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Abstract  

Even after a century, ammonia (NH3) synthesis from nitrogen and hydrogen through Haber-Bosch process 

is still energy intensive. Even with recently introduced second generation Ru based catalysts with superior 

performance over commercial Fe based catalysts, there is still place for upgrading with new approach using 

advanced materials in catalyst formulation. The alkali and alkaline metal promoted Ru supported carbon 

and metal oxide catalyst attracted attention at initial stage and extensively studied for NH3 synthesis in the 

20th century. Until recently, advanced materials such as electrides, hydrides, nitrides, oxides and oxy-

hydrides-nitrides studied as support and active component of catalyst fascinated much attention, with milder 

reaction conditions for NH3 synthesis. These materials with unique properties of reversible storage of 

electrons, hydrides, nitrides and oxygen vacancies enrich electron density on Ru catalyst and cleave N≡N 

bond with very low activation energy (<60 kJ/mol). The mechanistic understanding of these materials leads 

to the fact that activation N≡N bond is no more rate-determining step (RDS). Instead, formation of N-H 

bond is RDS, pushing towards an innovative research directions and scientific basis for development of new 

catalysts. Enormous maturation of experimental and theoretical methods with improved precession over 

worldwide research effort helped in gaining a fundamental understanding of these materials in NH3 

synthesis. The most of Ru supported on these advanced materials were better in performance compared to 

benchmark Cs-Ru/MgO and Ru/AC catalysts in NH3 synthesis. Insights on these materials and their 

mechanism are covered in this review, which digs towards finding a realistic catalyst for NH3 synthesis. 

Keywords: Ammonia; Electrides; Nitrides; Hydrides; Oxides; Mechanism, Ruthenium. 
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1. Introduction  

 
Ammonia (NH3) is an essential agricultural feedstock along with industrial, household chemicals, 

and a precursor for hydrogen storage with upcoming alternative fuel.[1] The foremost use of NH3 is in 

production of synthetic fertilizers, which assist in high yield of nutrients crops.[2, 3] Therefore, demand for 

NH3 production continues to increase to support growing global population with affordable food supply and 

as carbon neutral fuel. Despite shortcoming, such as high-energy use (28–166 GJ per ton NH3), process 

complexity, CO2 gas emission (1.87 ton per ton NH3), there remains no alternative to the Haber-Bosh 

process (HBP).[1, 4] In HBP, a mixture of N2 and H2 passes over a Fe based catalyst promoted with K2O and 

Al2O3 at high temperatures (400–600 °C) and pressures (20-40 MPa), consuming more than 1% of the 

world’s power production.[5] Therefore, reduction of N2 to NH3 under mild conditions is one of the most 

challenging topics in catalysis.[6] Cleavage of stable N≡N bond (945 kJ mol) is a significant step in NH3 

synthesis and demands high-energy input. Even after 100 years of discovery, the same old high energy 

consuming Fe based catalytic process is still operating commercially. The substitute to HBP through 

dynamic heterogeneous catalyst development remained a Never-Ending Story.[7] The absence of significant 

success towards a further development of Fe based catalysts stipulates to look at alternative completely 

different catalysts. In this regard, Ruthenium (Ru) based catalysts supported on carbon emerged as second-

generation catalysts for the NH3 synthesis at the end of 20th century.[8] The special type of B5 sites in Ru 

nanoparticles are the active centres for N2 cleavage at low temperature.[9-12] (Scheme1) Hence, NH3 

synthesis is considered as a structure sensitive reaction over Ru catalyst.[13] The activity of Ru catalysts 

considerably enhanced by electron injection from alkali or alkaline earth metal oxide promoters.[14, 15] 

Increased electron density on Ru transfers electrons to antibonding π*-orbitals of N2 that results in 

weakening of N≡N bond and promotion of N≡N cleavage. (Scheme1)  As result, wide variety of Ba, Cs 

promoted metal oxide, carbon supported Ru catalysts with different particle size and morphology were 

developed for efficient activation of N2.[16] Amongst, Cs-Ru/MgO is considered as a benchmark catalyst 

with excellent NH3 synthesis.[17, 18] However, NH3 synthesis commensurate with increase in pressure is not 
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expected in conventional Ru-based catalysts because of severe hydrogen poisoning on Ru surfaces.[19] This 

is a major reason why Fe- based catalysts used in HBP has not been replaced by Ru catalyst.   

