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Ammonia Synthesis on the RRuSi(001) (R = Ca,La) Surfaces: DFT
Insights Revealing the Active La Termination of the LaRuSi Electride

Florian Brix, Gilles Frapper, and Emilie Gaudry™

ABSTRACT: Recently, transition metal electrides have attracted the
attention of scientists as promising catalysts for ammonia synthesis.
But very little is known about the atomic processes involved. In this
work, extensive DFT calculations have been performed to explore the
detailed mechanism of ammonia synthesis on LaRuSi, a typical
electride catalyst. Unlike previous studies involving the LaRuSi(001)
high energy Ru-terminated surface, we propose here an alternative
reaction path at the most stable La termination. Our study addresses
the contrasted catalytic properties of the isostructural LaRuSi
electride and CaRuSi non-electride compounds. It points to the
role of surface La atoms in the catalytic performances of LaRuSi and
shows that active sites are not necessarily transition metal atoms. Our
findings open up future explorations of transition metal free catalysts
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for ammonia synthesis, active under mild conditions.

B INTRODUCTION

Large scale production of ammonia, achieved through the
Haber—Bosch process,”> has deeply influenced our society
through the synthesis of ammonia-based fertilizers.”" Nowa-
days, ammonia is also envisioned to impact the forthcoming
years in the context of the hydrogen economy. This is
attributed to its high hydrogen content (3 kWh kg™') and
gravimetric energy (17.7 wt %), which makes it an attractive
hydrogen carrier and a “zero-carbon” fuel, releasing energy
without CO, emission.™®

The formation of NH; from hydrogen and nitrogen is

exothermic:”* AHf(%HZ + %Nz - NH3) = —45.5 kJ mol™".

However, to be kinetically feasible, efficient catalysts are
required to cleave the strong N=N bond, which is the rate
limiting step in most cases.”° Among the pure metals,
ruthenium and osmium are recognized as the best catalysts,"'
while iron-based compounds are widely used in industry.'”
Electron donors, such as alkali metals, can promote the
dissociation of N=N, through electron transfer to the z*
antibonding orbitals of N,."»"" Within this scheme, the Cs—
Ru/MgO is nowadays one of the best industrial catalytic
systems, even if it is easily prone to hydrogen poisoning'*'®
and requires harsh conditions, i.e., high temperatures (>400
°C) and pressures (>25 bar).'>"”

New strategies are required to achieve ammonia synthesis
under milder conditions. Besides photocatalytic and electro-
lytic approaches," ™ the engineering of strong metal—support
chemical interactions, such as those between Ru and a nitride-
based support (like Ca(NH,),), can manage a high catalytic

performance even at 473 K under ambient pressure.”> Here,
the key ingredients for the catalytic properties are (i) the
combination of Ru with electropositive metals and (ii) the high
hydrogen solubility of the support. Within this approach,
several Ru-based intermetallic catalysts have been developed:
YRu,,** Ru/LaScSi,”® Ru/C12A7¢7,"* Ru/RH,_,,0, (R = La,
Ce),”® Ru/LnRuSi (Ln = La, Ce, Pr),”” etc. Among them,
ternary electrides, i.e., inorganic ternary compounds with
excess electrons located at given crystallographic sites that
resemble anions,”® have shown excellent catalytic activ-
ities.””””**7*" Their good performances are attributed to
their strong electron-donating effect to enhance the N,
cleavage.”””* Depending on the relative values of the N,
adsorption energy and the N, dissociation barrier, the reaction
may proceed through a hot atom mechanism,” in which the
energy released in the adsorption process is used to elevate the
N, molecule’s vibrational energy level and thus promote the
bond breaking.”* ™

For now, the proposed mechanism for ammonia synthesis
catalyzed by ternary transition metal electrides relies on
transition-metal-terminated surfaces.””*?%* However, the
contrasting synthesis rates’® over the LaRuSi and CaRuSi
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Figure 1. (a) Bulk structure of LaRuSi. The tetragonal crystal cell is shown in black. (b) Surface models (top and side views) for LaRuSi(001)

resulting from a bulk truncation.

