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Charlotte Croisé a, Khaled Alabd b, Antoine Villesuzanne b,*, Fabien Can a, Xavier Courtois a, 
Etienne Gaudin b, Sophie Tencé b, Nicolas Bion a,* 
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A B S T R A C T   

The design of catalysts active for ammonia synthesis under mild conditions of temperature and pressure is a new 
grail for its production process based on green hydrogen and intermittent renewable energy sources. Ru/LaScSi 
and Ru/CeTiGe are investigated with an approach combining DFT calculations and 15N/14N homomolecular 
exchange experiments. Ru/LaScSi is the most active of both catalysts. It has electride-like properties which are 
enhanced when partially hydrogenated leading to higher activity in nitrogen equilibration reaction. Ru/CeTiGe, 
relatively active despite the absence of electride-like character, is proposed to produce NH3 following the 
associative mechanism with the assistance of absorbed H.   

1. Introduction 

The well-known Haber-Bosch industrial process (H-B) for ammonia 
production has been optimized for a century with the use of H2 produced 
by steam reforming of natural gas or coal. It operates at high tempera-
ture (450–600 ◦C) and high pressure (150–400 bar) [1]. The economic 
viability of this energy-intensive process requires centralised production 
with a daily output of over 1000 tNH3 [2]. The annual ammonia pro-
duction by H-B process for fertilizers (~180 million tons), is conse-
quently responsible for over 1.4% of the global CO2 emissions and 1% of 
the global energy consumption [3]. In addition, new applications of this 
C-free molecule are planned like fuel, or as a means for long distance 
hydrogen transport and/or long-term storage [4]. Indeed, contrary to 
hydrogen, ammonia distribution benefits from worldwide shipping 
infrastructure and existing port facilities. Ammonia also exhibits high 
gravimetric (17.8 wt%) and volumetric (121 kg m− 3) hydrogen densities 
and liquefies at modest pressure (10 bar at 25 ◦C) or moderate tem-
perature (− 33 ◦C at 1 bar) [5]. 

One solution to reduce carbon dioxide emissions of the ammonia 
industry is to combine steam reforming and carbon capture and storage 
(CCS) technologies in the H-B process [6]. Another strategy, investigated 
by companies like Yara, is to feed the ammonia synthesis reactor with 

green H2 [7,8]. The synthesis of ammonia with green hydrogen and for 
green hydrogen storage creates a new paradigm in the perception of the 
H-B process. The hydrogen produced by water electrolysis units using 
renewable energy does not necessarily require centralised large-scale 
plants to become economically viable. Moreover, the reduction in 
scale of the production mode is favourable to improve the flexibility of 
the process which is needed to overcome the intermittency of renewable 
electricity sources. However, downscaling the production unit requires 
the lowering of operating pressure and temperature. Indeed, capital cost 
will decrease by lowering the operating pressure provided that the 
operating temperature of this exothermic reaction is simultaneously 
lowered to maintain a reasonable conversion rate [9]. 

In 2012, Hosono et al. [10] reported the promising behaviour of an 
electride-type compound, identified as C12A7:e-, associated to Ru to 
catalyse the ammonia synthesis reaction under mild conditions of tem-
peratures and pressures [10]. Electride-type materials have specific 
properties linked to the existence of zones of high electron density, as 
shown in particular by theoretical approaches [11]. Electrons in 
electride-type materials are called anionic electrons because in these 
solids “the electrons detach themselves entirely from their original atoms, as 
with the ionic case, but do not fully transfer to a destination atom”, as 
explained by Liu et al. [12] in their review article. These excess electrons 
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are thus relatively free to diffuse and easily extracted which is charac-
terized by solids with low work function. C12A7:e- is obtained by 
reduction of 12CaO⋅7Al2O3 (C12A7) removing O2− from the structure in 
the form of molecular oxygen and leaving the excess electrons in the 
cages which compose the structure, thus conferring to the solid its 
electride-type character. The activity for the ammonia synthesis of Ru 
associated to this compound increases by an order of magnitude 
compared with benchmark Cs@Ru/MgO or Ru/active carbon catalysts. 
The activation energy of the reaction is greatly lowered (< 60 kJ/mol) 
due to the back-donation of anionic electrons to the ruthenium particles, 
thus weakening the N–––N bond, recognized as the rate-determining step 
and facilitating its cleavage. Concomitantly, the cages of the material are 
able to absorb H adatoms, thus limiting the poisoning of the Ru active 
metal surface. Since this pioneer work of Hosono et al. [13], other 
families of electride-type materials were developed for this reaction 
[13]. In particular, LaScSi compound was the first ternary intermetallic 
to be combined with ruthenium to synthesize NH3 [14]. In this solid, 
electrons or hydrides can be located in two distinct interstitial sites of 
the crystal lattice: within La4 tetrahedra and/or La2Sc4 octahedra cav-
ities. A quantity of 1.5H atoms per formula unit (f.u.) can thus be stored. 
Combined with Ru up to 8.3 wt%, this catalyst produces 5.3 mmol g− 1 

h− 1 at 400 ◦C and 1 bar, i.e. 12 times the production of the reference Ru- 
Cs/MgO catalyst under the same conditions [14]. LaScSi belongs to the 
ternary intermetallic compounds of RTX-type with R = rare earth, T =
transition metal or Sc and X = p-type element. These compounds were 
developed for their hydrogen storage capability as the NdScSi phase, 
which also has two preferred interstitial sites for the insertion of 1.5H 
atoms per f.u. [15]. The effect on the catalytic performances of the na-
ture of the rare earth composing these RScSi phases was recently studied 
[16]. 

A series of catalysts composed of Ru nanoparticles supported on 
RScSi intermetallic phases (with R = La, Ce, Pr, Nd, Sm, Gd) was eval-
uated. The catalytic activity of these materials followed the lanthanide 
series with a decrease from La to Gd and seemed to be correlated to the 
formation of the hydride phase. Cerium-based intermetallic compound 
(Ru/CeScSi) showed remarkable catalytic activity under mild conditions 
(0.58 mmol g− 1 h− 1 at 300 ◦C and 1 bar) associated with reversible 
hydrogen storage/release properties. This previous work suggested that 
the electride-type materials’ character and thus the electron donor effect 
could be tuned through partial hydrogenation of the intermetallic phase. 
Over LaRuSi which is also identified as an electride-type compound, Brix 
et al. [17] reported in a DFT study that the bulk electride-type materials’ 
character disappeared when the bulk [La]4 cavities were occupied by 
hydrogen atoms, and suggested that the bulk electride-type materials’ 
character did not impact the catalytic properties of the surface [17]. 