Scheme 1. Electron flow transfer from promoter, support to B5 active site of Ru and then to π* orbital of N2 

with reduced bond order as seen from the Molecular orbital diagram. 

 

High cost of Ru for commercialization is another factor to consider. Nevertheless, advanced formulated Ru 

based catalysts with exceptional high efficient in NH3 synthesis could overcome these barriers. With this 

belief, new materials established as supports and active catalysts in recent years. The hydrides and electrides 

supports with tremendous reversible hydrogen and electron storage were found to enhance electron density 

on Ru and inhibit H2 poisoning at high pressure.[19, 20] Remarkably exhibited low N2 activation energy with, 

formation of NHx as rate determining step (RDS) and not activation of N2, these studies drive lot of curiosity 

and scientific basis for design of new catalysts.[19] Another class of materials, ternary nitrides with low-cost 

and exchangeable lattice nitrogen that can efficiently activate N2 through Mars van Krevelen mechanism 

encourages new catalytic prospective.[21] Furthermore, attempts were also made to combine both nitrides 

and hydrides to form nitrides-hydrides catalyst with more efficient NH3 synthesis.[22] Consequently, 
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understanding the mechanism behind newly developed catalysts is important for designing low cost highly 

efficient NH3 catalyst. There are handful reviews available a way back, covering Ru, Fe, nitrides based 

catalysts. [4, 16, 21, 23-25] Recently, Chen et al. concisely reviewed hydrides in thermocatalytic ammonia 

synthesis at milder reaction conditions.[3, 26]  To our knowledge, there are no reviews covering mechanism 

of lately developed heterogeneous catalysts for NH3 synthesis in details and will be considered in this 

review. The review first sorts the compiled formulations based on properties of materials into electrides, 

hydrides, nitrides, oxides, intermetallic/alloys and other supported catalysts, and each is discussed in the 

subsequent sections followed by summary and outlook. A separate table created for each family of active 

catalysts for the easy understanding of the experimental details and comparisons of catalysts. The review 

will give insights on recent development on these materials and their mechanism, eventually broadening the 

views and ideas towards finding a realistic catalyst for NH3 synthesis.  

2.0. Different class of catalysts for NH3 synthesis. 

2.1. Electrides  

Electrides are materials with electrons trapped in their structural cavity and serve as anions.[20] Most of 

organic electrides are chemically and thermally unstable and decompose at room temperature.[27] The first 

stable inorganic electride in air and room temperature was C12A7:e- synthesized from 

12CaO.7Al2O3(C12A7). C12A7:e- is made of positively charged C12A7 framework connected by O2- ions 

to maintain electroneutrality.[28, 29] (Figure.1.a) In such structure, two of the O2
- ions can be substituted by 

four electrons with chemical modification and final chemical formula is expressed as [Ca24Al28O64]4+(e-)4.[19] 

At outset, this may appear similar to F+ centres i.e crystallographic defects, where unpaired electrons occupy 

anionic vacancy in a crystal lattice. However, such F+ centres have high potential barrier for electron 

transfer, low surface electron concentration and are prone of structure alteration.[19] While, C12A7:e- is a 

three-dimensional structure with unique ‘cage conduction band’ and thin cage walls possessing conduction 

similar to metals.[30] (Figure.1.b) The conduction properties in C12A7:e- is controlled by the concentration 

of electrons in cages, 50% and lower substitution of O2
- by electrons make C12A7:e- a semiconductor and 
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further increased substitution (more than 50%) turns on metallic conductivity.[31] Such efficient electrons 

transfer to Ru nanoparticle on the surface of C12A7:e- improves the dissociation for N2. Another compelling 

property of C12A7:e- that assist in NH3 synthesis is ability of  reversible hydride storage i.e. electrons 

encapsulated in cages of C12A7:e- are replaced readily by hydride ions (H-), avoiding inhibition of Ru 

surface by hydrogen under high pressure.[32] These two unique properties of high electron tunnelling and 

reversible H- storage make C12A7:e- a potential catalytic support for NH3 synthesis.  

