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ABSTRACT: Efficient ammonia synthesis and decomposition processes under mild conditions 

are important to meet the expanding demand in major application of ammonia as energy carrier as 

well as to provide feedstock for chemical industry. Here, we report that air-stable calcium 

cyanamide-supported ruthenium (Ru/CaCN2) works as an efficient and stable catalyst for ammonia 

synthesis and decomposition. Ru/CaCN2 exhibits greater catalytic performances for both reactions 

than Ru/Ca2N electride and Ru-Cs/MgO. The kinetic analysis for ammonia synthesis suggests that 

Ru/CaCN2 exhibits low apparent activation energy and high resistance to hydrogen poisoning, 

which has similar characteristics to the kinetic parameters of Ru-supported electride catalyst. H2-

temperature programmed reaction (TPR) and temperature programmed desorption (TPD) revealed 

that Ru promoted the formation of CN2 vacancies on CaCN2 surface which in turn capture 

hydrogen as H– ions during the reaction. Density functional theory calculations provide insight 

into how the formation of CN2 vacancies is promoted by Ru, which leads to the decrease in the 

work function of CaCN2 surface and the hydrogen capture at the Ru-support interface. These 

results suggest that the high catalytic performance of Ru/CaCN2 can be attributed to the formation 

of a quasi-electride structure at Ru-CaCN2 interface. 
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INTRODUCTION 

Ammonia (NH3) is a ubiquitous precursor for nitrogen-containing chemical products; in recent it 

also attracted attention as a hydrogen carrier substance.1 In order to realize more energy-efficient 

processes for the production of NH3 and the extraction of H2 from NH3, more efficient catalysts 

for NH3 synthesis and decomposition at mild conditions are necessary.2-9 A supported ruthenium 

(Ru) catalyst with optimum binding energy with nitrogen atom10-11 is one of the most promising 

catalysts for these reactions.12-13 It is widely accepted that cleavage of the N≡N triple bond and 

the recombinative desorption of nitrogen adatoms from the catalyst surface are the rate-

determining steps for NH3 synthesis14 and decomposition,15 respectively. In the attempt to 

accelerate these rate-determining steps, the modification of supported Ru catalysts with alkali 

promoters (K, Cs, or Ba hydroxide or oxides) has greatly contributed to the progress by its 

electronic promotion effect.16-22 It has been generally recognized that the role of alkali promoters 

in NH3 synthesis is to inject electrons to the antibonding π*-orbital of adsorbed N2 molecule via 

Ru.23-24 However, these nitrogen activation steps on Ru surface are suppressed by H2 poisoning 

because of high affinity of Ru to H2. 

We have previously demonstrated that 12CaO·7Al2O3 electride (C12A7:e‒) significantly 

enhances the activity of Ru catalysts in both NH3 synthesis and decomposition.25-26 The 

C12A7:e‒ contains high density anionic electrons in the subnanometer-sized cages with positive 

charge, which results in high electrical conductivity as well as low work function (2.4 eV).27 

Accordingly, the electronic promotion effect of this material is much higher than that of a 

conventional promoter, such as Cs in Cs-loaded metal oxide. In addition, reversible hydrogen 

capture-release capability of C12A7:e‒ can prevent the H2 poisoning over Ru surface. 



 4 

Ru/C12A7:e‒ catalyst exhibits low apparent activation energy (50–65 kJ mol–1) and positive 

reaction order for H2 in both NH3 synthesis and decomposition.25-26 

Recently, the electronic signatures of electride-like behavior have also been observed in some 

ionic compounds such as CaH228-29 and Ca(NH2)2.30-31 When these materials are used as support 

for Ru catalysts, anionic electrons are formed at the anion vacancies on the Ru-support interface 

during catalytic reaction, resulting in a low work function (2.1–2.7 eV). These catalysts surpass 

the activity of Ru/C12A7:e‒ for both reactions. However, these compounds are difficult to handle 

in air because of their sensitivity to air and moisture. 

 

 

Figure 1.  Crystal structures of (a) CaCN2 (R-3m space group) and (b) Ca2N:e– (R-3m space 

group). The crystal structures were pictured with the VESTA program.32 

 

Here, we report that an air-stable ionic compound, calcium cyanamide (CaCN2), enhances the 

activity of Ru catalysts in NH3 synthesis and decomposition at mild conditions. CaCN2 is well-

known as a main component of lime nitrogen, which has been used as a nitrogen-based fertilizer 

since the early 20th century. Interestingly, as shown in Figure 1, the crystal structure of CaCN2 is 

quite similar to that of a two-dimensional electride, [Ca2N]+·e– (Ca2N:e–).33 Ru/Ca2N:e− 
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functions as an efficient catalyst for NH3 synthesis at mild conditions28 but it is unstable in air 

due to low resistivity of Ca2N:e– to oxygen and moisure.33 In contrast, Ru/CaCN2 works as an 

efficient catalyst for both NH3 synthesis and decomposition even after exposure to air. 

Experimental and theoretical investigation reveals that anionic electrons with low work function 

are created in the CN2 vacancy during catalytic reaction. The surface electride formation on 

CaCN2 promotes the NH3 synthesis and decomposition over Ru catalyst. 