The aim of the present study is to better evidence the correlation 
between the electride-type materials’ character, the partial hydrogena-
tion of RTX-type structure, and the capacity of these compounds for 
dissociative activation of N2. Two compositions of LaScSi and CeTiGe 
were investigated based on 15N2/14N2 isotopic homomolecular ex-
change and theoretical calculations. The compositions were chosen 
based on preliminary calculations showing a gap in the electride-type 
material’s character between both selected materials. 

2. Experimental 

2.1. Materials 

The intermetallic LaScSi and CeTiGe samples were synthesized from 
melting the pure elements, starting from rare earth ingots (La 99.9% 
Sigma-Aldrich, Ce 99.8% Alfa Aesar), Sc pieces (99.9% Neyco), Ti pieces 
(pure, at least 99.9%, J. Morita,) and Ge lumps (99.999% Alfa Aesar). 
Rare earth metals and Ti pieces were pre-melted in a high-frequency 
furnace to evaporate volatile oxides. The molar ratio of 1:1.05:1 with 
an excess of scandium was used for the synthesis of LaScSi sample to 
compensate for residual ScO present in the Sc precursor. The CeTiGe 

sample was synthesized using the molar 32.5: 34.5: 33.0 ratio to mini-
mize the presence of secondary phases. The elements were arc-melted 
together five times under a pure Ar gas atmosphere (≈700 mbar), 
returning the button upside down in between each melting to ensure 
homogeneity. The weight loss of the resulting silvery buttons of about 5 
g was <0.3 wt% after melting. The resulting melted buttons were later 
wrapped in tantalum foil, sealed in a primary evacuated quartz ampoule, 
and annealed at 900 ◦C for 4 weeks. The powder of CeTiGe obtained 
after crushing of the CeTiGe button was cold-pressed into a pellet and 
annealed at 1100 ◦C for 3 days to obtain the high temperature form 
(which crystallizes with the CeScSi-type structure [15]). At the end of 
annealing, the sample was quenched to room temperature. Refinement 
of the Powder X-Ray Diffraction (PXRD) pattern shows almost equal 
amounts of the high-temperature (HT) and low-temperature (LT) forms 
of CeTiGe, as expected according to previous work [18]. 

Hydrogenation of LaScSi was carried out ex-situ inside a stainless- 
steel hydrogen autoclave. The fresh hand-milled powdered sample was 
placed inside a quartz tube first and then placed inside the hydrogen 
autoclave. The autoclave was sealed using a graphite gasket, then 
evacuated and rinsed with argon three times. The temperature was then 
elevated to 250 ◦C under a dynamic vacuum and held there for two 
hours to reach an activated state. After activation, the temperature was 
raised again slowly to 350 ◦C. Hydrogen gas was introduced quickly to 
the chamber after the stabilization of the temperature, hydrogenation 
took place under a static gauge pressure of 5 bar for 20 h. The corre-
sponding hydrogenated LaScSi will be hereafter denoted as LaScSiH1.5. 

The deposition of Ru was made on the LaScSi, LaScSiH1.5 and CeTiGe 
solids intermetallic materials previously sieved in the range 40–100 μm, 
by following the same protocol used in [10]. A theoretical amount of 2.5 
wt% Ru was used for chemical vapor deposition using Ru3(CO)12 as Ru 
precursor in an evacuated quartz tube at 250 ◦C. The corresponding 
catalysts are hereafter denoted as Ru/LaScSi, Ru/LaScSiH1.5 and Ru/ 
CeTiGe samples. 

2.2. Catalyst characterization 

The Ru loading was determined by inductively coupled plasma op-
tical emission spectrometry (ICP-OES), using a mixture of HNO3 and HCl 
and microwaves activation to dissolve the sample. The analysis was 
performed in an Agilent 5110S instrument. 

The crystallographic structure of the samples were analyzed before 
and after isotopic exchange by PXRD. The data were collected on a D8 
ADVANCE Bruker AXS diffractometer in Bragg-Brentano setup equipped 
with a copper anode source (λ = 1.5418 Å), and a linear detector 
LYNXEYE XE-T. The measurements were performed at room tempera-
ture over an angular range: 8◦ < 2θ < 80◦ with a step of 0.02◦ and an 
acquisition time of 1 s per step. PXRD patterns were analyzed using the 
Fullprof Suite program and the unit cell parameters were determined 
through full-pattern matching [19]. 

Transmission Electron Microscopy (TEM) was performed in a JEOL 
2100 UHR apparatus, equipped with a LaB6 filament and a Gatan Ultra 
scan camera. The equipment uses the range of 0–20 keV of X-rays from 
the sample to electron impact. EDX spectroscopy was carried out with a 
Hypernine (Premium) detector (active area: 30 mm2) using the software 
SM-JED 2300 T for data acquisition and treatment. 