compounds are hardly compatible with this hypothesis. Indeed,
the similar surface electronic structure of the two (001)
terminations, with comparable charges carried by surface Ru
atoms (—0.87 and —0.96 e for LaRuSi and CaRuSi,
respectively),”” is expected to lead to comparable catalytic
properties. In addition, the lower surface energies of hcp La
and fcc Ca than that of hep Ru (y(Goor) = 0.70 J/m? yGiy) =
0.46 J/m?, }'%1001) = 2.60 J/m?),*® suggest that La- and Ca-
terminated surfaces are the most plausible ones. So far, no
mechanism at the atomic scale for the ammonia synthesis has
been proposed on a transition metal free termination. In this
paper, using plane-wave density functional theory (DFT)
calculations performed at P = 0 and T = 0, we propose a novel
mechanism for the hydrogenation of N, to NH; on
LaRuSi(001), based on extensive calculations of surface (y),
adsorption (E,4), reaction (AE), and activation (E,,) energies.
The activation barrier for N, dissociation (0.84 V) is found to
be much lower than the one on the Ru-terminated
LaRuSi(001) surface (1.30 eV).”” Moreover, we extend our
DFT investigation on CaRuSi(001)—CaRuSi formally
presents one less electron per formula unit than LaRuSi—to
evaluate the impact of the electronic structure (electride
character) on the nitrogen hydrogenation process.

B COMPUTATIONAL METHODS

All calculations have been performed on the basis of the
Density Functional Theory using the Vienna ab initio
simulation package (VASP) .**~*' The interactions between
the valence electrons and the ionic core have been described
using the spin polarized projector-augmented wave (PAW)
method*”* within the DFT-D3 scheme,** considering the
valences for the atoms to be $s*5p°5d'6s* (La), 4s*3p° (Ca),
4p®ss’4d” (Ru), 3s*3p* (Si), 1s' (H), and 2s2p® (N). The
one-electron Kohn—Sham orbitals have been expanded with a
kinetic energy cutoff of 450 eV. The reciprocal space
integration has been approximated with a Monkhorst—Pack
k-point grid of 4 X 4 X 4 and 4X 4 X 1 for the bulk and
RRuSi(001) surfaces, respectively (R = Ca, La). Electronic
structure and Bader charge®™ ™" analyses have been performed
using an increased energy cutoff (520 €V) and a finer k-point
mesh (9 X 9 X 1).

This computational setup leads to lattice parameters in good
agreement with experimental ones (Table S1). Surfaces have
been modeled with 2 X 2 symmetric 6, 7, 8, and 10 layer thick
slabs separated by a 20 A void thickness. Structures have been
relaxed until the forces dropped below 0.01 eV/A. Surface
energies have been computed as a function of the La and Si
chemical potentials:

2yA = Egy, — Ny, — Nty — Npyiy, (1)

where Eg,,, N, and y; are the total energy of the slab and the
number and the chemical potentials of atoms of type i in the
slab, respectively.

Adsorption energies have been calculated using

Eads = Lidsorbate+slab Eadsorbate - Eslab (2)

where E_ g atessiaby Eslabs A0 E gomate are the total energy of the
{slab+adsorbate} system, of the slab, and of the free adsorbate,
respectively.

Energy barriers have been determined on the basis of the
climbing imazge nudged elastic band (CI-NEB) and dimer
methods.”*™>* Seven intermediate images have been produced
by linear interpolations between relaxed images. The
optimization process was stopped when the change in the
total (free) energy was smaller than 10™* eV. Vibrational
analysis (for saddle point verification), limited to the surface
species and keeping the rest of the system fixed, has been
carried out by calculating the Hessian matrix with a finite
difference approach (step size of 0.015 A). The dimer
method”® improved by Heyden et al.”> has been used when
more than one imaginary frequency was found.

Electronic structure analysis has been performed using Bader
charges,””>**° density of states, and projected Crystal Orbital
Hamilton Population (pCOHP) methods.”**’

B RESULTS AND DISCUSSION

Surface Structures. The crystal structure of RRuSi (R =
La,Ca) is a tetragonal CeFeSi-type structure (P4/nmm space
group, Figure 1a), made of (001) planes of edge-sharing [R],
tetrahedra alternating with layers built with Ru and Si atoms
(sequence Ruggo-Sig17Lag3,Lag65Sipg3Ru; o in the crystal cell
where the subscript indicates the reduced z-ccordinate). In
LaRuSi, the [La], cavities show a localized electron charge
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density (Figures Sla and S2a). Thus, LaRuSi is identified as an
electride compound. In contrast, the [Ca], interstitial sites do
not contain any localized electron charges: CaRuSi does not
belong to the family of electride compounds (Figures Slc and
S2b). Interestingly, the tetrahedral [R], sites can accept
hydrogen atoms to form RRuSiH. In LaRuSi, it strongly
modifies the electronic structure, since sites filled with atomic
hydrogen no longer present an electride character (Figure
S1b).*°