 

EXPERIMENTAL SECTION 

Catalyst preparation. To synthesize CaCN2, CaCO3 (Kojundo chemical laboratory, 99.99%) 

was heated in a vertical silica tube furnace under an NH3 gas flow (100 mL min−1) at 550 °C for 

20 h. To prepare the Ru-loaded sample, the CaCN2 powder and Ru3(CO)12 (Sigma-Aldrich, 99%) 

were mixed using agate mortar. The mixture was sealed in an evacuated silica tube and then 

heated according to the method reported previously.25 The procedures to prepare reference 

catalysts are described in the Supporting Information. 

Catalytic reactions. Catalytic reactions were conducted in a fixed-bed continuous-flow 

straight tube reactor. Prior to the NH3 synthesis and decomposition reactions, the catalysts were 

activated in situ by reducing Ru metal under a H2 gas flow (10 mL min–1) at 340 °C for 20 min 

(Ru/CaCN2) or under a N2/H2 mixed gas flow (N2:H2 = 1:3, 60 mL min–1) at 340 °C for 20 min 

(for Ru/Ca2N:e–) or at 400 °C for 1 h (for Ru-Cs/MgO, Ru/MgO and Ru/γ-Al2O3). 

NH3 synthesis activities were evaluated using 100 mg of catalyst in a silica glass or stainless-

steel reactor at a temperature range of 220–400 °C, 0.1 or 0.9 MPa and a N2/H2 mixed gas flow 

(N2:H2 = 1:3, 60 mL min–1) which corresponds to a weight hourly space velocity (WHSV) of 
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36000 mL gcat–1 h–1. The NH3 produced was trapped by in 5 mM sulfuric acid solution and the 

amount of NH4+ generated in the solution was determined using ion chromatography (LC-2000 

plus, Jasco). 

The kinetic analysis of 5 wt% Ru/CaCN2 was performed in a similar manner to the previously 

reported procedure.34 The reaction orders with respect to N2 and H2 were established by using 

mixed gas (N2 10.0–33.3 vol%, H2 33.3–66.7 vol% and Ar balance) at a flow rate of 60 mL min–

1. The reaction orders with respect to NH3 were established by changing the flow rate of N2/H2 

mixed gas (N2:H2 = 1:3, 30–60 mL min–1). All kinetic experiments were conducted at 300 °C 

and 0.1 MPa far from equilibrium conditions (for example, the conversion level was less than 

30% of that at equilibrium). The reaction orders were estimated by using Eqs. (1)–(5). 

𝑟𝑟 = 𝑘𝑘𝑃𝑃𝑁𝑁2
𝛼𝛼 𝑃𝑃𝐻𝐻2
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 (5) 

Here, r, W, y0, q, and (1−m) denote the NH3 synthesis rate, the weight of catalyst, the 

concentration of NH3 in the outlet gas, the total gas flow rate, and the reaction order for NH3 (γ). 

The reaction order for N2 (α) and H2 (β) can be determined by plotting the logarithm of constant 

“C” vs that of partial pressure of N2 or H2. 
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NH3 synthesis using 15N2 and H2 was conducted at 400 °C over 5 wt% Ru/CaCN2 (0.2 g) in a 

U-shaped glass reactor connected to a closed gas circulation system. Prior to the reaction, the 

catalyst was pretreated at 340 °C for 20 min under a H2 gas flow (10 mL min–1) and then at 340 

°C for 24 h under a N2/H2 mixed gas flow (N2:H2 = 1:3, 60 mL min–1) in a fixed-bed, 

continuous-flow, straight, silica-glass tube reactor. A mixture of 15N2 (98%+ as 15N2, Cambridge 

Isotope Laboratories Inc., USA) and H2 gases (total pressure: 60 kPa, 15N2:H2 = 1:3) was 

introduced into the glass system. The change in the composition of the circulating gas was 

monitored with a quadrupole mass spectrometer (M-101QA-TDM, Canon Anelva Corp.), and Ar 

was used as carrier gas. The m/z = 2, 16, 17, 18, 28, 29, and 30 signals were monitored as a 

function of time to follow the reaction. 

NH3 decomposition activities were evaluated using 60 mg of catalyst in a silica glass reactor at 

a temperature range of 200–400 °C, a pure NH3 gas flow rate of 15 mL min–1 which corresponds 

to a WHSV of 15000 mLNH3 gcat–1 h–1. Effluent gases were analyzed using an online gas 

chromatograph (GC-14A, TCD, Porapak QS and molecular sieve 5A columns, Shimadzu; He 

carrier gas). The calculation of NH3 conversion XNH3 [%] was calculated by Eq. (6), taking into 

account the change in the total volume of the gas phase under constant reaction temperature and 

total pressure in a plug-flow system.35 

𝑋𝑋NH3 =
𝐶𝐶𝑁𝑁𝑁𝑁3,0−𝐶𝐶𝑁𝑁𝑁𝑁3
𝐶𝐶𝑁𝑁𝑁𝑁3,0+𝐶𝐶𝑁𝑁𝑁𝑁3

× 100 (6) 

Where C NH3,0 is the concentration of NH3 in the inlet gas, CNH3 is the concentration of NH3 in the 

outlet gas [mol m–3]. 