The thermal stability of hydrides contained in the interstitial sites of 
Ru/LaScSi and Ru/CeTiGe intermetallic phases were evaluated by 
temperature-programmed desorption (TPD) under 30 mL min− 1 of Ar 
flow from RT to 1000 ◦C (heating ramp rate of 5 ◦C min− 1). The mea-
surements were performed on a Micromeritics Autochem 2920 appa-
ratus equipped with a thermal conductivity detector (TCD) to monitor 
the H2 release resulting from the hydride desorption. 50 mg of sample 
was placed in a U-shape quartz reactor. Before the measurement, cata-
lysts were first treated under pure hydrogen from RT to 350 ◦C (5 ◦C 
min− 1) and cooled down to RT under H2, followed by a purge under Ar 
for 1 h. 
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2.3. Nitrogen isotopic exchange 

Nitrogen isotopic homomolecular exchange (NIHE) reaction study 
(also called equilibration reaction), in which a mixture of 15N2 (170 
mbar) and 14N2 (170 mbar) is scrambled over the Ru/intermetallic 
surface, was performed at 500 ◦C in a closed recycling system (70 cm3) 
connected to a mass spectrometer (Pfeiffer Vacuum) on one side and to a 
vacuum pump on the other side. This set-up was described in a previous 
work dealing with oxygen isotopic exchange studies [20]. Before each 
analysis, the samples (60 mg), introduced in a U-shape reactor of 9.6 
cm3 were pretreated to preserve the total hydrogenation or to obtain a 
partially hydrogenated material. Details of the pretreatment are given 
later. Then, the system was outgassed using primary vacuum and the 
isotopic gas mixture charged. The mass numbers, m/z = 28, 29, 30 were 
continuously monitored as a function of time to follow the isotopes 
exchange. The m/z of 2, 17 and 18 were also recorded to determine if H 
atoms remained at the surface of the solid, thus yielding NH3 or H2 in the 
gas phase after reaction or simple decomposition. The presence of NOx 
and O2 was also checked by monitoring the corresponding m/z values. 
The equations to calculate the nitrogen equilibration reaction rate were 
adapted from those previously detailed in [21] for 18O/16O homo-
molecular exchange. Typically, the initial rate of equilibration, Rq, is 
given by Eq. (1), where Ng is the number of 15N and 14N in the gas phase, 
P0 the total pressure, P29 the partial pressure of 14N15N and t the time of 
equilibration reaction (t being limited to 10 or 40 min of reaction for the 
calculation depending on the sample). 

Rq =
2Ng

P0

(
dP29

dt

)

(1)  

2.4. Catalytic ammonia synthesis 

The catalytic tests were carried out in a fixed-bed quartz reactor 
inserted in a stainless- steel reactor enabling measurements until 5 bar 
pressure. 100-mg catalyst sample in powder form was used and the 
reactant gas mixture was composed of a flow of H2:N2 = 3:1 (purity of 
N2 > 99.9999% and H2 > 99.9999%). The total volume flow rate was 
fixed at 60 mL min− 1. The compositions of the feed gas and effluent 
stream were monitored continuously (1 Hz) using online gas analysis 
(MKS 2030 Multigas infrared analyzer) with high NH3 sensitivity (2–3 
ppm). Ammonia production was measured in isothermal conditions at 
400 ◦C and 1, 3 and 5 bar consecutively, after heating under reactant gas 
mixture from RT with an intermediate 1 h-step at 300 ◦C (heating ramp 
rate of 5 ◦C min− 1). Results are expressed directly in terms of emitted 
ammonia (ppm) or production rate (mmol h− 1 g− 1). 

2.5. DFT calculations 

Spin-polarized electronic structure calculations were achieved using 
density functional theory (DFT) with the projector augmented-wave 
(PAW) method as implemented in the VASP code [22–24]. PAW data-
sets were used to describe valence electron-ionic core interactions. For 
the relaxation of cell parameters and atomic positions of CeTiGeH, the 
exchange and correlation energies were treated at the generalized 
gradient approximation (GGA) level, according to the Perdew-Burke- 
Ernzerhof formulation [25]; an on-site Hubbard correction U of 5 eV 
[26–29] was added to Ce 4f orbitals, according to Dudarev’s scheme 
[30]. For the density of states and electron density distribution, we used 
the more accurate Heyd-Scuseria-Ernzerhof (HSE06) screened hybrid 
exchange functional, where 25% of GGA exchange is replaced by exact 
Hartree-Fock (HF) exchange [31,32]. The HSE06 scheme is much more 
demanding than GGA in terms of computational resources but is ex-
pected to improve significantly the accuracy of the calculated energy 
spectrum (density of states). Γ-centered Brillouin zone samplings of 16 
× 16 × 4 and 8 × 8 × 2 k-points were used for GGA + U and HSE06 
calculations, respectively. The plane-wave energy cutoff was 250 eV and 

310 eV for LaScSi(H) and CeTiGe(H), respectively. Partial band occu-
pancies were treated by the tetrahedron method with Blöchl corrections, 
or by Gaussian smearing, with a width of 0.05 eV. The self-consistency 
criteria were 10− 3 eV per cell for electronic convergence, and 10− 2 

eV/Å for forces in structural optimizations. R.F.W. Bader’s Quantum 
Theory of Atoms in Molecules (QTAIM) [33], as implemented in the 
Bader Charge Analysis code [34], was used to partition the valence 
electron density and further integrate it in atomic basins, to reach 
atomic charges. The QTAIM method fully partitions the electron density 
into atomic basins, giving rise to atomic charges and to a non-ambiguous 
identification for non-nuclear maxima; as such, it has been widely used 
to identify and characterize electrides-type materials [35–42]. Isovalues 
of the electron density were visualized using VESTA [43]. 

All calculations were done using the Z = 2 tetragonal unit cells 
(Fig. 1), with experimental crystal structures as input for LaScSi [44] and 
CeTiGe [18]. For LaScSiH, we used the experimental cell parameters and 
the atomic positions for LaScSi (i.e., z coordinate for La and Si). For 
LaScSiH, we used the experimental cell parameters [45] and the atomic 
positions for LaScSi (i.e., z coordinate for La and Si). For CeTiGeH, the 
cell parameters and z parameters of Ce and Ge were relaxed within DFT/ 
GGA + U under space group I4/mmm; as expected, an increase of c 
parameter and a decrease of a cell parameter were obtained upon 
hydrogen insertion (a = 4.088 Å; c = 18.219 Å; z(Ce) = 0.3225; z(Ge) =
0.0969). Note that, in our previous work on intermetallic compounds 
with a similar crystal structure, the atomic positions and cell parameters 
optimized within both GGA + U and HSE06 schemes were close to 
experimental values [46]. Therefore, no residual strains of a magnitude 
that could affect our conclusions (all of qualitative nature) are expected 
in the present study. 

