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Abstract

Among the many catalysts suggested for ammonia decomposition, LisNH has been
shown to be quite promising. In the recent past, we have performed extensive ab-initio-
quality simulations to explain the workings of this unusual catalyst. In the complex sce-
nario that has emerged, surface dynamics and structural disorder enhanced by the inter-
action with the reacting ammonia molecules played a crucial role. Non-stoichiometric
lithium imide Liy_;(NHz),(NH);_, has been reported to have better catalytic perfor-
mances than pure lithium imide. Stimulated by these findings, we follow up our first
study simulating the ammonia decomposition on such non-stoichiometric compound.
We attribute the enhanced reactivity to the fact that the compositional disorder fur-
ther enhances the fluctuations in the topmost layers of the catalyst, strengthening our

dynamical picture of this catalytic process.
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The process of ammonia cracking involves its decomposition into nitrogen and hydrogen,
and has recently attracted significant attention due to its potential as a hydrogen vector
in a low-carbon economy . Unlike H itself, ammonia has the advantage that it can
be easily liquefied and transported, making it an attractive alternative to direct hydrogen
storage .® Furthermore, NH; has a lower cost per unit of stored energy, a larger volumetric
energy density, an easier and already well-established widespread production, handling and
distribution capacity, and better commercial viability .37

From an industrial perspective, the feasibility of H, production from ammonia cru-
cially hinges on the development of efficient catalysts. Among the numerous suggestions
made, lithium imide (Li;NH) and, later, the imide-amide non stoichiometric compounds
Lis_,(NH,),.(NH);_, have been found to have highly promising catalytic properties.® 14 Tt
has been argued that the catalytic performance of Li;NH can be affected by the materials
of the reactor, in particular transition metals such as nickel .%!! It is not clear whether the
effect is additive,!'! or promotional.? However, it is not disputed that the non-stoichiometric
compound has an enhanced activity .1°

Progress in the construction of DFT-quality machine-learning-based reactive potentials

15221 and the use of enhanced sampling techniques #2726 to accelerate the occurrence of

reactive events 2732

have recently enabled the simulation of the ammonia decomposition
process on pristine lithium imide .3* This has allowed the catalytic mechanism of superionic
Li;NH to be unraveled and the key factors determining its activity to be unveiled. In
particular, our simulations 2* have shown that surface imides quickly react with the incoming
ammonia molecules, inducing the formation of a few diffusive almost liquid-like interfacial
layers that act as a catalytic medium, promoting the complex steps that lead to the cracking
of ammonia and the eventual release of Ny and Hy molecules. The catalytic efficiency of
the activated Li;NH surface results from its ability to store electrons in localized electronic

states, exchange protons via Grotthuss-like mechanism and stabilize the different negative

intermediates taking advantage of the screening provided by the mobile Li™.
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Figure 1: Temperature dependence of the lithium diffusion coefficient D+ in the bulk. The NH; concen-
trations simulated are z = 0,0.08,0.14,0.20. Errorbars (almost always smaller than the symbol size) on each
data point are computed as the standard deviation among three 6 ns-long simulations, each started from a
different random arrangement of the amides. Inset: focus on Dp;+(x) between T = 300 K and 7' = 450 K.

Here, we use the same computational machinery based on machine learning potentials
and enhanced simulation techniques (see Methods section), to study the imide-amide mix-
ture Lis_,(NH,),(NH);_,, and to elucidate the origin of the reported enhanced catalytic
performance .%!%12 We attribute this increased efficiency to the fact that the compositional
disorder further facilitate the surface dynamical instability, thus supporting our interpreta-
tion of the Li;NH catalytic activity.

Since superionicity in LioNH is key to its catalytic behavior, we started our investiga-

tion by studying the dependence of lithium cation diffusion coefficient D+ on the amide

concentration x (Fig. 1). At x = 0 the superionic behavior has been already experimentally
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d ,3*% but no data for the mixtures are as yet available. However, it is comforting

investigate
to find that in the pristine case there is a good agreement between theory and experiment
as reported in Ref.33

As expected, at all concentrations studied Dy;+ increases as a function of temperature
and around ~ 350 K, as shown in the inset, D+ grows by two orders of magnitude within
a few tens of degrees, roughly indicating the onset of a superionic behavior. While lithium
diffusion coefficient decreases as a function of x, at the operando temperature (7' > 500K)
it still remains large (~ 107%cm?/s), even for # = 0.2, which is the largest deviation from
stoichiometry we have investigated. This concentration is sufficiently high for the amide
effects to be important and for the mixture to remain stable. %!

The presence of the amides in the mixture changes the surface dynamics by enhancing
the fluctuations of the top layers with a magnitude that grows with z, even before the system
is exposed to ammonia. In particular, NH; groups in the top layer can be promoted to an
adlayer, leaving behind vacancies (Figs. 2a and 2b). We quantified this effect in Fig. S1,
where we analyzed the nitrogen density pY in the surface layers. The data illustrate that
an increase in the occupation number of the adlayer is concomitant with a slight reduction
in the occupation of the two uppermost layers as the amide concentration increases. Fur-
thermore, the presence of NH; anions on the surface also favors imide-amide proton transfer

12,13,33,36-38 and inter-layer exchanges (see Figs. S2-S4 for statistical analyzes),

reactions,
which were not possible in the pure LioNH. This effect is clearly visible from the analysis of
the spatial distribution of the N and Li atoms described by the probability P,(z) (a =N, Li)
of finding an atom of species « at a given value of the z coordinate (Figs. 2b) and 2d)). The
distributions Py(z) in the first top layers broaden as x increases, corresponding to wider
fluctuation of the amides in the top layer. Concurrently, lithium atoms move to balance the
negative charge of amide groups, following a mechanism analogous to the one described in