Characterization. X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advance 

diffractometer using monochromatic CuKα radiation (λ = 0.15418 nm) at 45 kV and 360 mA. 
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Specific surface areas were calculated using the Brunauer-Emmet-Teller (BET) multipoint 

method from N2 adsorption isotherms at 77 K with a MicrotracBEL BELSORP-mini II. H2-

temperature programmed reaction (TPR) and temperature programmed desorption (TPD) were 

conducted in a fixed-bed continuous-flow straight tube reactor. Prior to the analyses, 2 wt% 

Ru/CaCN2 (30 mg) was activated under a H2 gas flow (5 mL min–1) at 340 °C and 0.1 MPa for 

20 min. TPR analysis was carried out by heating the catalyst under an H2 gas flow (5 mL min–1) 

from room temperature to 400 °C at a heating rate of 3.33 °C min−1. The outlet gas was 

monitored using a quadrupole mass spectrometer (M-101QA-TDM, Canon Anelva Corp.), and 

Ar was used as carrier gas. The m/z = 2, 15, 17, 27, and 28 signals were monitored as a function 

of time to monitor the reaction. H2-TPD for Ru/CaCN2 after reaction was carried out using a 

MicrotracBEL BELCAT-A catalyst analyzer. Prior to the analysis, 5 wt% Ru/CaCN2 (100 mg) 

was activated under a H2 gas flow (10 mL min–1) at 340 °C for 20 min and then heated under 

N2/H2 mixed gas flow (N2:H2 = 1:3, 60 mL min–1) at 340 °C and 0.1 MPa for 20 h in a straight 

silica glass tube reactor. The catalyst (65 mg) was transferred to a TPD glass reactor in an Ar-

filled glovebox. Next, the catalyst in the reactor attached to the catalyst analyzer was heated 

under an Ar gas flow (10 mL min−1) at 40 °C for 5 min. Thereafter, TPD analysis was carried out 

by heating the catalyst under an Ar gas flow (50 mL min–1) from 50 to 1000 °C at a heating rate 

of 10 °C min−1. The outlet gas was monitored using mass spectrometry (Bell Mass, 

MicrotracBEL, Japan). High-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) images were obtained using a JEOL JEM-ARM200F atomic resolution 

analytical electron microscope operated at an accelerating voltage of 200 kV. The samples for 

STEM observation were prepared by putting a drop of catalyst suspension dispersed in n-hexane 

on an amorphous carbon film-coated copper microgrid and drying it in an Ar atmosphere at room 
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temperature. The average Ru particle size was obtained by measuring diameters of more than 

300 Ru particles imaged using STEM,  according to the method described elsewhere.36 X-ray 

absorption fine structure (XAFS) experiments were carried out at the NW10A beamline of the 

Photon Factory at KEK (Proposal No. 2013S2-002). A Si(311) double-crystal monochromator 

was used to obtain the monochromated X-ray beam, and the Ru K edge spectra were recorded at 

room temperature in the transmission mode. The XAFS spectra were analyzed by using the 

Athena and Artemis software packages37 and the FEFF6 code.38 

Calculations. Stoichiometric CaCN2 was represented using a symmetric periodic slab model 

and an orthorhombic supercell containing four full Ca2+ layers and three full CN22– layers; the 

outer Ca2+ layers were covered with an additional 0.5 monolayer of CN22– (see Figure S1a). The 

lateral cell parameters were fixed at the experimental values a = 7.3137 Å and b = 6.3367 Å. The 

period in the direction perpendicular to the slab was fixed at a = 50 Å, which ensures at least 20 

Å wide vacuum gap. Symmetric slab was used for the calculations of the work function and one-

electron densities of states (DOS). The relative stabilities of transient configurations along the 

proposed reaction pathways were considered on one slab surface only. 

The simulations were conducted using the Vienna Ab initio Simulation Package (VASP).39-40 

The projector-augmented wave potentials were used to approximate the effect of the core 

electrons.41 We used the Perdew-Burke-Ernzerhof generalized gradient approximation density 

functional modified for solids (PBEsol).42 Internal degrees of freedom were fully relaxed. A 

gamma-centered 4×4×1 k-mesh was used for Brillouin-zone integration for the structure 

optimizations, 8×8×1 k-mesh was used for subsequent DOS calculations. The plane-wave basis-

set cutoff was set to 500 eV. Reaction barriers were calculated using climbing-image nudged 
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elastic band method as implemented in VAPS. For this purpose 2×2×1 k-mesh was reduced. The 

work function was defined as the difference between the Fermi energy of the slab and the 

electrostatic potential in the vacuum gap of the supercell (see Figure S1b). Binding energies were 

calculated with respect to gas phase molecules H2, N2, and CH4. 

 

RESULTS AND DISCUSSION 

 

Figure 2. (a) XRD patterns of CaCN2 and 5 wt% Ru/CaCN2 and reference XRD pattern of CaCN2. 

(b) Representative HAADF-STEM image of 5 wt% Ru/CaCN2 after NH3 synthesis. (c) Histogram 
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of the size distributions of Ru particles for 5 wt% Ru/CaCN2 after NH3 synthesis. (d) Ru K-edge 

XANES spectra of 5 wt% Ru/CaCN2, Ru foil and RuO2. (e) Fourier transforms of EXAFS 

oscillations of 5 wt% Ru/CaCN2, Ru foil and RuO2. 

