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ABSTRACT

For a catalyst to be efficient and durable, it is crucial that the reaction products do not poison the
catalyst. In the case of the Haber-Bosch iron based catalyst, the rate-limiting step is believed to be
the decomposition of nitrogen molecules on the Fe(111) surface. This step leads to the production
of atomic nitrogen on the surface N∗ that unless are hydrogenated and eventually released as NH3

molecules, remain on the surface. Thus, it is important to ascertain how a high N∗ coverage affects
nitrogen dissociative chemisorption. To answer this question, we study the properties of the Fe(111)
surface at different N∗ coverage both at room and operando temperature. Using state-of-the-art
simulations, we have already found that, at high temperatures, the surface atoms are highly mobile
and that the catalytic centers normally associated with the surface activity acquire a finite lifetime [1].
Here, we discover that the N∗ surface atoms are highly mobile and that coverage reduces but does not
eliminate iron mobility. The N∗ atoms promote the formation of metastable iron triangular surface
structures whose chemical composition can be described as Fe∗3N

∗
i i = 1, 4. These structures are

the result of the frustrated drive of the system towards a more stable Fe4N phase. As a consequence
of the formation of these structures, nitrogen atoms tend to cluster, reducing their poisoning effect.
At the same time, the reduction in the number of catalytic centers is counteracted by an increase in
their lifetime. The combined effect is that the barrier for dissociation is not significantly altered at
least up to the maximum coverage studied here of 50%.

The Haber-Bosch process is of the greatest economical relevance and arguably one of the major discoveries of the last
century [2–4]. Yet in spite of much effort [4–30], its workings are poorly understood. Encouraged by recent progress
in ab initio-grade simulations [31–39], we have undertaken a long-term project on the Haber-Bosch catalysis. In the
first study [1], we simulated the dissociation of N2 on a clean BCC Fe(111). The (111) surface is indeed the most
active one, and the cleavage of the di-nitrogen triple bond has been argued to be its rate-limiting step [4, 5, 7, 27].
In this first investigation, we have discovered a great difference in behavior between low and high temperatures, and
have highlighted the dramatic role played by surface dynamics [1, 40, 41]. In particular, already at T ≈ 600K, the Fe
surface atoms become highly mobile while, at the same time, the long-range order is preserved. This dynamical change
has important consequences on the ability of the surface to catalyze the decomposition of the N2 molecules at operando
temperatures. In particular, the C7 centers (Figure 1), that assist the breaking of the N2 triple bond, acquire a finite
lifetime.

Here, we follow Ertl strategy [5] of moving one step at a time towards the full complexity of the Haber-Bosch processes.
Thus, leaving the study of the role of H2 to future investigations, we examine the catalytic properties of the Fe(111)
surface after a sizable number of N2 molecules have been dissociated, and N∗ atoms partially cover the surface. At
low temperatures, Ertl and collaborators [5] have found that the N∗ atoms remain on the surface and order in patterns
commensurate with the underlying Fe(111) periodicity. Given that at high temperatures, the surface atoms of the pristine
Fe(111) are highly mobile, it is important to ascertain whether this dynamical behavior persists at finite coverage, and
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most importantly if and how poisoning is avoided. To this effect, we simulate at room and at the operando temperature
of 700 K the static, dynamic, and catalytic properties of Fe(111) for N∗ coverages of up to 50%. As found in Ref. [1]
for the pristine surface, we discover that the catalyst behaves rather differently in these two regimes. At low temperature,
poisoning inevitably sets in. In contrast, at the operando temperature, poisoning is avoided via a rather intriguing and
complex mechanism.

Using the computational workflow developed for the clean surface [1], we construct an ab initio-quality machine learning
potential optimized to reproduce a wide range of density functional theory (DFT) energy and force calculations [32,
42, 43]. For this procedure to be successful, it is crucial to combine advanced sampling methods [34–37] with active
learning procedures to collect all relevant configurations for the entire reaction path under the different conditions
studied [1, 44–47]. The synergistic combination of these state-of-the-art methods allows performing large-scale and
long-timescale molecular dynamics (MD) simulations of the Fe(111) surface at different N∗ atom coverages at room
and operando temperatures. The procedure used to train and validate the potential is described in detail in the SI Section
1.3, as well as the setup of the simulations [31, 33, 48–56].