3. Results and discussion 

3.1. Catalytic ammonia synthesis 

The deposition of Ru obtained by chemical vapor deposition in an 
evacuated and sealed quartz tube containing the powder of intermetallic 
material does not permit a perfect control of the amount of Ru really 
impregnated on the RTX phase. However, the very low porosity of these 
solids and their sensitivity in aqueous phase hinder the utilization of 
classical dry and wet impregnation of Ru precursor. It results in a dif-
ficulty to maintain constant the content of Ru for all the studied catalysts 
(Table 1). Both Ru/LaScSiH1.5 and Ru/CeTiGe samples contain 1.9 wt% 
Ru, while the non‑hydrogenated Ru/LaScSi contains 3 wt% Ru. The 
morphology of the Ru particles is also very heterogeneous (Fig. 2). Some 
pseudo spherical particles with 4–12 nm size are visible on the TEM 
pictures for all the catalysts. Other rod-shaped particles are also present 
on non‑hydrogenated Ru/LaScSi and Ru/CeTiGe solids with dimensions 
in the range of 25 to 40 nm in length, and 3 to 5 nm in width. Because of 
the absence of homogeneity in the particles morphology, it is quite 
complex to present any histogram of the Ru size distribution. 

The performances in ammonia synthesis were compared amongst 
Ru/LaScSi, Ru/LaScSiH1.5 and Ru/CeTiGe catalysts at 400 ◦C under a 
reaction mixture composed of N2:H2 = 1:3 (total flowrate = 60 mL 
min− 1) and at 1, 3 and 5 bar. The outlet ammonia concentrations are 
presented in Table 1 for the different pressures, and a comparison is 
presented in Fig. 3 in terms of rate of ammonia produced per gram of 
sample after 1 h of time-on-stream. As reported in a previous work [16], 
Ru/LaScSi is active at 400 ◦C with a production rate of 1.37 mmol NH3 
h− 1 g− 1 at 1 bar. The ammonia is slightly lower for the Ru/LaScSiH1.5 
(0.85 mmol h− 1 g− 1) which is explained by the lower loading of Ru (1.9 
wt% compared to 3 wt%, respectively). Indeed, the ratio of the ammonia 
rates obtained for the two catalysts is the same as the ratio of Ru load-
ings. Ru/CeTiGe, which was never tested for ammonia synthesis reac-
tion, shows relatively good performances at 400 ◦C with 0.75 mmol h− 1 

g− 1 but below that of LaScSi support. This difference could also be due to 
a difference in the Ru accessibility originated from the largest particles 
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detected for Ru/CeTiGe. As expected, the ammonia yield increases with 
the pressure from 1 to 5 bar. Almost the same differences in activity are 
observed for all the pressures between hydrogenated and non‑hydro-
genated Ru/LaScSiH1.5. On the contrary, the activity gap increases be-
tween Ru/CeTiGe and Ru/LaScSiH1.5 with increasing the pressure. At 5 
bar, the ammonia rate is 4.49 mmol h− 1 g− 1 for Ru/LaScSiH1.5 versus 
1.93 mmol h− 1 g− 1 for Ru/CeTiGe. Finally, the pressure was decreased 
to 1 bar at the end of the test to detect a possible deactivation. Compared 
to the first measurement at 1 bar, a lower ammonia rate is observed for 
the three samples but with different amplitudes corresponding to an 
activity loss of 6, 5 and 20% for Ru/LaScSiH1.5, Ru/LaScSiH1.5 and Ru/ 
CeTiGe, respectively. 

3.2. Stability of the RTXH hydrides 

TPD experiments under the flow of Ar were carried out from RT to 
1000 ◦C. For Ru/LaScSi and Ru/CeTiGe which were not previously ex- 
situ hydrogenated (see experimental part), an in situ hydrogenation 
was used under pure H2 flow at 350 ◦C for 1 h followed by a purge with 
Ar at RT for 30 min. For Ru/LaScSiH1.5 a simple purge under Ar at RT 
was used before TPD. The TPD profiles are presented for the three 
samples in Fig. 4. The curve corresponding to Ru/LaScSi exhibits two 
maxima at 519 and 613 ◦C. The first peak seems to be narrow, while the 
second one is very wide. It is in good agreement with the temperatures of 
desorption at 525 and 625 ◦C reported for LaScSi in a previous study 
[16]. Based on the relative ratio of areas between the two peaks, the first 
peak is assigned to the desorption of the hydride ions from the octahe-
dral La2Sc4 cavities first, and the second one, at higher temperatures, is 
attributed to the desorption from the La4 tetrahedral cavities. Also, ac-
cording to Wu et al. [14] hydrides stored in the tetrahedral site are 
supposed to be more thermally stable. The profile of H2 desorption for 
Ru/LaScSiH1.5 varies with one single wide peak centred at 583 ◦C (red 
curve). However, this large peak can reasonably include the two pre-
vious narrow and wide described peaks corresponding to the desorption 
from octahedral and tetrahedral cavities, respectively. The difference of 
profile could be due to the difference of hydrogenation protocol; a 
higher desorption temperature of the hydrides inserted inside the 
octahedral cavities would be obtained when hydrogenation is performed 
in static conditions under 5 bar of H2 during 20 h. Consequently, the 
narrow peak would be shifted to higher temperatures compared with the 
Ru/LaScSi, leading to a strong overlap of the two peaks. Finally, the 
profile of CeTiGe appears different with a slow and monotone desorp-
tion of H2 between 300 and 500 ◦C followed by a faster desorption above 
500 ◦C which is illustrated by a peak centred at 609 ◦C. It has been 
shown in a previous work that CeTiGe can absorb 1.5 atoms of H f.u.− 1, 
based on neutron diffraction studies, confirming the localisation of H 
atoms in the Ce4 tetrahedra and the Ti4Ce2 octahedral sites [47]. By 
analogy with LaScSi, one can suspect that the peak at higher tempera-
tures would be characteristic of the desorption of hydride ions from Ce4 
tetrahedral cavities, but further studies are required for a more precise 
assignment. Anyway, these first results demonstrate the different 
behaviour of these materials. Moreover, these results also show, in 
agreement with the work already reported [16], that the pre-treatment 
under hydrogen at 350 ◦C is sufficient to hydrogenate the intermetallic 
phase. 