 

From the X-ray diffraction (XRD) pattern of Ru/CaCN2 (Figure 2a), no diffraction peaks other 

than those of trigonal CaCN2 was detected, which implies that small-sized Ru nanoparticles 

(NPs) are dispersed on the surface of CaCN2. Ru NPs with irregular morphology were observed 

by a representative HAADF-STEM image of Ru/CaCN2 (Figure 2b). The size of Ru NPs is in 

the range of 1.5–8.0 nm with average particle size of 4.4 nm (Figure 2c). The optimum Ru 

particle size for NH3 synthesis and decomposition is reported to be 1.8–2.5 nm because the 

density of active sites (B5 step site) reaches maximum at ~2 nm.43 In the case of Ru/CaCN2, only 

4% of Ru NPs are in this narrow range. The Ru K-edge X-ray absorption near-edge structure 

(XANES) spectra showed that the edge position of Ru/CaCN2 is identical to that of Ru foil, 

which suggests that the chemical state of Ru NPs on CaCN2 are metallic (Figure 2d). The Fourier 

transforms (FTs) of the extended X-ray absorption fine structure (EXAFS) oscillation of 

Ru/CaCN2 showed a peak corresponding to Ru−Ru bond at 2.3 Å (Figure 2e). The Ru−Ru bond 

is consistent with that for the bulk Ru metal. The other peaks derived from Ru-support 

interaction such as Ru-C and Ru-N were not observed. 

 



 12 

 

Figure 3. (a) Temperature dependence on NH3 synthesis rate of 5 wt% Ru catalysts at 0.9 MPa 

(reaction conditions: catalyst 100 mg; WHSV 36000 mL gcat–1 h–1). (b) Time course of NH3 

synthesis over 2 wt% Ru/CaCN2 at 400 °C and 0.1 MPa (reaction conditions: catalyst 100 mg; 

WHSV 36000 mL gcat–1 h–1). (c) XRD patterns of 2 wt% Ru/CaCN2 before and after the NH3 

synthesis at 400 °C and 0.1 MPa for 96 h and reference XRD pattern of CaCN2. (d) NH3 synthesis 

rate of 5 wt% Ru/CaCN2 with and without exposure to air before NH3 synthesis reaction. (reaction 

conditions: catalyst 100 mg; pressure 0.1 MPa; WHSV 36000 mL gcat–1 h–1). For the sample 

without exposure to air, it was treated in an argon-filled glovebox with O2 and H2O content below 

1 ppm. 
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Figure 3a shows temperature dependence on NH3 synthesis rate of Ru/CaCN2, Ru/Ca2N:e– and 

Ru-Cs/MgO at 0.9 MPa. Ru/CaCN2 exhibited higher activity than Ru/Ca2N:e– and Ru-Cs/MgO 

in the temperature range of 220–340 °C. In addition, the NH3 synthesis rate of Ru/CaCN2 did not 

decrease over 90 h (Figure 3b) and there was no significant change in the crystal structure of 

CaCN2 before and after the reaction (Figure 3c), which shows that Ru/CaCN2 is a stable catalyst 

for NH3 synthesis. The total amount of NH3 (32.5 mmol, based on initial NH3 synthesis rate) 

produced during the stability test is much larger than what (2.45 mmol) can be generated by the 

decomposition of CaCN2 (98 mg) with H2 gas. This result clearly shows that the formation of 

NH3 is due to catalytic dissociation and hydrogenation of gaseous N2 molecule over Ru/CaCN2 

rather than CaCN2 decomposition. Furthermore, it was confirmed that the catalytic performance 

of Ru/CaCN2 is not influenced with or without exposure to air (Figure 3d). Additionally, the 

crystal structure of Ru/CaCN2 without exposure to air (Figure S4) is almost identical to that of 

air-exposed samples (Figures 2c). These results clearly indicate high tolerance of Ru/CaCN2 to 

air and moisture. 

 

Table 1. Catalytic performance on various supports for NH3 synthesis at 300 °C and 0.9 MPa. 

Catalyst S. S. A.a 
/ m2 g–1 

Ru particle sizeb 
/ nm 

Ru dispersionb 
/ % 

NH3 synthesis rated 
/ µmol g–1 h–1 

TOFd (×103) 
/ s–1 

Eae 
/ kJ mol–1 

5 wt% Ru/CaCN2 6.8 4.4 29.7 3785 7.3 63.5 

5 wt% Ru/Ca2N:e– 5.3 6.6 19.9 1740 5.0 73.4 

5 wt% Ru-Cs/MgO 23.6 2.6c 50.9c 553 0.6 125.4 
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aS. S. A. = specific surface area. bThese values were estimated by averaging the particle sizes 
measured by STEM. cFrom ref. 44. dReaction conditions: catalyst 100 mg; temperature 300 °C; 
mixed gas 60 mL min–1 (H2/N2 = 3); weight hourly space velocity (WHSV) 36000 mL gcat‒1 h‒1; 
pressure 0.9 MPa. eThe apparent activation energy Ea was calculated from Arrhenius plots for the 
NH3 synthesis rate in the temperature range of 280–340 °C. 

 

Table 1 summarizes catalytic properties of Ru/CaCN2, Ru/Ca2N:e– and Ru-Cs/MgO for NH3 

synthesis at 300 °C and 0.9 MPa. As for NH3 synthesis rate, Ru/CaCN2 showed two and seven 

times higher activity than Ru/Ca2N:e– and Ru-Cs/MgO, respectively. The turnover frequency 

(TOF) of Ru/CaCN2 was an order of magnitude higher than that of Ru-Cs/MgO and was 

comparable to that of Ru/Ca2N:e–, which means that CaCN2 support has a high electron donating 

ability, comparable to that of Ca2N:e–, which has a very low work function (2.6 eV). The higher 

NH3 synthesis rate of Ru/CaCN2 than that of Ru/Ca2N:e– is attributed to smaller Ru particle size 

of Ru/CaCN2 (Figure S5). Ru NPs were well dispersed on CaCN2 support with higher surface 

area (6.4 m2 g–1) than that (2.1 m2 g–1) on Ca2N:e– support. The apparent activation energy (Ea) 

of Ru/CaCN2 for NH3 synthesis was 63.5 kJ mol–1 (Table 1 and Figure S6). The value was 

slightly lower than that of Ru/Ca2N:e– (73.4 kJ mol–1) and almost half of that of Ru-Cs/MgO 