Ref.33

The first step in the ammonia decomposition process is the NH3 absorption on the sur-
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Figure 2: a) Scatter plot of the N atoms positions reported every 1ps, for z = 0,0.1,0.2, cumulated over
four independent 30 ns-long trajectories, for a total time of 120 ns, before reaction with NHs, at 7" = 750
K. To simplify reading, a single instantaneous configuration is chosen to represent Li atoms (pink). Labels
‘AL’ ‘1L and ‘217 mark the adlayer, the first and the second layer, respectively. b) Probability Py (z) for
N atoms to be found at a given z coordinate in the range [18,24] A, at £ =0,0.1,0.2. Note the log scale
on vertical axis. Peaks corresponding to first layer and adlayer are indicated. c¢) Same as panel a) but for
Li atoms, with the corresponding Pr;(z) distributions in panel d). Panels €), f), g) and h) are the same as
panels a)-d), but after the reaction with two ammonia molecules. In panel e) and f), the intermediate region
between 1L and AL is highlighted.
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face, leading to the formation of two amide groups according to the proton transfer reaction
NH3+NH?~ — 2 NH; , which takes place spontaneously on the nanosecond time scale. The
ion distribution after absorption is analyzed in Figs. 2e-2h, from which one can visually assess
that the addition of ammonia further enhances the fluctuations of the atoms in the topmost
layers (Fig. S2-S6). After the surface is exposed to ammonia, the formation of the adlayer
is only slightly dependent on = (Figs. S1, S2 and S5), with its average occupation reaching
values in the range 15%-25% of the perfect crystal layer surface density (~ 0.09 A_Z). Addi-
tionally, proton transfer reactions via Grotthuss-like mechanism are more abundant in this
activated environment, and are proportional to the concentration of amides, taking place also
for z = 0 (Figs. S3 and S6). The formation of other NH; groups on the surface increases the
inter-layer mobility. An example of this behaviour is shown in Fig. S4, where we tracked the
z coordinate of an amide ion, which repeatedly jumps among the top layers. Furthermore,
when a NH?~ transforms into a NH; , this proton transfer makes it easier for the nitrogen to
move from layer to layer (Fig. S3). These inter-layer movements are reflected by the height
of the peaks of Py(z) and Pp;(z) for the activated surface (Figs. 2f and S2).

After having analyzed the amplified surface fluctuations of the mixtures, we move to
investigate the effect that these have on the catalytic activity of non-stoichiometric lithium
imide. Thus, we focused on one of the key steps for ammonia reforming, namely, the for-
mation of diazanediide in the reactive step NH?~+ NH?~ — [HN-NH|?*~ + 2¢7.33 Therefore,
we computed the free energy surface (FES) for this reaction at different values z. In Fig. 3
the FES for the reaction in the first layer of the surface is reported as a function of the
inverse distance 1/dap between the two nitrogen atoms N4 and Np involved in the reac-
tion, after the surface has been activated by the reagent ammonia. A similar profile for
the diazanediide formation in the second layer is reported in Fig. S7, as well as the profiles
obtained for the non activated surfaces (i.e., before ammonia absorption). It is seen that
increasing the amides concentration leads to a systematically more stabilized diazanediide

molecule. Furthermore, the barrier height AG* diminishes as a function of the concentration
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Figure 3: Free energy profiles computed from on-the-fly probability enhanced sampling (OPES) 2324 simu-
lations, for diazanediide formation from two imides in the first layer. The bias is applied to maximize the
coordination number between the nitrogens N4 and Npg of a given pair of imides, whose distance is dp;
here the horizontal axis reports 1/dap for clarity. The data shown in this picture have been obtained by
cumulating the data coming from 4 independent 10 ns-long simulations, for each x value, for a total time
of 40 ns. The reported errorbars are computed as the standard deviation among the 4 replicas. In each
simulation with fixed z, a different pair of nitrogens has been biased, and also the initial configuration was
different. The two insets show different snapshots from MD simulations with N4 and Ng being separated
(left) or bonded to form diazanediide (right).
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x, decreasing from ~238 kJ/mol for x=0 to ~204 kJ/mol in the mixture with 20% of amides.
The electrons released during this reaction can be accommodated either in a diffuse surface
state or in a localized state, similar to what happens in pure lithium imide (Fig. S8) .33
Once formed, the diazanediide is stabilized by a cloud of Li* cations and it can eventually
lead to a chain of reactions resulting in Ny and Hy formation. Given the increased number
of amides, there is also another pathway to form the N-N bond, between an imide and an
amide, with a subsequent abstraction of the excess hydrogen from [HN-NH,|~. Moreover,
the reactions observed in Li;NH are retrieved in lithium imide-amide mixtures (a full list is
reported in the SI), with a catalytic cycle similar to the one we recently reported.3

In conclusion, our simulations highlight the crucial role played by the enhanced fluctu-
ations of the surface in boosting the catalytic activity. The introduction of amide groups
into the system induces increased structural disorder, resulting in a pronounced dynamical
instability of the surface. This frustration manifests as amplified fluctuations, which are es-
sential for promoting the catalytic reactions. This falls in line with the recent developments
in heterogeneous catalysis that point to a highly relevant role of the surface disorder and
dynamics. 2333941 Describing the surface dynamics in a statistical manner is, thus, funda-
mental for understanding the working principles of these catalysts and for identifying novel

design strategies.
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Supporting Information Available

Additional results: nitrogen surface density, inter-layer jumps and atomic mobility, atomic
displacements, proton transfer, diazanediide formation, F center, reactions discovered; Meth-
ods. Code and input files needed to replicate the simulations are deposited on the PLUMED-

NEST repository.
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