From the sequence of (001) atomic planes in the bulk
compound, five possible terminations (Xy where X and Y stand
for the compositions of the topmost and subsurface planes,
respectively) can be built by bulk truncation: Rg; Sig, Rug;,
Sip, and Ry. The investigation of possible surface restructuring
that could occur under real conditions is beyond the scope of
this work. Surface energy calculations confirmed that the Lag;
termination is the most stable one (0.74 J/m?, Figure 2, Table
S2), except in a small region in the vicinity of pg; = 8™ and
Hia = 1% + AH; Owing to its large domain of stability, we
used the R-terminated (Rg) surface model in the following.
The low atomic density of the R termination leads to a non-
negligible surface corrugation and implies that topmost Si
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Figure 2. (a) Surface energies of surface models presented in Figure
1b, as a function of the Si and La chemical potentials. (b) Stability
domains of most stable structures (Sij, and Lag), resulting from
surface energy minimization. The color scale represents the surface
energies in J/ m?, and the red line is used to separate the regions where
the Si;, and Lag; models are the most stable ones.

atoms are exposed at the surface as well, in the 4-fold hollow
sites made of four R atoms (Figure 1b). Since ammonia
synthesis is known to be structure sensitive (highly active sites
are the BS and C7 sites on Ru(0001) and Fe(111),
respectively”**~*), such a corrugated structure likely favors
the reaction. Transition metal atoms are located in the
subsubsurface plane and are therefore hardly available to form
bonds with adsorbates. The charges carried by topmost La, Si,
and Ru (1.26 ¢, —0.30 ¢, and —0.90 e, respectively) are found in
good agreement with the ones calculated by Wu et al. (1.16 ¢,
—0.29 ¢, and —0.87 ¢). They are similar for LaRuSi(001) and
CaRuSi(001) and are not impacted by the presence of
hydrogen atoms in the underlying [R,] sites (Table S3).
Nevertheless, the partial electron densities are larger at the
LaRuSi(001) surface than at the CaRuSi(001) one (Figure
S3). This is attributed to the different natures of La and Ca
atoms (3 and 2 valence electrons, respectively).

Dissociation of H,. We now turn to the investigation of
nitrogen hydrogenation to ammonia, using the R-terminated
RRuSi(001) surface models. Hydrogenation reactions require
the dissociation of H,. The molecule is adsorbed in bridge sites
(Tables S4—S6), between two surface R atoms, parallel to the
surface and, thus, positioned above a subsubsurface Ru atom. It
is highly activated: the H—H distance is 1.78 A (R =1La) and
1.09 A (R = Ca). The H, molecule is more activated on La-
terminated surfaces, in agreement with the larger electron
transfer from the surface to the adsorbed molecule on
LaRuSi(001) than on CaRuSi(001) (Figure S3). The larger
filling of the H, antibonding ¢* orbitals leads to a larger H—H
distance. The adsorption energy is rather low (EL™"' = —0.18
eV, EgRSi = —0.13 eV). The cleavage of the molecule is not
spontaneous, in contrast to what happen on Ru® or La,* but
occurs with a small activation energy (EX2*"S' = 0.37 eV, E2RS
= 0.31 eV, Table 1, Figure 3, Figure S4). Therefore, atomic
hydrogen adsorbates may be abundant and available for
nitrogen hydrogenation. The reaction energy of the hydrogen
dissociation is smaller on RRuSi (AE-RST = —0.35 eV,
AECRS = _0.53 ¢V) than on Ru (AER = —0.91 V) or La
(AE™ = —1.38 €V).° Once dissociated, the two hydrogen
atoms diffuse to the neighboring Si top sites, with adsorption
energies similar to the ones calculated on Ru (E4™S' = —2.51
eV, EGRS = 264 eV, EX. = —2.96 eV,° Figure 4).
Hydrogen adatoms are bound to the surface Si site through
covalent single bonds. But the Si—H distances are larger on
RRuSi(001) (1.68 A (R = La) and 1.64 A (R = Ca)) than in
crystalline SiH, (1.49 A).8

N, Activation and Cleavage. Ammonia synthesis also
requires the activation of the N, molecule. Nitrogen is
adsorbed vertically, and slightly tilted, in a top Si site (Tables
$4—S6). Although the adsorption geometries are rather similar
on LaRuSi and CaRuSj, the adsorption energies considerably
differ (Figure 4). Indeed, N, interacts weakly with the CaRuSi
surface (ESRS' = —0.15 eV) but is strongly bound on LaRuSi
(ELRS' = —1.06 eV). This is consistent with the strong
adsorption of N, on lanthanide stepped (111) facets.”” The
stronger interaction between N, and LaRuSi(001) is clearly
evidenced by the pCOHP calculations (Figure S). The R—N
integrated pCOHPs (ICOHPs, Table S7) are much smaller for
R = Ca (—0.48 eV) than for R = La (—2.62 eV). That said, the
Si—N ICOHPs are of the same order of magnitude for the two
ternary compounds (—4.28 and —4.46 eV for CaRuSi and
LaRuSi, respectively).
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Table 1. Activation Energies (Reaction Energies in Parentheses) of the Elemental Steps for Ammonia Synthesis (Energies in