(125.4 kJ mol–1). Furthermore, the Ea of Ru/CaCN2 is close to those (50–65 kJ mol–1) of the 

electride-supported Ru catalysts, Ru/CaH2 and Ru/Ca(NH2)2 reported previously.25, 28, 30-31, 45-49 

The catalytic performance of Ru/CaCN2 is far inferior to those of Ru/Ba-Ca(NH2)231 and 

Ru/Ba/LaCeOx19 but is comparable to other recently reported catalysts including electrides and 

hydrides, most of which are difficult to handle in air (Table S1). We conclude that air-stable 

CaCN2 functions as an excellent support for Ru catalyst with high electronic promotion ability, 

similar to that of other electride-supports, enabling efficient NH3 synthesis. 



 15 

Kinetic analysis was conducted at 300 °C and 0.1 MPa to clarify the reaction mechanism for 

NH3 synthesis over Ru/CaCN2 (Figure S7 and Table S2). As for the reaction order for N2 and H2, 

Ru/CaCN2 showed 0.82 and –0.03, respectively. In general, conventional Ru catalysts show a 

large negative value (β ≤ ‒0.5) for H2 reaction order at lower temperatures (≤ 400 °C).50 The 

reaction order of Ru/CaCN2 for H2 is close to zero at 300 °C, which is slightly more positive than 

that of Ru/C12A7:e‒ (β = ‒0.16 at 300 °C) with high tolerance to H2 poisoning.51 This result 

implies that CaCN2 support can transiently capture and release hydrogen during the NH3 

synthesis process, which prevents H2 poisoning on Ru at low reaction temperature. 
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Figure 4.  (a) H2-TPR profiles (m/z = 15, 17, 27, and 28) for 2 wt% Ru/CaCN2. TPD profiles (m/z 

= 2, 15, 17, 27, and 28) for (b) CaCN2 and (c) 2 wt% Ru/CaCN2 after pretreatment. 



 17 

 

To elucidate the contribution of the CaCN2 support to the reaction mechanism of NH3 

synthesis, H2-TPR and TPD analyses were performed on the Ru/CaCN2. In the H2-TPR profiles 

of Ru/CaCN2 (Figure 4a), mass signals with m/z = 15, 17, and 28 were confirmed above 200 °C 

and disappeared after holding at 400 °C for 5 h. The signal with m/z = 15 is attributed to CH3 (a 

fragment of CH4) and NH (a fragment of NH3), m/z = 17 and 28 are due to NH3 and N2, 

respectively, which are derived from the hydrogenation of CN2 species. This suggests that 

CaCN2 is partially decomposed to form CN2 vacancy on the surface during NH3 synthesis. TPD 

measurements (Figure 4b,c) revealed that no gas desorption was observed from Ru-free CaCN2, 

whereas H2, N2, and NH3 were desorbed from Ru/CaCN2 above 230 °C. This suggests that Ru 

promotes the formation of CN2 vacancies on the CaCN2 surface and a part of CN2 vacancies are 

occupied by hydrogen species. In the H2-TPD profile of Ru/CaCN2 after NH3 synthesis (Figure 

S8), the total amount of H2 desorbed from the catalyst is estimated to be 0.28 mmol gcat–1, which 

is twice as much as the amount of hydrogen species on Ru surface with a stoichiometry of H/Ru 

= 1 (0.14 mmol gcat–1). This implies that hydrogen desorption (Figure S8) stems not only from 

hydrogen adatoms on the Ru surface but also from hydrogen species incorporated in the CN2 

vacancies at Ru-CaCN2 interface. From these results, it can be considered that a part of hydrogen 

on Ru surface spill over onto CaCN2 support and is incorporated into the CN2 vacancies of Ru-

CaCN2 interfaces as H– ions, which is consistent with high tolerance to H2 poisoning in 

analogous to electride-based catalysts.25, 28, 45-49, 51 In turn, the existence of CN2 vacancies is 

indicative of the formation of a quasi-electride structure near the surface of the CaCN2 support. 
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Figure 5. Reaction time profiles for NH3 synthesis from 15N2 and H2 over 5 wt% Ru/CaCN2. 

(Reaction conditions: catalyst, 0.2 g; reaction temperature, 400 ºC; reaction gas, 15N2:H2 = 1:3; 

reaction pressure, 60 kPa). 

 

To further investigate the reaction mechanism of NH3 synthesis over Ru/CaCN2, NH3 

synthesis using isotopic 15N2 and H2 was conducted (Figure 5). The mass signals with m/z = 18 

(15NH3) and 17 [15NH2 (a fragment of 15NH3)] increased with reaction time. The intensity ratio of 

m/z = 18 to 17 was approximately 0.77, which is very close to the theoretical value (NH2/NH3 = 

0.8) for NH3 molecule, suggesting that these signals originate from 15NH3. This conclusion is 

very similar to the case for isotopic NH3 synthesis over Ru/Ba-Ca(NH2)2,31 where lattice nitrogen 

does not participate in the NH3 synthesis reaction. It was thus demonstrated that NH3 formation 

over Ru/CaCN2 proceeds through an electronic promoted N2 activation rather than lattice 

nitrogen mediated Mars-van Krevelen mechanism.52 
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Figure 6. Elementary steps of H2 interaction with Ru/CaCN2 surface leading to decomposition of 

the surface CN2 species: (a) adsorption of Ru atoms; (b) dissociative adsorption of H2, formation 

of CN2H2; (c,d) adsorption and heterolytic splitting of H2: H+ breaks C-N and forms C-H bond 