Our calculations show that, at finite coverage, the surface loses its long-range order and becomes structurally heteroge-
neous. New metastable structures appear, which can be described by the formula Fe∗3N

∗
i i = 1, 4, where the Fe atoms

form an equilateral triangle and sit on top of a vacancy (see Figure 1). This latter positioning is necessary to avoid steric
hindrance and is facilitated by the ease with which vacancies can be formed at the operando range of temperatures [1].
For the triangular Fe∗3 moiety to be stable, at least one N∗ needs to be coordinated to it. The coordinated N∗ can sit
either at the corner of the Fe∗3 triangle and have five-fold coordination or at its center and have three-fold coordination.
The N∗ atoms not coordinated to a Fe∗3 moiety are instead four-fold coordinated, and poison the C7 catalytic centers,
see the snapshots in Figure 1. The distribution of the standard and triangular adsorption sites is reported in SI Figure 5.
We point out that our potential was able to generalize and predict the existence of these structures. However, given the
unexpected nature of these results, we validated them against full-fledged DFT calculations. These confirmed that the
presence of a vacancy leads to the formation of the triangular structure Fe∗3 (SI Figure 6), which is stabilized by the
presence of adjacent N∗ atoms (SI Figure 7).
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Figure 1: Snapshot of the Fe(111) surface covered with 25% N∗ during a molecular dynamics simulation at 700K
(center). The Fe∗3 sites, each surrounded by varying numbers of N∗ atoms, are indicated by red triangles. Different
coordination environments of N∗ are illustrated on the left. In the top right panel, the reference Fe(111) with 25%
N∗ coverage (initial structure is taken as the one suggested by Bozso et al. [5]) and optimized at 300K. All N∗

occupy four-fold coordinated sites and poison the C7 sites in this low temperature scenario. Fe atoms are color-coded
according to their height along the [111] axis, the N atoms are colored in blue. On the bottom right panel , a picture of
the Fe4N (111) surface is presented and triangles analogous to those observed on the N∗ covered BCC Fe(111) surface
at 700K are highlighted.
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Furthermore, these triangular motives are characteristic of the Fe4N (111) surface, which is the nitride phase stable at
the operando conditions. Thus, the structures observed can be seen as early precursors of an incipient and frustrated
transition to the nitride phase. A similar behavior has been experimentally observed during the catalytic decomposition
of O2 on the silver surface [57].

The formation of the Fe∗3N
∗
i complexes induces a clustering of the adsorbate atoms as reflected by the strong short-range

correlation between the N∗ atoms, see Figure 2 for the 25% coverage and SI Figure 8 for the others. This is evident
from the contrast between the distribution of atoms in the standard four-fold coordination and those belonging to the
triangular motifs. We also show for comparison the distribution of the N∗ distances at room temperature, where atoms
remain in their initial ordered structure. In SI Figure 9, we report additional simulation in which the substrate is held
at room temperature but the adsorbate atoms are allowed to diffuse by increasing their temperature, obtaining results
similar to the four-fold coordinated case. This is a striking evidence of how much the N∗ −N∗ effective interaction is
modulated by the substrate. It also warns against the danger of treating the surface as static, even if the reagents are
allowed to move.

The N∗ atom clustering around the Fe∗3 triangular motives determines a reduction of the effective N∗ surface coverage
(see SI Figure 10) in the region free of triangular motives reducing the poisoning effect. This is apparent in SI Figure 11,
where the probability of finding an N∗ close to a C7 site is much reduced relative to the 300K case where N∗ atoms
are uniformly distributed over the surface.

Figure 2: Average distribution of the N∗ −N∗ distances on the 25% covered Fe(111) surface at 700K. In the figure
are shown the histograms of distances; between all atoms (solid red line), between all pairs of atoms in which at least
one is coordinated to a Fe∗3 triangle (dashed line), and between uncoordinated atoms (CN,Fe = 4) using dotted line.
We also contrast the N∗ −N∗ histogram at 700K (solid red line) with the corresponding histogram at 300K (solid
blue line). Above the picture, we report two snapshots highlighting the distances that contribute to the dominant peaks
at low and high temperatures.

Having briefly described the structural changes induced by N∗, we focus on the dynamical properties of the surface.
The atoms involved in the Fe∗3Ni motifs have a slower dynamics compared to the other atoms. As a result, the average
iron diffusion decreases with coverage while remaining sizable (SI Figure 12); this allows surface dynamics to affect
the system behavior also at finite coverage. As the concentration of N∗ increases, the density of the Fe∗3 triangles
increases while that of the C7-like environments (henceforth denoted as χ7) decreases, as can be seen in Figure 3 (top
panel). Both surface features have a finite lifetime, as reported in Figure 3 (bottom panel). The lifetime distributions are
non-Gaussian, with long tails towards long lifetimes. It is important for the system catalytic activity that the average
lifetime of the χ7 catalytic environments increases as a function of coverage.