eV)”
LaRuSi CaRuSi LaRuSiH, /, CaRuSiH, /, Ru
H,—2H TS1 0.37 (=0.35) 031 (—0.53) 0.40 (—0.24) 024 (=0.72)
N, - 2N TS2 0.84 (—1.86) 0.87 (—1.64) 0.82 (—1.83) 1.00 (—1.83) 1.9,7% 115,73
1.57 (=1.59)7
N +H — NH TS3 1.10 (~0.02) 1.34 (=0.52) 1.00 (—0.18) 1.33 (—0.39) 1.27 (0.07)7*
NH + H — NH, TS4 0.87 (0.22) 1.80 (0.34) 0.79 (0.11) 1.80 (0.50) 1.35 (0.50)7*
NH, + H — NH, TSS 0.86 (0.49) 127 (0.32) 0.74 (0.51) 1.32 (0.47) (0.10)7*
“The numbering of transition states are reported in Figures 3, 6, and 7.
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Figure 4. Adsorption energies of H, N, N,, NH,, NH; on RRuSi and
RRuSiH, , (partially hydrogenated compound) in comparison to the

ones on Ru(0001). The modification of the adsorption energy is given
X Ru
by Z—Fats yith X € {LaRuSi, CaRuSi, LaRuSiH, ,, CaRuSi, ,}.

Ru
ads

The pCOHP analysis also points toward a N—N bond more
activated on the LaRuSi surface than on the CaRuSi one. The
bonding contributions of the nitrogen ¢ and 7 orbitals, located
around —11 and —6 eV (Figure S), are quite similar for the
two compounds. In contrast, the #* antibonding orbitals are
more filled for N, on LaRuSi(001) than on CaRuSi(001). The
charge donation from R to N, is actually larger for R = La than
for R = Ca, in agreement with the larger electron charge
density on LaRuSi(001) than on CaRuSi(001) (Figure S3).

V) than on LaRuSi (1.39 A, ICOHPs = —9.04 eV).
Theoretical studies have predicted that good catalysts for
ammonia synthesis bind N, with adsorption energies between
—2 and —1 €V.”%”! This is ensured here for LaRuSi, but not for
CaRuSi, suggesting that such a descriptor may be relevant to
identify efficient catalysis for ammonia synthesis. Interestingly,
nitrogen adsorption on the Ru termination is much larger
(ELaReSi(R0) — _412 V) and outside the predicted range.
Although LaRuSi and CaRuSi are quite different toward
nitrogen adsorption, the calculated nitrogen dissociation
barriers are similar on both catalysts (EX2R"S = 0.84 eV, EC2RS
= 0.87 €V, Table 1, Figure 6, Figure SS) and much lower than
the one calculated on the LaRuSi Ru-terminated surface (1.30
eV).”” This is in agreement with the apparent activation

energies observed for the isotopic N, exchange (E2RS' = 1.62
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Figure 6. Reaction energy diagram for N, dissociation on RRuSi(001)
surfaces, with R = La (in green) and R = Ca (in blue). Energies of
transition states are plotted in orange (R = La) and red (R = Ca). The
corresponding activation energies are given in eV. Optimized atomic
configurations are shown in each case.

2N

eV and ESReST -
respectively).

The main driving force for the dissociation likely lies in the
charge transfer, during the reaction, from the R-terminated
catalyst’s surface (R = Ca, La) to the N, molecule, that

1.76 eV eV for LaRuSi and CaRuSi,

progressively fills the #* antibonding orbitals. Indeed, the
Bader charges on atomic nitrogen increase from —0.83 ¢ (N,
adsorbed on top Si site) to —1.52 e (transition state) on
LaRuSi(001). The values are found similar at the CaRuSi(001)
surface (—0.58 ¢ and —1.47 ¢, respectively).

The main difference between the two catalysts, which may
explain the contrasted behaviors of the CaRuSi and LaRuSi
catalysts, is related to the relative values of the N, adsorption
energies and dissociation barriers, evaluated through 2E = E 4
+ E, .. We found ZEXRS! = —0.18 eV and TE“R* = 0,72 eV.
Thus, while the energy released in the adsorption process on
LaRuSi is larger than what is needed to break the N, molecule
(the energy released can promote the bond breaking), an
amount of 0.72 eV is required to cleave the N, molecule on
CaRuSi. Another limitation of the weak adsorption of N, on
CaRusSi lies in the fact that the molecule likely desorbs when
the temperature is high enough.