In 2012, Ru/ C12A7: e- catalyst synthesized by Hosono group displayed higher catalytic activity 

compared to commercial Ru-Cs/MgO, Ru/CaO, Ru-Ba/Activated Carbon(AC) catalysts in NH3 

synthesis.[19] (Table 1. Entry 1-6) C12A7: (O2−)
2 without electrons in the cages is a typical band insulator 

and shows lower activity.[31] Ru/C12A7:e- exhibited high NH3 synthesis rate and turn over frequency (TOF) 

even at low temperature with least activation energy compared to reported conventional catalysts. (Table 1. 

Entry 1-6) Moreover, Ru/C12A7:e- catalyst exhibits excellent stability under high pressure with time on 

stream of 75 h. The pressures dependent studied suggest the TOF of Ru/C12A7:e- increases with pressure 

from 0.1 to 1MPa, whereas conventional Cs-Ru-/MgO exhibits TOF independent to total pressure due to 

selective poisoning of H2 preventing the N2 activation. These studies confirm potential capability of electride 

materials as catalysts for industrial application.[19] 

The cause for high activity of Ru/C12A7:e- was resolved through kinetic, spectroscopic and isotopic 

experiments. Chemisorbed N2 on Ru/C12A7:e-  displays vibrational peaks at lower wavenumber (2194 cm-

1) compared with conventional Ru catalyst (2245 cm-1) demonstrating weakened N≡N bond through 

effective electrons transfer from electride to Ru and then to antibonding orbitals of N2.[29] Additionally, 

kinetic studies reveal N2 order of reaction is low (~0.46) for Ru/C12A7:e- compared to conventional Ru 

catalysts (0.8~1) signifying efficient N2 dissociation on electride catalysts.[32] Low order of reaction for N2 

along with kinetic N2 exchange isotope studies suggests dissociated N adatoms are constantly available on 

the surface for reaction, making N2 cleavage not a RDS anymore.[24] 
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Table 1. Physiochemical properties and catalytic activity in NH3 synthesis over different electride catalysts. (Reaction Conditions: Catalyst = 0.10/0.2 g, H2:N2= 3:1, total 

flow= 60ml/min, Pressure= 0.1 MPa

Entry Catalyst Ru Loading 

(wt %) 

Surface Area 

(m2/g) 

Particle Size 

(nm) 

Temperature 

(°C) 

NH3 yield 

(µmol/g cat/h) 

TOF (s-1) Ea 

(kJ/mole) 