(i.e., formation of CNH3) accompanied by the formation of subsurface H– and displacement of N 

into an adatom site; (e) adsorption of 1/2H2 leading to incorporation of H– at the Ru/Ca interface 

displacement of N to the adatom site with the formation of N2; (f) desorption of N2; (g,h) adsorption 

of H2, formation of an additional CNH3 and H adsorbed on Ru; (i) adsorption on heterolytic 

splitting of H2: H+ breaks C-N and converts it to CH4, H– replaces N into the adatom site; (j) CH4 

desorbs and Ru cluster restructures to accommodate for the rearrangement of Ru-N bonds. We 

considered H2 gas as a source of hydrogen species at the Ru/CaCN2 surface; one half of the energy 

of a gas-phase H2 was used as the reference energy for H. Rectangular box in each image marks 

the lateral cell used in the simulations. 

Electronic and chemical properties of CaCN2 were analyzed using density functional theory 

(DFT) calculations. The work functions (WF) of CaCN2 with CN2 vacancies (VCN2) at the 

surface and in the subsurface region were determined to be ca. 3.95 and 3.8 eV, respectively. 
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While these WF values are higher than those of C12A7:e– (2.4 eV) and Ca2N:e– (2.6 eV) 

electrides, we find that does not diminish the ability of reduced CaCN2 to transfer the electron 

charge to the adsorbed Ru particles. Furthermore, we find that surface VCN2 can be formed by 

annealing Ru/CaCN2 system in the presence of hydrogen, thus providing excess electrons that 

enhance Ru catalytic activity. 

Stoichiometric CaCN2 was modelled using a periodic slab terminated with [CN2]2– ions at 50% 

coverage density (see Fig. S1 in Supporting method). Deposition of Ru atoms on this surface 

(see Fig. S2) leads to a gradual elongation of the Ca–N bonds from 2.58 to 3.11 Å on average 

and the formation of the Ru–N bonds instead. Simultaneously, C–N bond lengths in CN22– 

anions elongate as well (from 1.24 to 1.36 Å), leaving the central C atom exposed to reactions 

with other chemical species. 

Here we consider CN2 decomposition in the vicinity of low-coordinated Ru atoms that mimic 

fringes of Ru particles. Such model captures the key interactions, including strain induced by the 

formation of Ru–N bonds, and allows for the desorption of the CN2 decomposition products. It 

also allows for charge disproportionation among the Ru atoms in the presence of the ionic 

substrate. Elementary steps leading to the activation of the Ru/CaCN2 catalytic system are 

summarized in Figure 6, where we used four Ru atoms per lateral cell to represent the effect of 

Ru on the surface structure. Here we considered a series of the Ru/CaCN2 surface transformation 

upon its interaction with H2 gas. We propose that Hydrogen interacts with the surface in three 

distinct modes, depending on its concentration. At low concentrations, H2 binds to the Carbon 

atoms of the surface CN22– ions and forms formally [CN2H2]2– species with ~0.7 eV gain per H2 

molecule. The formation of these C–H bonds weakens the C–N bonds, as manifested by 

increasing their bond lengths from ~1.33 Å to ~1.45 Å. For comparison, in the absence of Ru, 
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the C–N bond lengths are ~1.25 Å, i.e., the combined effect of the interaction with Ru and H2 

leads to their elongation by ~0.2 Å. 

We propose that upon further exposure to H2, its interaction with such elongated C–N bonds 

breaks them and leads to the formation of CNH3 species, still bound to the surface, and Nitrogen 

atoms that remains bound to the Ru atoms, as shown in Figure 6c. The significant energy gain in 

this reaction (~0.9 eV per H atom) is in part due to stabilization of the Ru–N–Ru fragment, as 

evidenced by the Ru–N distances decreasing from ~1.98 Å to ~1.85 Å. 

An additional H atom can displace the N atom from its site between the two Ru atoms into an 

adatom configuration shown. In our model, this step corresponds to the transition between 

configurations shown in Figure 6c and 6d. According to our calculations, this reaction is cost-

neutral. Indeed, the number of Ru–N bonds is preserved in this process and the displacement of 

the neighboring Ru towards each other leads to the formation of an additional Ru–Ru bond 

which has a stabilizing effect. We note that in our model, the H atom adsorbed at this latter step 

adopts the charge state of H– and occupies the site between the adsorbed Ru and the surface Ca2+ 

ions of the CaCN2 surface; it is not visible in Figure 6d. Finally, we find that yet another H atom 

breaks another C–N bond and displaces the freed-up N atom to the adatom site, leading to the 

formation of an N2 molecule (Figure 6e); the H remaining at the surface also occupies the site 

between the Ru and surface Ca2+ ions as an H–. According to our calculations, this step is 

endothermic by ~1.2 eV. We note, however, that the reaction energy balance is dependent on the 

particular arrangement and concentration of the pre-adsorbed Ru atoms. Therefore, we interpret 

the calculated energy cost as an upper bound of the possible values. 
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Upon desorption of the N2 molecule (0.3 eV activation energy) the surface contains CNHn 

species (n = 2, 3), where N atoms are anchored to Ru atoms. These species react with Hydrogen 

in the same fashion as described above, with the energy gain of up to 0.5 eV per atom, except for 

the step leading to breaking C–N bond and the formation of CH4 (Figure 6i) that is endothermic 

by ~0.65 eV. This cost is attributed to breaking one of the Ru–N bonds, as visible from the 

comparison of Figure 6h and 6i. It needs to be noted that the configuration shown in Figure 6i 

represents a metastable state. Indeed, desorption of CH4 and relaxation of the Ru cluster into the 

configuration show in Figure 6j proceeds with the energy gain of over 1.1 eV, which suggests 

that concerted steps of C–N breaking and Ru–N–Ru relaxation are energetically favorable or, at 

least, cost neutral, similarly to what we found for the transition between configurations in Figure 

6c and 6d. 