3.3. 15N2/14N2 homomolecular exchange reaction 

Nitrogen isotopic homomolecular exchange (NIHE) reaction, 14N2 +
15N2 ⇋ 2 14N15N, was historically used on catalytic systems of interest 
for ammonia synthesis, most notably those based on Ru [48,49]. Indeed, 
the isotopic equilibration reaction is representative of the N–––N bond 
cleavage, and the N2 dissociation is usually reported as the rate-limiting 
step in the ammonia synthesis reaction. It might be then anticipated that 
the rate of NIHE reaction could be correlated to NH3 synthesis activity. 
Accordingly, NIHE experiments were carried out aiming at comparing 

Fig. 1. Schematic representation of the crystal structure of LaScSi and CeTiGe. 
Green spheres: La (resp. Ce). Blue spheres: Sc (Resp Ti). Red spheres: Si (resp. 
Ge). The Z = 2 unit cell is represented, as well as vacant octahedral and 
tetrahedral sites. In LaScSiH and CeTiGeH, hydride ions are located in the 
tetrahedral sites of the rare earth double layers. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version 
of this article.) 

Table 1 
Ruthenium loadings and outlet NH3 concentrations recorded at various pres-
sures and 400 ◦C over the different Ru/RTX catalysts.  

Catalyst Metal content (%) NH3 concentration (ppm) 

1 bar 3 bar 5 bar 

Ru/LaScSi 3.0 912 2114 3556 
Ru/LaScSiH1.5 1.9 568 1375 3000 
Ru/CeTiGe 1.9 500 935 1290 
Ru/CeTiGe (IE) 2.4     
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the behaviour of LaScSi and CeTiGe solids. A systematic study was 
already reported in a previous work showing that LaScSi was active at 
450 ◦C for the isotopic equilibration reaction [16]. A comparison of the 
effect of R element in a series of Ru1.7/RScSi intermetallic phases (with 
R = La, Ce, Pr, Nd, Sm, Gd) in both NH3 synthesis and 15N/14N exchange 
confirmed the interrelationship between the two reaction rates. How-
ever, the study did not allow to control the hydrogenation of the inter-
metallic materials during the exchange. Moreover, CeTiGe was not 
tested in this previous work. 

Fig. 4 shows the nitrogen isotopic distribution obtained over Ru/ 
LaScSiH1.5 during NIHE reaction at 500 ◦C. The experiments illustrated 
in Fig. 5a and Fig. 5b differ according to the treatment that was used 
before the nitrogen equilibration reaction. For the two experiments, a 
treatment under pure H2 flow was done to ensure the metallic state of 
Ru. Then, a first experiment aimed at preserving the complete hydro-
genation of the sample by heating the material under primary vacuum at 
500 ◦C before introduction of the 340-mbar nitrogen isotope gas 
mixture. At this temperature, the primary vacuum is supposed to pre-
serve the hydrides in the interstitial sites of LaScSi material. The cor-
responding experiment is presented in Fig. 5a. The nitrogen 
equilibration rate Rq is quite low with 4.0 × 1022 at. N min− 1 g− 1, and a 
production of 27.5 mbar of 14N15N after 3 h of reaction. A small release 
of H2 is observed after introduction of the nitrogen mixture indicating 
the presence of unstable H in the material. In a second experiment, 
presented in Fig. 5b, the Ru/LaScSiH1.5 catalyst was flushed with pure 
Ar from 250 to 500 ◦C and maintained at 500 ◦C for 2 h under Ar flow. 

According to the TPD analysis, a partial removal of the hydride species is 
expected with this treatment. Indeed, the desorption of H2 from Ru/ 
LaScSiH1.5 was detected above 450 ◦C (Fig. 4, red curve b). The material 
subjected to this treatment is denoted hereafter as Ru/LaScSiHx. The 
result of this experiment, reported in Fig. 5b, shows that such a treat-
ment promotes the equilibration rate, with a Rq value of 14.5 × 1022 at. 
N min− 1 g− 1 and a partial pressure of 14N15N, which reaches 115 mbar 
after 3 h. 

PXRD analysis was used to evaluate the hydrogenation state of the 
Ru/LaScSiHx sample recovered after the isotopic exchange experiment 
presented in Fig. 5b. Fig. 6 shows the corresponding PXRD pattern in the 
2θ range of 25 to 40◦ with cell parameters given in Table 2. The sample 
Ru/LaScSiH1.5 before the isotopic exchange was included as a reference. 
The PXRD pattern shows a slight degradation of the sample. The main 
phase is a partial hydride LaScSiHx1 with estimated cell parameters of a 
= 4.28 Å and c = 16.6 Å. The significant broadening of the peaks, as seen 
in the (006) reflection results from micro-strain and inhomogeneity of 
the cell parameters, especially for the c parameter. However, we can 
confidently conclude that such hydrides are intermediates between 

Fig. 2. TEM pictures of (a) Ru/LaScSi, (b) Ru/LaScSiH1.5 and (c) Ru/CeTiGe solids.  

Fig. 3. Production of NH3 over Ru/Intermetallic catalysts at 400 ◦C and 
various pressures. 

Fig. 4. TPD under Ar gas flow of a) Ru/LaScSi, (b) Ru/LaScSiH1.5 and (c) Ru/ 
CeTiGe. For Ru/LaScSi and Ru/CeTiGe, TPD followed an hydrogenation step at 
350 ◦C under pure H2 for 1 h; for Ru/LaScSiH1.5, the pre-treatment was limited 
to an Ar gas purge at RT for 30 min. 
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LaScSi and LaScSiH1.5. The pattern also shows that a part of the LaScSi 
intermetallic exists as a secondary phase. 

Similar nitrogen exchange experiments were carried out over the 
Ru/CeTiGe catalyst. Note that a new batch of sample was necessary for 
these measurements with a slightly superior Ru loading (2.4 wt%, see 
Table 1). In the absence of ex-situ hydrogenated material before the 
nitrogen exchange experiment, a specific protocol was used based on the 

TPD analysis. Indeed, the H2-TPD profile obtained with Ru/CeTiGe 
suggested that a treatment under pure H2 at 350 ◦C for 1 h at atmo-
spheric pressure was sufficient for a complete hydrogenation of the 
sample, as previously discussed in Section 3.2. This treatment was used 
in situ in the isotopic exchange set-up followed by a heating under 
primary vacuum until 500 ◦C before introducing the 14N2 +

15N2 equi-
molar gas mixture. No equilibration activity was then observed. 
Different protocols were successively applied to partially dehydrogenate 
the sample. Each time, the nitrogen isotopic distribution monitored 
during the NIHE reaction demonstrated the absence of activity (Fig. 7). 