Ref 

1 Ru/C12A7:e- 1.2 ~1 41.3 400(350) 2757(838) 0.197 49.1 [19] 

2 Ru/C12A7:e- 0.1 ~1 8.5 400(350) 715 0.161 53.6 [19] 

3 Ru/C12A7:O2
- 1.2 ~ 1 39.2 400(350) 546(59) 0.038 104.6 [19] 

4 Cs-Ru/MgO 1.0 12 2.7 400(350) 2264(618) 0.013 85.8 [19] 

5 Ba-Ru/AC 1.0 310 5.3 400(350) 148(14) 0.003 88.8 [19] 

6 Ru/CaO 1.5 3.0 27.2 400(350) 158(12) 0.006 120.1 [19] 

7 Ru/C12A7:e- (HT) 2.0 23 9.0 340 2290 0.0239 53.0 [33] 

8 Ru/C12A7:e- (SP) 2.0 ~1 42 340 1080 0.0575 49.0 [33] 

9 Co/ C12A7:e- 2.6 -- 3.7 340 912 0.00213 49.5 [34] 

10 Ru/C12A7_RuCl3 2.0 -- -- 400 3053 -- -- [35] 

11 Ru/C12A7_Ru3(CO)12 2.0 -- -- 400 3010 -- -- [35] 

12 Ru/Ca2N:e- 1.8 1.5 42.8 300(340) 1674(3386) 91.5 60 [36] 

13 Ru/CaNH 1.8 1.0 30.2 300(340) 53(308) 2.0 110 [36] 

14 Ru/C12A7:e- 1.8 1.0 28.7 300(340) 745(2021) 24.9 51 [36] 

15 Cs-Ru/MgO 2.0 3.8 10.9 300(340) 697(3200) 4.2 120 [36] 

16 Ru/CaH2 2.0 12.0 2.5 300(340) 2549(4002) 98.0 51 [36] 

17 Ru/CaH2 10 20 2.7 340 7400 0.004 68 [37] 

18 Ru/BaH2 10 13 2.7 340 200 -- 44 [37] 

19 Ru/BaO/CaH2 10 20 4.0 340 10500 0.0092 41 [37] 

20 Ru/Y5Si3 7.8 2.0 -- 400 1900 0.07 52 [38] 

21 Cs-Ru/MgO 6.0 12 -- 400 3400 0.008 -- [38] 

22 Ba-Ru/AC 9.1 310 -- 400 2200 0.003 -- [38] 

23 Ru/LaScSi 1.8 2-3 -- 400 2800 0.1 52 [39] 

24 Ru/LaScSi 8.3 2-3 -- 400 3400 0.07 49 [39] 

25 LaCoSi -- 1.8  400 1250 -- 42 [40] 

26 Co3Mo3N -- 8.5 -- 400 796 -- 59 [40] 

27 Fe-K2O-Al2O3 -- 14 -- 400 330 -- -- [40] 

28 LaRuSi  1.0  400 1760 40.4  [41] 

29 CaRuSi   1.8  400 60 -- -- [41] 

30 LaRuSi-Before EDTA treatment -- 1.4 -- 400(340) 1810(840) 0.060 40 [42] 

31 LaRuSi-After EDTA treatment -- 4.2 -- 400(340) 5340(3020) 0.059 48 [42] 
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The high poisoning effect of H2 on conventional Ru catalysts is understood from their negative 

H2 order of reaction (-0.3 to -1.2) but this turned to be positive (+1) for Ru/C12A7:e-. Low H2 inhibiting 

effect for Ru/C12A7:e-  is due to the surface reaction of dissociated H atoms (spill over H atoms) with 

cage electrons of electrides to form H- ions. (H0+e- → H-). However, complete (100 %) substitution of 

cage electrons by H- is not possible and exchange is limited to only 4%. These extra-framework hydride 

ions formed in close proximity to Ru particles at the cages, later regenerate back to H atoms (leaving 

the cage electrons) which then react with N adatoms on Ru, resulting in NH3.[29] This reversible H- 

storage-release phenomenon over Ru/C12A7:e- is highly efficient at 400 °C, but decays at low 

temperature (300 °C), where NH3 synthesis over Ru/C12A7:e- proceeds similar to conventional Ru 

catalyst with high activation energy.[32] Therefore, dissociative H2 adsorption proceeds simultaneously 

with N2 cleavage, increasing concentration of H adatoms on Ru surface and part of H adatoms moves 

into C12A7: e- to provide a balance between H- storage reaction and H release reaction. This dynamic 

mechanism makes it possible to keep high cage electron density and high catalytic performance. Hence, 

RDS in Ru/C12A7:e- catalyst is formation of N-H species and not the N2 activation.[19] 

Based on theoretical calculations and experimental evidences two different mechanisms 

postulated. The first route is based on classical Langmuir-Hinshelwood mechanism, where both N and 

H adatoms (generated by H-) with close prosimity on Ru surface react to form N-H bond and then to 

NH3. (Figure.1.d route 1) Alternative possibility is direct reaction of N adatoms with H radicals 

(“nascent H” atoms not bonded to Ru/electride but generated by H-) as illustrated from Figure.1.d route 

2. The strong adsorption of H adatom on Ru (at high pressure) requires high-energy barrier to form N-

H (in route 1), in such case reaction of N adatoms with “nascent H” released from H- is possible, 

particularly at high pressure (route2). In any case, the formation of transient H- ions is the important 

step of NH3 synthesis over Ru/C12A7:e-.[32]   
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Fig. 1. a) A- Crystal structure of [Ca24Al28O64]4+(e-)4. The framework of stoichiometric C12A7 is 

composed of 12 cages. Two out of 12 cages are occupied by O2
- ions, Cages are occupied by electrons 

in place of O2
- ions.[28] Reproduced with permission from Ref. [28]. Copyright 2003, American 

Association for the Advancement of Science b) Comparison of the energy levels for a F+ centre in CaO, 

CCB in C12A7:e- and the Fermi level (Ef) in Ru. Reaction mechanism c) through a Langmuir–

Hinshelwood mechanism to form NH3 in which N2 dissociation is the RDS which occurs in 

Ru/C12A7:e-  at low temperature of 300 °C . d) Ru/C12A7:e- the rate-limiting step is formation of N–

Hn species. NH3 is formed through the Langmuir–Hinshelwood mechanism (route 1) and the direct 

reaction of N adatoms with H radicals (nascent hydrogen) derived from cage H-anions (route 2) [19] 

Reproduced with permission from Ref. [19] Copyright 2012 Springer Nature. 