Interestingly, and in agreement with the experimental data, we find that dissociated hydrogen 

species interaction with the Ru clusters can adopt two types of configurations: (i) they can bind 

to the surface Ru or (ii) to the Ca and Ru at the interface between the adsorbed Ru and the 

surface Ca2+ plane (see Figure 6), with the former configuration being only ~0.15 eV per H atom 

being thermodynamically preferred at 0 K. According to Bader population analysis, H species 

adopt a negative charge state Hx– (x ~0.3–0.4) in both cases but the overall charge is more 

negative at the Ca2+/Ru interface. In other words, the presence of a Ca2+/Ru and Ru/gas 

interfaces that can stabilize formally H– and H+ (in the presence of N) species, allow for a 

dynamic response of this system to the hydrogen chemical potential and prevents Ru poisoning. 

To assess the kinetic factors associated with these transformations, we calculated energy 

barriers for the characteristic reaction steps shown in Figure 6. While the surface hydrogenation 

involves multiple steps, there are three steps that are key for this discussion: dissociative 
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adsorption of H2 molecules resulting in the formation of CN2H2; desorption of molecular species, 

such as N2, formed during this process; and a concerted process that involving splitting of the C‒

N bonds and expulsion of N into adatom configurations, including with formation of N2 

molecules, while their sites at the interface between Ca2+ ions and Ru are occupied by H–. We 

also note that since the number of Ca‒N bonds in our model is larger than that in other surface 

terminations detectable experimentally (see Supporting Information), calculated barriers for the 

latter processes are likely to be the upper bounds of those for the powder sample. 

The calculated barriers and corresponding configurations are summarized in Figure 7. The H2 

dissociative attachment to the surface CN2 proceeds with a calculated barrier of ~0.8 eV and 

overall energy gain of ~0.7 eV per H2 molecule. The potential energy surface shown in Figure 7a 

includes displacement of H2 as a whole towards the surface, followed by CI-NEB path 

containing 8 intermediate images. The barrier for desorption of N2 molecules (Figure 7b) is ~0.5 

eV, which is only slightly larger their binding energies (see Figure 6e,f). Other barriers we 

considered (Figure 7c) correspond to decomposition of CN2H2 anions resulting in the formation 

of surface N2 molecules and incorporation of H– ions at the interface between the Ru cluster and 

Ca2+ sublattice of CaCN2. This concerted process involves several steps including H2 

dissociation, breaking the C‒N bond and forming the C‒H bond instead, and substituting the 

detached N with H–. As a result, the N atom leaves its lattice site and stabilizes as a Ru adatom. 

Repeating this step produces enough N atoms on top of Ru clusters to create an N2 molecule. The 

displacement of the N atoms to the adatom configurations allows for the formation of Ru‒Ru 

bonds when these atoms are no longer separated by Nitrogens. This Ru reorganization, as well as 

the formation of N2, provide exothermic contribution which makes the transition almost cost 

neutral (Figure 7c). 
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Figure 7. Local atomic structures and corresponding potential energy surfaces calculated for 

characteristic reactive steps in Figure 6. (a) Dissociative adsorption of H2 leading to the formation 

of surface-bound CN2H2; (b) desorption of N2; (c) H2 dissociation resulting in the formation of N2 

molecules and incorporation of H– species at the Ru/Ca2+ interface. Process in (c) involves several 

concerted steps including C-N  C-H bond switching. 

 

To summarize, we propose that interaction of Ru/CaCN2 with Hydrogen proceeds via a 

sequence of the following reactions steps: (i) conversion of CN2 into CN2H2; (ii) breaking C–N 
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bonds with formation of CNH3; (iii) displacement of N species from their original sites with the 

formation of H– ions, N adatoms and N2 molecules. These steps are accompanied by the 

formation and desorption of N2 and CH4 molecules. We emphasize that these reaction steps are 

also assisted by continuous rearrangement of the Ru species since the distribution of Ru atoms at 

the pristine surface is determined by their interactions with each other and with N atoms of the 

CN22– ions. As CN22– ions decompose and get substituted by H– ions, the number and 

configurations of the Ru–N bonds changes and, therefore, the arrangement of the Ru atoms 

changes as well. Such dynamical behavior of the surface Ru provides a key contribution to the 

activation of the Ru/CaCN2 surface. 
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Figure 8. (a) Temperature dependence of the conversion in NH3 decomposition over various 

supported Ru catalysts. These activities were investigated on samples after the catalytic reaction 

at 400 °C for 48 h at a WHSV of 15000 mLNH3 gcat–1 h–1. (b) Time courses of NH3 decomposition 
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at 400 °C over various supported Ru catalysts (reaction conditions: catalyst 60 mg; NH3 flow rate 

15 mL min–1; WHSV 15000 mLNH3 gcat–1 h–1). (c) XRD patterns of 5 wt% Ru/CaCN2 before and 

after NH3 decomposition at 400 °C for 100 h at a WHSV of 15000 mLNH3 gcat–1 h–1 and reference 

XRD pattern of CaCN2. 