Fig. 8 shows the PXRD pattern of the pristine CeTiGe sample (black) 
where the indexation marks the peaks of the high-temperature form, 
while the green marker shows the main peak of the low-temperature 
form of CeTiGe. After the nitrogen isotopic exchange experiment, the 
partially hydrogenated Ru/CeTiGeHx (in red) sample suffered a 
decomposition. However, the main phase obtained CeTiGeHx1 is an 
hydride with cell parameters closer to CeTiGe than to CeTiGeH1.5. It 
should be noted that this sample also had small amounts of CeTiGeHx2 
with the cell parameters close to those of CeTiGeH1.5 (Table 2). 

3.4. DFT calculations 

3.4.1. LaScSi versus CeTiGe solids 
Fig. 9 shows the density of states for LaScSi and CeTiGe, calculated 

within DFT/HSE06. As expected, LaScSi is found non-magnetic, whereas 
CeTiGe shows a pronounced spin polarization (ferromagnetic state) of 

Fig. 5. Nitrogen isotopic distribution during 15N2/14N2 homomolecular exchange at 500 ◦C over (a) Ru/LaScSiH1.5 and (b) Ru/LaScSiH1.5 partially dehydrogenated 
(hereafter denoted as Ru/LaScSiHx) after 2 h treatment under Ar flow at 500 ◦C (dashed line represents the evolution of the partial pressure of H2 from signal m/z 
= 2). 

Fig. 6. PXRD patterns of LaScSiH1.5 before isotopic exchange (black) and 
LaScSiHx after the isotopic exchange corresponding to the Fig. 5b (red). The 
(hkl) indices given in black and red corresponds to the LaScSiH1.5 and LaSc-
SiHx1 phases, respectively (see Table 2 for cell parameters). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Table 2 
Cell parameters of the phase found after isotopic exchange and the corre-
sponding references RTX and RTXH1.5.  

Composition a (Å) c (Å) Ref 

LaScSi 4.355 16.031 [16] 
LaScSiH1.5 4.271 17.090 [14] 
LaScSiHx1 4.28 16.6 This study 
CeTiGe (HT) 4.15447 15.8814 [47] 
CeTiGeH1.5 4.0889 16.9917 [47] 
CeTiGeHx1 4.13 16.1 This study 
CeTiGeHx2 4.10 17.4 This study  

Fig. 7. Nitrogen isotopic distribution during 15N2/14N2 homomolecular ex-
change at 500 ◦C over Ru/CeTiGe partially hydrogenated hereafter denoted as 
Ru/CeTiGex (dashed line represents the evolution of the partial pressure of H2 
from signal m/z = 2). 
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Ce 4f and 5d bands, and of Ti 3d bands. The magnetic moment found for 
CeTiGe is close to 3 μB per f.u., with similar contributions from Ce 4f and 
Ti 3d shells, and to a lesser extent from the Ce 5d bands. The 3d electron 
populations for Sc and Ti correspond to configurations 3d1 and 3d2, 
respectively. The electride-type material’s character of the two com-
pounds was assessed by i) partitioning the electron density according to 
the QTAIM scheme, and ii) examining the electron density distribution 
in the vacant R2T4 octahedral sites (R = La, Ce; T = Sc, Ti, Fig. 1). 
Table 3 lists the QTAIM valence electron populations found in atomic 
basins. The whole electron density could be partitioned unambiguously 
from the QTAIM method, as checked from the sum of electron pop-
ulations from all identified basins. A common feature of QTAIM charges 
is that they slightly differ from the ones derived from Mulliken charges 
or cumulated partial density of states. Here, a maximum in electron 
density (pseudo-atom) is clearly found in LaScSi, in agreement with 
similar studies reported [14,50]; no such feature was identified in 
CeTiGe. Also, no electride-type charge density was found in tetrahedral 
sites of the rare earth double layers (Fig. 1), contrary to what was 
claimed in the literature [14]. 

The respective electride- vs. non-electride-type characters of LaScSi 
and CeTiGe are also illustrated by isovalues of the valence electron 
density in the R2T4 octahedral sites (R = La, Ce; T = Sc, Ti) as shown in 
Fig. 10. A cushion-like, pseudo-atomic electron density is clearly iden-
tified in the vacant octahedral site in LaScSi, nothing such in CeTiGe. 

This striking difference between the two compounds is consistent 
with our studies (to be published) on intermetallic systems with the 
same crystal structure and either Sc or Ti as transition element: RScX 
compounds show clear electride-type features, but RTiX do not. This is 
in agreement with DFT high-throughput screening of materials data-
bases, which identified Sc-derived intermetallic compounds in this 
structural family as electride-type materials, but no candidates were 
found in Ti-derived compounds [37]. As suggested by Hosono et al. [14], 
the electride-type charge density in the R2Sc4 sites may arise from the 
overlap of 4 s/4p Sc orbitals; if this is the case, then the radial extension 
of Ti 4 s and 4p orbitals could not match across the octahedral site to 
generate a local maximum of electron density. The electride-type ma-
terials features may also be prohibited in Ti-derived intermetallics of this 
series due to the spin-polarization of Ti-character bands: majority- and 

minority-spin spin channels have, in essence, different electronic 
structures and thus differences in chemical bonding as well. 