 

Low surface area (<2m2/g) of C12A7:e- by solid state(SS) method stimulates to look for an alternative 

synthesis method to produce high surface area electride to enhance Ru dispersion and loading. In view 

of this, C12A7:e-(HT) with high surface area of 23 m2/g was synthesized by hydrothermal method.[33] 

The rate of NH3 synthesis over Ru/ C12A7:e- (HT) is twice that of Ru/C12A7:e- (SS), with no significant 

difference in activation energy.(Table 1. Entry 7-8) Despite high surface area and electron 

concentration, Ru/ C12A7:e- (HT), exhibited lower (half) TOF than Ru/ C12A7:e- (SP), due to low 

crystallinity and CaO impurity.[33] The loading of Co metal (considered as another active metal for N2 
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activation ) on C12A7:e-  displayed good activity but much lower than Ru.[34] (Table 1. Entry 9) The 

presence of chloride ions in conventional Ru supported catalysts often inhibits electron transfer from 

support to Ru by virtue of high electron withdrawing property, and hampers catalytic activity.[43, 44] But 

existence of (O2
-) cages in C12A7 easily encapsulate these Cl- when RuCl3 is precursor making C12A7 

a chlorine tolerant Ru catalyst.[35] (Table 1. Entry 10-11) These unique properties make C12A7:e- an 

ideal and efficient support for Ru catalysts in NH3 synthesis.  

Outstanding activity of Ca12A7:e- is possible only at high temperature (400 °C) and diminishes 

at low temperature (320 °C) due to rigid Ca–Al–O monolayer with release of hydrogen(stored as 

hydride) difficult from cages.[32] This shortcoming was overcome by developing a new Ca2N:e- 

electride, which possesses intrinsically low work function, reversible hydrogen-hydride reaction 

possible at 200 °C and hence strongly promotes NH3 synthesis on Ru nanoparticles at low 

temperature.[36, 45-47] XRD and Raman spectroscopy revealed Ca2NH1-x is an active phase during NH3 

synthesis reaction conditions and not [Ca2N]+:e- electride. The stable Ru–N bond in Ru/Ca2NH anchors 

Ru nanoparticles to the Ca2NH support with strong metal support interaction(SMSI).[48] With small 

work function (2.3eV), electrons confined between positively charged slabs of [Ca2N]+ layers easily 

exchange with hydrogen to hydrides and vice versa. [49] (Figure.2.a) With reversible H- exchange, RDS 

in NH3 synthesis is again formation N-H bond and not the dissociation of N2.[36] Ru/Ca2NH exhibits 

high NH3 synthesis rate and TOF at low temperature (300 °C) compared to Ru/Ca12A7:e-, Ru/CaNH 

and Ru-Cs/MgO.[36] (Table 1 Entry 12-15). Therefore, pure hydride supports such as Ru/CaH2 

exhibited high catalytic activity due to easy desorption of hydrogen from surface above 200 °C in 

presence of a Ru catalyst.(Table 1 Entry:16) [36] High activity Ru/CaH2 owing to partial conversion of 

hydrides to electride by Ru, hence makes Ru/CaH2-x(e-)x functioning as electride catalyst.[50] Further 

adding BaO promoter to CaH2 generated BaO-BaH2 layer on the surface of CaH2. Ru supported on such 

BaO-BaH2 layer is more active than CaH2.[37, 51] (Table 1. Entry17-19) Theoretical studies also report 

that alloying late and early transitional metals with Ru would promote hydrogen vacancies in Ca2NH 

and improve catalytic activity.[52] 
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Since above discussed electrides are moisture sensitive, a new water resistant electride [Y5Si3]0.79+:e-0.79 

was developed for NH3 synthesis. [38] Y5Si3 is an intermetallic compound (IMC) crystalizing as Mn5Si3-

type structure (P63/mcm). The quasi-one-dimensional holes (~4 Å) along the c-axis in Y5Si3 denoted by 

X are interstitial sites and accept hydrogen to form Y5Si3H. (Figure.2.b) These X sites help in reversible 