Nitrogen Hydrogenation to NH;. Nitrogen dissociation
requires a non-negligible activation energy on LaRuSi and
CaRuSi. This energy is, however, much smaller than the
barriers leading to the hydrogenated NH—NH and NH,—N
intermediates (2.40 and 2.79 eV, respectively, on LaRuSi). As a
consequence, the associative mechanism, which has been
explicitly considered on flat Ru or metal nitride surfaces”>”°
can be ruled out. Within the dissociative mechanism, the
hydrogenation barriers of N+ H — NH, NH + H = NH,, and
NH, + H — NH; are 1.10 eV, 0.87 eV, and 0.86 eV on
LaRuSi(001). They are much larger on CaRuSi(001) (1.34 eV,
1.80 eV, and 1.27 eV; see Table 1, Figure 7, Figures S6—S8).
On LaRuSi, the formation of NH from atomic N and H
proceeds with the highest barrier, while it is the hydrogenation
of NH to NH, on CaRuSi.

TS3

—

A
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Figure 7. Reaction energy diagram for nitrogen hydrogenation on RRuSi(001) surfaces, with R = La (in green) and R = Ca (in blue). Transition
state energies are plotted in orange (R = La) and red (R = Ca). The corresponding activation energies are given in eV. Optimized atomic
configurations are shown in each case. All species are adsorbed, except for specified gas phase molecules.
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The adsorption energies and the activation barriers of the
reaction intermediates are not affected by hydrogen absorption
(Table 1). Since the electride character disappears when the
bulk [R], sites are occupied by hydrogen atoms (Figure S1b),
it suggests that the electride character does not impact the
catalytic properties of the surface. This is in agreement with the
high reaction rate even when the electride is converted
completely to hydride,'® which is likely, since hydr0§en
absorption is exothermic, stronger than adsorption (Eji" —
Ebk = 0.25 eV), and occurs with a barrier of the same order of
magnitude as the hydrogenation steps (0.91 eV, for the
diffusion from the surface to the bulk, Figure S9). Interestingly,
other relevant hydrogenation catalysts are identified as
compounds that can form hydrides, like BaGa, or Pd (ref 77
and references therein).

B CONCLUSION

A detailed mechanistic investigation of ammonia synthesis on
LaRuSi has been carried out. Surface energies and mechanistic
calculations identify the Lag termination as an active surface
for the nitrogen reduction reaction to NH; and address the
contrasted catalytic properties of LaRuSi and CaRuSi.

Adsorption properties of the R-terminated RRuSi(001)
surfaces share similarities with the ones of transition metal
surfaces such as Fe or Ru: atomic nitrogen is adsorbed in a
hollow site, NH, is adsorbed in a bridge site, and NH; is
bound on-top.”””®’®”? In addition, the mechanism of
ammonia synthesis with these catalysts (LaRuSi, Fe, and Ru)
is a dissociative mechanism, but the activation barrier for the
dissociation of N, is much lower on LaRuSi (0.84 eV) than on
Ru (1.30 eV)”* and Fe (1.27 eV).”®

The inferior catalytic performances of CaRuSi compared to
LaRuSi are attributed to the weak adsorption of nitrogen on
the Ca-terminated surface and to the rather high (larger than
1.35 eV) activation energies of N + H > NH, NH + H —
NH,, and NH, + H — NHj. The nitrogen dissociation barrier
has been calculated to be similar on LaRuSi and CaRuSi, which
is inconsistent with the general idea that a stronger surface
nitrogen bond is accompanied by a low nitrogen dissociation
barrier.* Does the electride character of LaRuSi play a role in
the synthesis of ammonia on this catalyst? Since the bulk
electride character disappears when the bulk [R], sites are
occupied by hydrogen atoms (Figure S1b), and given that the
reaction energy profile is quiet similar with or without
absorbed H atoms, it suggests that the bulk electride character
does not impact the catalytic properties of the surface.

The proposed mechanism points to the role of surface La
atoms in the catalytic properties of LaRuSi, which contribute in
the specific electronic and atomic surface structure. This
conclusion may be valid at the surface of other electrides, such
as LaCoSi. This work emphasizes that active sites are not
necessarily transition metal atoms. It presents deep insights
into the reaction path and thus may help to provide guidelines
for designing intermetallic catalysts with optimal performance.
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