We then studied how this complex dynamics affects the ability of the N∗-covered surface to adsorb and dissociate
an incoming N2 molecule. In Ref. [1], we found that two collective variables could well describe the behavior of
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(a) (b)

Figure 3: Surface density and violin plot of lifetime distribution for a) Fe∗3 and b) C7 sites. These are calculated using
the Environment Similarity [58] as described in the SI Section 1.5.1. For the surface density of C7, faded squares
indicate the overall density of C7, while solid circles denote the density of C7 sites unaffected by N∗ poisoning. In the
lifetime distribution plots, only Fe∗3 and C7 sites with lifetimes of at least 100 ps are considered. Sites with lifetimes
surpassing 1 ns are indicated by x markers.

this process; the N2 bonding length d and the charge transferred from the metallic surface to the nitrogen molecule
q [59–64]. Changes in q are a rather reliable indicator of the underlying chemical process and allow classifying the
absorption states without having to specify explicitly the N2’s geometrical arrangement. The q values were computed
by training a graph neural network on the data collected in Ref. [1] supplemented by the new ones obtained here for the
covered surface, see SI Section 1.6. It is remarkable that the very same variables can be used profitably also in the more
complex situation described here, as can be seen in Figure 4, where we compare the free energy F (d, q) at 300K and
700K for a coverage of 25% N∗. See also SI Section 2.2.1 for the free energies at the other coverages and SI Section
2.2.2 for an analysis of the available reaction pathways. At T = 300K, one can recognize the classical absorption
sites of the low-temperature studies of nitrogen chemisorption on iron[4, 7, 25]. As the charge transfer increases, the
adsorption sites go from a vertical γ/δ to a horizontal α, and to the precursor horizontal α′ state in which the molecule
sits in the second layer just above the C7 iron atoms. At T = 700K, the overall qualitative behavior is similar with the
notable exception of the instability of the α′ state due to the surface dynamics, already noted in Ref. [1] for the clean
surface.

A more quantitative and punctual comparison between the systems at different temperatures and coverages can be made
via the minimum free energy paths on the space (d, q) which are very little dependent on the system studied (see SI
Section 2.2). In this representation, the difference in behavior between the low and the high-temperature behavior is
striking. In the T = 300K case, where the atom mobility is close to zero and the surface structure is ordered, the
free energy barrier between the α state and dissociation increases with coverage reflecting the poisoning effect of the
N∗ atoms, in agreement with Ertl experiments [5]. In striking contrast, at T = 700K, the free energy barrier hardly
changes, at least within the range of concentrations studied here, see Figure 4. Two main physical effects conspire to
yield this result: the surface atoms mobility, which is reduced but not quenched by the N∗ and the looming transition to
a nitride phase. The former pushes the lifetime of the C7 sites to higher values while the latter leads to the formation
of Fe∗3N

∗
i complexes and to a clustering of N∗ atoms reducing the number of poisoning nitrogen, see Figure 3. This

compensates the decrease in available χ7 environments, leading only to very small changes in the free energy barrier.
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In conclusion, our simulations show that the overall catalytic activity of the Fe(111) surface is due not only to the
existence of catalytic sites, but also to the properties of the surface as a whole, its dynamics and its fluctuations. The
closeness to a phase transition toward the nitride phase helps inducing the kind of heterogeneous static and dynamical
behavior observed here and sustaining the fluctuations needed for the catalytic process to be stabilized. A beneficial
effect on the catalyst resistance to poisoning comes from a combination of surface dynamics and chemical processes-
induced changes. Similar observations of the dramatic effects of surface dynamics and reaction-induced changes can
be found in the literature, with notable examples being the activation of the copper surface by carbon monoxide [65]
and the destabilization of lithium imide surfaces under ammonia decomposition [47]. Our study demonstrates that a
static description of one such catalyst is inadequate as suggested some time ago by Spencer [40], when he argued that
for an industrial catalyst to be as stable as it is, a steady state dynamical process needs to be set up. He did indicate
two possible ways in which this can happen, either the surface atoms become mobile or the reaction itself changes
dynamically the surface. One can recognize that in this process the two scenarios combine in one. Finally, we note that
the picture depicted here could be experimentally checked with modern operando surface spectroscopy techniques and
these experiments could also be used for studying the nucleation of the nitride phase [65, 66].

(b)(a) T = 300 K

T = 700 K

25% N*

25% N*

T = 300 K

T = 700 K

γ/δ

𝛼

𝛼’

Figure 4: (a) The free energy, F (d, q) is plotted as a function of N-N distance and the nitrogen charge q(N2) (defined
as the sum of the partial charges of N atoms) at 300K and 700K for a surface covered with 25% N∗. Results for the
other concentrations are reported in SI Figures 12-13. The local minima on the plots correspond to metastable states,
and the white dashed lines indicate the minimum free energy pathway (sm) in this plane. The snapshots of various
adsorption sites (γ/δ, α, and α′) are shown in the top panel of (a). (b) The minimum free energy profile (F (sm))
computed along the sm in d − q space for the Fe(111) surface at 300K and 700K. In plotting the T = 700K, we
have not considered those transitions that take place on the Fe∗3 triangles whose energy barrier is much higher (120
kJ/mol) than the one associated with the C7 sites. See SI Figure 17 for the free energy profiles computed using all
pathways. The reference is set to 0 for the lowest energy state (α). Note that, for 10 bar N2 partial pressure, we do not
find N2(g) to be a metastable state at 300K.
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