H- storage ability in Y5Si3 as described in other electrides. The TOF for Ru (7.8 wt%)/Y5Si3 was several 

times higher than Cs-Ru/MgO and Ba-Ru/AC, but lower than Ca12A7:e- and Ca2N:e- catalysts.[38] 

(Table 1 Entry 20-22) The lower activity of Y5Si3 electride is due to its low concentration of  H content 

(less than 0.5 × 1022 cm−3). To enhance high hydrogen exchange capacity, a new class of ternary 

intermetallic, LaScSi was studied as electride support for NH3 synthesis.[39] LaScSi has a tetragonal 

structure (I4/mmm), with tetrahedral (V) and octahedral (V’) voids formed by La4 and La2Sc4 structures, 

respectively. (Figure.2.c) Without altering structure, electrons can be filled in both the voids. Studies 

show around 1.5 hydrogen atom can reversible exchange per LaScSi formula unit (f.u). Theoretical 

calculations suggested around (66.6%) tetrahedral voids (V) are filled first and later the octahedral voids 

(33.3 %) leading to structural formula LaScSiH1.5. 

Fig.2. Crystal structure of a) Ca2N, Ca2N+ separated by intermediate electron layers,[46] Reproduced with 

permission from Ref. [46] Copyright 2012 Springer Nature b) Y5Si3, interstitial site(X) can 

accommodate hydrogens[38] Reproduced with permission from Ref. [38] Copyright 2016, American 

Chemical Society and c) LaScSi and LaScSiH1.5 with tetrahedral (V) and octahedral voids (V’).[39] 

Reproduced with permission from Ref. [39] 2017 WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim. 

 

With such reversible H- storage capacity, Ru/LaScSi appears to be a promising catalyst, as indicated by 

TOF of ≈0.1 s−1, one or two orders of magnitude higher than other Ru based catalysts. (Table 1. Entry 
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23-24) LaScSi was stable even after exposure to water vapor during each run, demonstrating high 

durability. The high cost scandium makes it again a not good choice for commercial application. 

Remarkably, replacement of Sc by Co atom in LaScSi resulted in high NH3 synthesis rate 

without loading Ru.[40] LaCoSi differs on the fact that Co and Si are negatively charged unlike in LaScSi 

where only Si is negatively charged. This could be due to high electropositive nature of Sc.[40] The 

electron enrichment on Co (-0.37) is promoted by surrounding positively charged La atoms in LaCoSi, 

this triggers N2 adsorption through coulombic attractions (Figure 3.a-c) and energy released in such 

exothermic adsorption process was used for N2 dissociation (“Hot atom” mechanism). Readily available 

activated hydrogen atoms stored in the tetrahedral voids of LaCoSi near surface edge reacts with the 

dissociated N adatom to form N-H and further to NH3. The specific electronic and geometry of La and 

Co in LaCoSi is significant for activation of N2 through hot atom mechanism. LaCoSi exhibited good 

activity compared to other reported Co3Mo3N and commercial Fe catalysts. (Table 1. Entry 25-27) 

LaSi, La5Si3 IMCs with good hydrogen storage capacity compared to LaCoSi show no activity 

substantiating presence of Co indeed necessary for activation of N2. LaCoSi displayed excellent stability 

(100 h) with constant NH3 synthesis rate unlike binary intermetallic that undergoes quick 

decomposition.[53] These findings turned intermetallic electrides as a new platform of catalysts for NH3 

synthesis.  

 

Fig.3. Crystal structure of a) LaCoSi, b) Top and c) Side view of adsorbed bridged N2 between Co 

atoms and stabilized by bottom La atom,[40] Reproduced with permission from Ref. [40] Copyright  

2018, Springer Nature and d) Etching of LaRuSi with EDTA generating Ru rich layer for NH3 

synthesis.[42] Reproduced with permission from Ref. [42] Copyright 2019 Royal Society of Chemistry.  
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A series of RTX IMCs (R- rare earth, T= transition metal, X= Si) with different rare earth and transition 

element combinations were screened for NH3 synthesis.[41] LaRuSi and CaRuSi with structures 

analogous to LaCoSi, differ in their H- exchange properties, and hence display different catalytic 

activity.[41](Table 1. Entry 28-29) Electron rich Ru (-0.55) in LaRuSi exhibits higher electron donation 

ability and NH3 synthesis rate compared Co (-0.37) in LaCoSi. Additionally, improving surface area of 

bulk LaRuSi by ball milling did not enhance catalytic activity due to creation of nanoparticle with 

exposed La surface layers rather than desired catalytically active Ru layers.[42] To remove surface La 

layers, treating IMCs with different etching agents (HNO3, HCl and HCOOH), EDTA-2Na was 

effective to create exposed surface with Ru sites. As consequence, catalytic activity of LaRuSi after 