 

Table 2. Catalytic properties of supported Ru nanoparticles (NPs) in NH3 decomposition reaction 

as a function of support. 

aThese activities were investigated on samples after the catalytic reaction at 400 °C for 48 h at a 
WHSV of 15000 mLNH3 gcat–1 h–1. Reaction conditions: catalyst 60 mg; temperature 400 °C; NH3 
gas 15 mL min–1; 15000 mLNH3 gcat–1 h–1; pressure 0.1 MPa. bThese values were estimated by 
averaging the particle sizes measured by STEM. cThe apparent activation energy Ea was calculated 
from Arrhenius plots for the decomposition rate of NH3 in the temperature range of 320–360 °C. 

 

The catalytic performance of Ru/CaCN2 for NH3 decomposition was also evaluated. Figure 8a 

shows temperature dependence on NH3 conversion of Ru/CaCN2, Ru/Ca2N:e– and Ru-Cs/MgO 

in NH3 decomposition. The temperature dependence was measured using catalysts after 48 h of 

the reaction at 400 °C. The NH3 conversion of Ru/CaCN2 was higher than those of Ru/Ca2N:e– 

and comparable to that of Ru-Cs/MgO over the entire temperature range tested. Figure 8b shows 

Catalyst NH3 conversiona 
/ % 

Decomposition rate of NH3a 
/ kgNH3 kgcat–1 h–1 

TOFa 
/ s–1 

Eaac 
/ kJ mol–1 

5 wt% Ru/CaCN2 72.5 7.5 0.9b 85.2 

5 wt% Ru/Ca2N:e– 55.9 5.9 1.0b 112 

5 wt% Ru-Cs/MgO 66.0 6.9 0.5b 83.2 

5 wt% Ru/MgO 36.5 3.8 - - 

5 wt% Ru/γ-Al2O3 27.8 2.9 - - 
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time courses of NH3 decomposition at 400 °C over Ru/CaCN2, Ru/Ca2N:e– and Ru-Cs/MgO. The 

activity of Ru/CaCN2 drastically elevated in the early stages of the reaction and then plateaued. 

As shown in Figure 8c, there is no change in the XRD pattern of Ru/CaCN2 before and after the 

stability test. In contrast, the activities of Ru/Ca2N:e– and Ru-Cs/MgO dropped significantly in 

the initial 10 hours and continuously decreased with reaction time after 10 hours. Table 2 

summarizes catalytic properties of various Ru catalysts for NH3 decomposition at 400 °C. For 

Ru/CaCN2, Ru/Ca2N:e– and Ru-Cs/MgO, the properties after 48 h of the reaction are shown. 

There were two classes of the level of activities of the catalysts tested. The NH3 conversion and 

decomposition rate of NH3 for Ru/CaCN2 were at the same level of those of Ru/Ca2N:e– and Ru-

Cs/MgO and, over 2-fold higher than those of Ru/MgO and Ru/γ-Al2O3. While the CaCN2 is not 

an electride material as such, it has a strong electronic promotion effect for Ru catalyst that is 

critical for NH3 decomposition. The surface CN2 vacancies at the Ru/support interface may 

account for the strong electronic promotion ability. The H2-TPD of Ru/CaCN2 after NH3 

decomposition (Figure S9) showed similar H2 desorption profile as the case of NH3 synthesis 

(Figure S8), whereas no NH3 was desorbed from the catalyst. In addition, the amount of H2 

desorption is determined to be 0.20 mmol gcat–1, which is similar level of that for Ru/CaCN2 after 

NH3 synthesis. This result suggests that H– ions rather than NHx species occupy the CN2 vacancy 

sites on the CaCN2 surface during NH3 decomposition and the surface composition of Ru/CaCN2 

are similar between NH3 synthesis and decomposition. The TOF with Ru/CaCN2 for NH3 

decomposition was identical to that with Ru/Ca2N:e– and twice as high as that with Ru-Cs/MgO. 

The Ea of each catalyst for NH3 decomposition was very similar to the conventional Ru catalysts 

reported to date (Table 2 and Figure S10). This suggests that the reaction mechanism of NH3 

decomposition over Ru/CaCN2 is same as that of conventional Ru catalysts, in which the 
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recombination of nitrogen adatoms is the rate-determining step.53 In view of the NH3 conversion, 

TOF and stability, Ru/CaCN2 can be regarded as a promising catalyst not only for NH3 synthesis 

but also for NH3 decomposition. 

 

CONCLUSIONS 

We investigated an air-stable ionic compound, CaCN2, as a catalytic support for NH3 synthesis 

and decomposition. Ru/CaCN2 exhibited more efficient and consistent performances under low 

temperature conditions than electride-supported and alkali-promoted oxide-supported Ru 

catalysts in both reactions. From the results of H2-TPR, TPD and DFT calculation, it was 

considered that quasi-electride structure is formed at CN2 vacancies on the surface during the 

catalytic reaction, which accounts for the low work function and hydrogen storage capability. 

The present findings reveal that ionic compounds, which are not intrinsically low work function 

materials, are converted into quasi-electride materials via the formation of anion vacancies and 

have a great potential to function as efficient catalyst support for NH3 synthesis and 

decomposition. 
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