3.4.2. LaScSiH vs. CeTiGeH 
One hydrogen atom per f.u. corresponds to the full occupation of the 

tetrahedral sites in the rare earth double layers. DOS curves in Fig. 11 
show a gap opening in LaScSi upon hydrogen insertion, with still a non- 
magnetic electronic structure. The main significant change in the DOS 
curves of CeTiGeH, with respect to CeTiGe is a spontaneous antiferro-
magnetic ordering of Ce 4f and Ti 3d orbitals, whereas CeTiGe appeared 
as ferromagnetic. This was confirmed by performing another calculation 
starting from an antiferromagnetic arrangement for atomic moments, 
leading to an identical electronic structure after self-consistency was 

Fig. 8. PXRD pattern of pristine CeTiGe (black) and partially hydrogenated 
CeTiGeHx (red) after isotopic exchange. The (hkl) indices given in black and red 
corresponds to the HT-CeTiGe and CeTiGeHx1 phase, respectively (see Table 2 
for cell parameters). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 9. Density of states (DOS) for (a) LaScSi (top) and (b) CeTiGe, from DFT/ 
HSE06 hybrid calculations. Blue line: Sc and Ti partial DOS. Red line: Ce partial 
DOS. Minority and majority spin channels are on the left and right sides, 
respectively. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

Table 3 
Electron populations in atomic basins in LaScSi and CeTiGe, from QTAIM par-
titioning of the valence electron density. The vacancy is located in the R2T4 
octahedral site (R = La, Ce; T = Sc, Ti). Note that the sum of QTAIM populations 
amounts to the total number of valence electrons per formula unit (2 vacancies 
per f.u.)   

La/Ce Sc/Ti Si/Ge Vacancy Total 

LaScSi 9.87 0.88 6.71 1.08 18.00 
CeTiGe 10.85 2.87 6.28 0.00 20.00  
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achieved. 
Hydrogen bands are located at lower energies than the pristine 

valence bands, corresponding to hydride ions H− , and involving large R- 
H covalent interactions, as revealed by the partial DOS curves and the 
significant band width. The profound effects of R-H covalent in-
teractions were discussed in our previous works on GdScGe, NdScSi, 
NdScSiC0.5 and their hydrides [46,51]. Otherwise, the insertion of 
hydrogen ions in tetrahedral sites does not affect the (non-)electride- 
type character in both compounds, as seen from Fig. 12 and Table 4, at 
least from the point of view of the electron density distribution. 
Nevertheless, an important effect of hydrogen insertion is the lowering 
of the Fermi level, which could depopulate electride-type materials 
states. Fig. 12 and Table 4 show that the electride-type materials char-
acter is fully preserved in LaScSi upon hydrogen intake, at least up to one 
hydrogen atom per formula unit. Naturally then, hydrogen insertion 
could bring electride-type materials states closer to Fermi level (due to 
the lowering of the latter), and thus reinforce it or at least make it more 
efficient as electron reservoir. For example, electride-type electrons lie 
within 0.1 eV below Fermi level in GdScGe [46], and we identified 
electride-type materials states in LaScSi in the range of 0.5–1 eV below 
Fermi level, alike what was found from DFT + DMFT studies [50]. This is 
probably also why LaScSi was not identified as electride-type material in 
[37], since the search for electride-type material properties was 
restricted to an energy range of 0.2 eV below Fermi level. Note that 
beyond one hydrogen atom per formula unit, hydrogen atoms start to 
take place in octahedral sites, progressively cancelling electride-type 

material characteristics in LaScSiHx. For LaScSiH1.5, all octahedral 
sites are occupied by H− ; no potential electride-type material site re-
mains in the structure. 

DFT calculations clearly evidence the difference of electride-type 
material character between LaScSi and CeTiGe. A direct correlation 
with the results of NIHE experiments shows the ability of the electride- 
type Ru/LaScSi catalyst and the inability of the non-electride-type Ru/ 
CeTiGe catalyst to dissociate N2. In addition, the presence of hydride 
ions in the tetrahedral La4 cavities of Ru/LaScSi catalyst leads to effi-
cient equilibration reaction, in agreement with the calculated lowering 
of the Fermi level for Ru/LaScSiH compared with non‑hydrogenated 
Ru/LaScSi. Finally, fully hydrogenated Ru/LaScSiH1.5 is shown to lose 
its electride-type material’s potential resulting in a low activity for N2 
activation. In these Ru/RTX compounds, the electride-type materials 
properties are therefore essential for the dissociation of N2, as high-
lighted in Fig. 7b. However, the catalytic tests in ammonia synthesis 
show that under N2 + H2 mixture, the electride-type material character 
is not required for the catalyst to be active for NH3 production, even if 
Ru/LaScSi is more active than Ru/CeTiGe, in particular above atmo-
spheric pressure. This result suggests that the dissociation of the mo-
lecular nitrogen, as an initial step, would not be required in the case of 
Ru/CeTiGe. However, the presence of hydrogen in the reactant flow 
must be considered since it has been shown that the equilibration rate on 
pure Ru was increased by the addition of hydrogen [52]. The presence of 
H2 in the reaction could thus have a beneficial effect for the N2 bond 
cleavage. Different mechanisms can also explain the difference of 

Fig. 10. Isovalue (ρ = 2.0 × 10− 2 e− .Å− 3) plots of the electron density in the Sc 
and Ti layers of (a) LaScSi and (b) CeTiGe based on DFT/HSE06 hybrid 
calculations. 

Fig. 11. Density of states (DOS) for (a) LaScSiH and (b) CeTiGeH based on 
DFT/HSE06 hybrid calculations. Partial DOS for Sc and Ti (blue), Ce (red) and 
H (pink) are represented. Minority and majority spin channels are on the left 
and right sides, respectively. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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behaviour between the two catalysts. The dissociative pathway where 
the N–––N bond is cleaved before any addition of hydrogen would be 
favoured by the electride-type material character of Ru/LaScSi, whereas 
Ru/CeTiGe would produce ammonia following the associative pathway 
in which the N–––N bond is broken upon the release of the first NH3 [53]. 
The latter mechanism would not request materials having electride-type 
character but could be promoted by catalyst composed of hydride- 
containing solids. It would explain the very low activity in ammonia 
synthesis of Ru1.3/GdScSi, which is unable to absorb H2 but exhibits 
both the electride-type material character and a good activity for ni-
trogen equilibration [16]. 