EDTA treatment enhanced drastically as seen from Table 1. (Entry 30-31). LaRuSi is an example 

where B5 sites of Ru are not necessary for NH3 synthesis.[42](Fig 3.d)  

Overall, studies on different electrides demonstrate essential role of hydride ions in NH3 

synthesis. Therefore, metal hydrides are another class of catalysts for NH3 synthesis. In this direction, 

limited number of hydrides reported for NH3 synthesis are deliberated in the next section.  

2.2. Hydrides  

Hydrides are binary combination of hydrogen and a metal or metalloid, defined as a compound 

in which there is a metal-to-hydrogen bond.[54] Hydride is the simplest anion, formally H-, consisting of 

two electrons and a proton. With reasonably high charge/radius ratio with low electron affinity hydrides 

are used in chemical reactions as strong reducing agents. Diffusion of the hydride layers toward the 

bulk is reversible, allowing H- species to move either to the surface or to the bulk, according to the 

temperature and pressure.[55] Therefore, the exceptional reducing property and reversible hydrogen 

storage capacity of hydrides are crucial in a reaction. In 2016, first work on hydrides reported by Chen 

et. al. demonstrating LiH can mediate as second active centre along with transitional metal (TM) or 

metal nitride (TMN) in NH3 synthesis.[56] Early TM/TMN exhibit excellent N2 dissociation energy but 

are less prone for NH3 synthesis due to accumulation of dissociated N adatoms on surface and lack of 

active sites for hydrogenation. Nevertheless, addition of LiH has improved NH3 yield by removing 

excess N adatoms from surface of TM/TMN with formation of LiNH(imide), which on further 

hydrogenation regenerates LiH with formation of  NH3 (Figure. 4). This way N impoverished surface 

10.1002/cctc.202001141

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemCatChem

This article is protected by copyright. All rights reserved.



15 
 

of TM/TMN further favours N2 activation and continues with NH3 synthesis on LiH sites. Kinetic 

studies suggest transfer of N adatoms from TM/TMN to LiH and further hydrogenation LiNH is RDS 

and not N2 dissociation.[56] Intermediate metals Cr, Mn, Fe and Co catalysts mediated with LiH have 

comparable catalytic activity indicating strong influence of LiH on early and late TM. (Table 2. Entry 

1-5) Among different hydrides (NaH, KH, and CaH2), LiH and BaH2 are more effective in formation 

of stable imide (LiNH/BaNH) as consequence a better activity in NH3 synthesis.[57] (Table 2. Entry 6-

11) But studies on Co-BaH2 catalyst at low temperature illustrate direct activation of N2 on BaH2 and 

further BaNH hydrogenation on Co surface, conflicting to what was observed for Co-LiH.[51, 56] In 

another study, formation of Li-Fe ternary hydride cluster [Li4FeH6]- is a possible active site with 

reaction mechanism analogous to homogenous coordination compounds.[58] The identification of 

[Li4FeH6]- cluster hints that hydride may also participate in N2 activation. Still, the confusion exists on 

H2 /N2 activation at molecular level for hydrides with two active centres making additional experiments 

and characterization necessary to draw any further conclusions.[51, 58]  

Fig.4. Mechanistic proposal and validation of the two-active-centre catalysis in TM-LiH catalysts.[56] 

Reproduced with permission from Ref. [56] Copyright 2016, Springer Nature. 

