H-H bond formation, which leaves N=N bond formation as the only possibility. This also indicates
that (i) the amide decomposition reaction under flowing argon proceeds via more than one step
(since a single-step reaction would necessitate some N-H scission or H-H bond formation, see
equation (9)) and (ii) there must be an intermediate species of nitrogen chemisorbed onto the
sodium/sodium amide. These considerations leave two possible reaction pathways for the

decomposition of the sodium amide under flowing argon. Firstly:
NaNH, = Na-N + H, (12)
2(Na-N) = 2Na + N, (13)

Secondly:

12
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2NaNH, = 2(Na-NH) + H, (14)
2(Na-NH) =2 2(Na-N) + H, (15)
2(Na-N) - 2Na + N, (16)

Given that the evolution of hydrogen occurs at around the same time as the evolution of nitrogen
for the amide decomposition under flowing argon, this would indicate that the reverse reaction of
equation (12) (or those of equations (14) and (15)) has a large rate constant (relative to the forward

reaction) as is the case with the transition metal-mediated ammonia decomposition reaction."’

For the decomposition under argon, both nitrogen atoms in the N, product must come from the
amide itself (since there is no other source). By contrast, the decomposition of amide in the
presence of ammonia has two potential sources of nitrogen for the N, product, sodium amide itself
and ammonia. Since there is a significant kinetic isotope effect in the presence of ammonia (ky/kp =
1.77(11)), and, for NaNH,, the amide decomposition reaction does not include the rate-limiting step,
there is an implied necessity of the presence of an NH; molecule in the N, formation step for NaNH,
under NHs. This also indicates that the NaNH, mediated NH; decomposition reaction cannot be
simply dichotomized into the two steps of formation and decomposition of the amide (equations (8)
and (9)). For NaND,, however, the amide decomposition does include the rate-limiting step (as
shown by the sodium existing as amide not sodium metal), therefore it could proceed via either

mechanism present in the NaNH, plus NH; or the NaNH, plus argon cases.
Bulk Catalyst Effect on Ammonia Decomposition

The final question for the sodium amide-mediated ammonia decomposition reaction is whether, as
previously postulated,® the entire catalyst powder is involved in the reaction, or, as in the case for
transition metal catalysts, only surface sites are active. Looking at the mass spectrometry data for
the two ammonia decomposition reactions presented, it is clear that the change from NH; to ND;
(defined by the deuteration fraction of ammonia, “ND3/(NH;+ND3)”) in the NaNH, experiment is
much quicker than the ND; to NH3 change for NaND,, Figure 4. This is confirmed by inspection of the
total volumes of gas that are released, Table 1, with “ND;” (and its partially deuterated
isotopologues) being the predominant part of the D released from the NaND, catalyst and residual
gas within the reactor. This correlates with the fact that H-D exchange occurs rapidly at 300 °C when
flowing ND; over NaNH, (which is how the NaND, for the reactions presented was synthesised) or
NH; over NaND,, whereas ammonia decomposition only starts occurring above 400 °C. Thus, in the
NaND, experiment, after switchover to NH;, any NaND, available is subject to rapid H-D exchange

with any NH; molecules present. This reaction proceeds much more rapidly than the decomposition,

13
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hence ND; is the predominant volume component of D released. Conversely, for the NaNH, plus ND;
experiment, there is very little amide (the catalyst existing as almost entirely sodium), therefore
there is minimal H-D exchange between NaNH, and NDs;, leaving H, as the predominant volume
component of H released. Given this, it is pertinent to note that for the NaND, plus NH; experiment,
the fraction of ammonia (“NH3;+ND;”, directly related to the conversion) displays a similar decay
shape to that of the deuteration fraction of the ammonia, “NDs/(NH3;+ND3)”, as shown in the
normalized plot of Figure 6 (both are fitted to double exponential decays). This indicates that the
more the NaND, exchanges its deuterium for hydrogen from NH; (along with ensuing amide
decomposition to shift the equilibrium towards sodium rather than sodium amide), the greater the
conversion, therefore the chemical composition of the whole of the catalyst affects the kinetics of
the ammonia decomposition reaction. For the NaNH, plus ND; experiment, the “NH;+ND3” and the
“NDs/(NH3+NDs)” fraction change relatively quickly, because, as outlined above, the amide exists as

mostly sodium metal.

1.0+

0.8

0.6

0.4 "NDs/(NH5 +ND3 )"

Normalized Fraction

0.2

0.0 -

T T T T T T
30 40 50 60 70 80

Time / min

Figure 6: Normalized plot of the fraction of ammonia versus the deuteration fraction of that ammonia for the
NaND, experiment after switchover from ND; to NH;. Both lines are fitted double exponential decays. This is
from the data presented in Figure 4(b).

For both the NaNH, and NaND, experiments, the change from H, to D, (and vice versa in the NaND,
experiment) is on a similar timescale (allowing for the small delay in NaNH, experiment due to the
ND; reaction with the sodium metal) and the volumes of HD produced are similar (allowing for
different conversions). This suggests that the formation of H, or D, is happening on or close to the
surface of the sodium/sodium amide catalyst. This contrast to the time taken for ND; to change to
NH; for the NaND, experiment is consistent with the kinetics of ammonia decomposition being
closely related to the availability of surface sodium sites, i.e. that the ammonia decomposition is
effected on the surface of the catalyst, but the composition of the bulk of the catalyst affects the

concentration of active surface sites.
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Conclusions

The existence of a significant kinetic isotope effect when sodium amide is present (ky/kp = 1.77(11))
contrasted to its absence for the blank reactor (kuy/kp = 1.10(8)) confirms that sodium amide
decomposes ammonia via a different mechanism to that of nickel (and therefore other transition
metals) and that it cannot be acting merely as a promoter for the latter. The presence of a kinetic
isotope effect also indicates that NaNH, decomposition proceeds by a different reaction mechanism
under NH; to under argon, where a kinetic isotope effect is absent. The favouring of the sodium
amide formation or decomposition reactions is related to the partial pressure of ammonia within the
reactor. The close relationship between the deuteration fraction of ammonia species exchanging
with the NaND, and the ammonia conversion fraction indicates that the chemical nature of the

entire catalyst, not just of a few active sites, affects the ammonia decomposition reaction.
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