For decades, the ammonia synthesis reaction was efficiently inves-
tigated by means of 15N tracer, deuterium isotope effect, and kinetics on 
iron, ruthenium or nitride-based catalysts [52,54,55]. More recently, 
using 15N2, the reactivity of the lattice nitrogen atoms with gas phase 
nitrogen was demonstrated on Co3Mo3N by Hunter et al. [56], raising 

the idea of the possible occurrence of the Mars− van Krevelen mecha-
nism in the ammonia synthesis on nitride containing catalysts. On 
intermetallic-supported ruthenium catalysts investigated in the present 
study, the gas/solid nitrogen transfer does not occur meaning that the 
nitridation does not take place. Pure 15N2/14N2 equilibration into 
15N14N can then be observed and direct correlation can be done between 
the result of this relatively simple reaction and the capacity of the 
catalyst to dissociatively activate N2, i.e. the ability of the studied cat-
alysts for N–––N cleavage. As the equilibration activity is also dependent 
on the Ru particle size and morphology, this characterization technique 
is very useful to identify the deactivation phenomena related to the 
modification of the metal clusters and validate or not strategies in the 
design of catalysts for improvement of their durability. 

4. Conclusions 

Ru/LaScSi and Ru/CeTiGe catalysts were tested for the ammonia 
synthesis reaction at 400 ◦C between 1 and 5 bar of pressure. Fully 
hydrogenated Ru/LaScSiH1.5 was also investigated for comparison. Both 
Ru/LaScSi and Ru/LaScSiH1.5 catalysts are very active at 400 ◦C and 
have similar performances considering the difference in Ru loading. The 
behaviour of Ru/CeTiGe and LaScSi-based catalysts are quite close at 1 
bar in terms of ammonia production rate. However, the difference of 
activity becomes higher at 3 and 5 bar pressure in favour of the Ru/ 
LaScSi sample. 

DFT calculations evidenced the respective electride-type vs. non- 
electride-type materials character of LaScSi and CeTiGe. This 
electride-type material character is preserved and even reinforced with 
hydrogen uptake in the La4 tetrahedral cavities of the intermetallic 
phase. A correlation is made with the respective activity vs. inactivity for 
nitrogen equilibration reaction of partially hydrogenated Ru/LaScSiHx 
and Ru/CeTiGeHx. A difference of reaction pathways was proposed to 
link the behaviour of each sample with their activity in ammonia syn-
thesis; a dissociative route for Ru/LaScSi and an associative pathway for 
Ru/CeTiGe. 
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C. Croisé et al.                                                                                                                                                                                                                                   

https://doi.org/10.1007/978-3-642-79197-0_6
https://doi.org/10.1007/978-3-642-79197-0_6
https://doi.org/10.1039/D1SC04734E
https://doi.org/10.1038/s41929-019-0414-4
https://doi.org/10.1016/j.ijhydene.2019.01.144
https://doi.org/10.1016/j.ijhydene.2019.01.144
https://doi.org/10.3390/en13123062
https://doi.org/10.1016/j.enconman.2022.116199
https://doi.org/10.1016/j.enconman.2022.116199
https://doi.org/10.3389/fenrg.2021.580808
https://doi.org/10.3389/fenrg.2021.580808
https://doi.org/10.1016/j.apenergy.2020.116170
https://doi.org/10.1016/j.apenergy.2020.116170
https://doi.org/10.1039/C9EE02873K
https://doi.org/10.1038/nchem.1476
https://doi.org/10.1021/ar9000857
https://doi.org/10.1039/D0TC01165G
https://doi.org/10.1002/cctc.202001141
https://doi.org/10.1002/cctc.202001141
https://doi.org/10.1002/adma.201700924
https://doi.org/10.1002/adma.201700924
https://doi.org/10.1016/j.jssc.2016.02.017
https://doi.org/10.1002/cctc.202201172
https://doi.org/10.1002/cctc.202201172
https://doi.org/10.1021/acs.jpcc.1c08725
https://doi.org/10.1021/acs.jpcc.1c08725
https://doi.org/10.1088/0953-8984/22/14/146003
https://doi.org/10.1088/0953-8984/22/14/146003
https://doi.org/10.1016/0921-4526(93)90108-I
https://doi.org/10.1016/0921-4526(93)90108-I
https://doi.org/10.1021/jp9531568
https://doi.org/10.1142/9781860948084_0006
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevLett.78.1396
https://doi.org/10.1103/PhysRevLett.78.1396
https://doi.org/10.1103/PhysRevB.75.035115
https://doi.org/10.1103/PhysRevB.103.165140
https://doi.org/10.1103/PhysRevB.75.045121
https://doi.org/10.1021/ct100430q
https://doi.org/10.1103/PhysRevB.57.1505
https://doi.org/10.1063/1.2404663
https://doi.org/10.1063/1.1564060
https://doi.org/10.1063/1.1564060
https://doi.org/10.1021/cr00005a013
https://doi.org/10.1016/j.commatsci.2005.04.010
https://doi.org/10.1016/j.commatsci.2005.04.010
https://doi.org/10.1038/ncomms7731
https://doi.org/10.1039/c3cp55533j
https://doi.org/10.1039/c3cp55533j
https://doi.org/10.1021/acs.chemmater.8b02526
https://doi.org/10.1002/chem.201800878
https://doi.org/10.1039/c5cc00215j
https://doi.org/10.1103/PhysRevB.99.064104
https://doi.org/10.1103/PhysRevB.99.064104
https://doi.org/10.1016/j.matt.2019.06.017
https://doi.org/10.1016/j.matt.2019.06.017
https://doi.org/10.1021/jacs.5b00242
https://doi.org/10.1021/jacs.5b00242
https://doi.org/10.1107/S0021889811038970
https://doi.org/10.1088/1361-648X/29/4/045802
https://doi.org/10.1088/1361-648X/29/4/045802
https://doi.org/10.1021/cm101290f
https://doi.org/10.1021/acs.inorgchem.8b02247
https://doi.org/10.1016/j.jallcom.2019.07.104
https://doi.org/10.1246/cl.1984.825
https://doi.org/10.1006/jcat.1997.1447
https://doi.org/10.1006/jcat.1997.1447
https://doi.org/10.1103/PhysRevB.105.085146


Catalysis Communications 179 (2023) 106689

11

[51] T. Mahon, E. Gaudin, A. Villesuzanne, B. Chevalier, S. Tencé, Effect of carbon 
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