 

Later studies unusually reported TiH2 as first hydride for NH3 synthesis without TM/TMN 

requirement.[59] Studies on TiH2 confirm that partial surface nitridation is possible during reaction and 

these nitrides are actual active site for reaction. Strong Ti-N bond suggests the reaction follows the Mars 

van Krevelen mechanism (direct exchange with lattice N and H species in catalysis). Additionally, high 

pressure and temperature play a crucial role in nitridation and catalysis. Moreover, TiN, TiO2, Ti2O5 

were not active therefore having Ti centre and hydride anion together is crucial for critical activity.[59] 

Low cost TiH2 exhibited catalytic activity similar to Cs-Ru/MgO, still scope for increasing surface area 
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and activity is in developing stage. (Table 2. Entry 12-13) NH3 synthesis rate for simple TiH2 is still 

lower in comparison to metal hydride mediated Co-LiH and Co-BaH2 catalysts.[59] 

Perovskite hydrides such as Barium oxyhydride (BaTiO2-xHx) were reported to be active in NH3 

synthesis.[59, 60] (Table 2. Entry 14) Active species for reaction are oxynitride hydrides 

(BaTiO2.5N0.2H0.3) formed under reaction conditions, hence BaTiO3, BaTi2.5N0.3 were inactive. Loading 

active metals (Ru, Co, Fe) on BaTiO2-xHx further improved the proficiency of the catalyst. High catalytic 

activity of metals (Ru, Co, Fe) supported on BaTiO3-xHx compared to BaTiO3 stipulates hydride sites 

are indeed essential for catalysis (Table 2. Entry 15-20) Detailed kinetic and isotopic exchange studies 

show interesting metal dependent support effect i.e BaTiO2-xHx can act both as hydrogen or  electron 

donor depending on metal present on support.[60] Ru/BaTiO3 and Ru/BaTiO2.5H0.5 with comparable N2 

activation energy (~85 kJ/mole) differ largely in H2 order of reaction, demonstrating low hydrogen 

poisoning on metal surface by H- in BaTiO2-xHx. (Figure. 5a). The isotopic studies show that lattice 

hydrides and hydride exchanged N3- take part in reaction through Mars van Krevelen mechanism to 

form NH3. [60] But, for Fe/BaTiO2.5H0.5 catalyst electrons (instead of hydrides) are transferred from 

oxyhydride support to Fe particles and cleavage of N≡N is RDS due to very low N2 reaction order and 

activation energy (~54 kJ/mol) compared to Fe/BaTiO3 (Fig.5b). Moreover, Ru supported catalysts on 

series of lanthanum oxyhydrides (LnHO) exhibited  superior NH3 synthesis rate than BaTiO2.5H0.5.[61] 

(Table 2Entry 22) Such a high activity was due to the pressure induced anion order-disorder 

transition(H-/O2-) making the hydride size flexible with easy H- diffusion during the reaction.  

 

 

 

 

 

 

 

 

 

 

 

Fig.5. Proposed reaction mechanism for a) Ru/BaTiO3-xHx, proceeds by spill over of H- through 

supported particle, b) Fe/BaTiO3-xHx, proceeds by partial donation of electron from H- to Fe particle 

thus assisting N2 activation. [60] Reproduced with permission from Ref. [60] Copyright 2018 WILEY‐

VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Table 2. Physicochemical properties and catalytic activity in NH3 synthesis over the hydride catalysts. (Reaction conditions: Catalyst= 30 mg, N2:H2 = 1:3, 

WHSV of 60,000 ml g−1 h−1, *Entry 12-20, Catalyst = 1 g, N2:H2: Ar = 22.5:67.5:10, Total flow = 110 ml/min.  ** Entry 21: Catalyst =0.1 g, N2:H2 = 1:3, 

Total Flow = 60ml/min.)

Entry Catalyst Surface 

Area(m2/g) 

Particle 

Size(nm) 

Temperature 

(°C) 

Pressure 

(MPa) 

NH3 yield 

(μmole/g/h) 

Ea 

(kJ/mole) 

Ref 

1 Fe-LiH  15.7 29.6 300 1 4500 46.5 [56] 

2 Mn-LiH 18.7 10.6 300 1 3000 50.6 [56] 

3 Co-LiH 42.5 27.6 300 1 4800 52.1 [56] 

4 Cr-LiH -- -- 300 1 3500 63.6 [56] 

5 Cs-Ru/MgO -- -- 300 1 1200 109 [56] 

6 Mn4N-LiH 16.8 26.1 300 1 2253 -- [57] 

7 Mn4N-BaH2 6.7 -- 300 1 1322 -- [57] 

8 Mn4N-KH 11.8 -- 300 1 ~500 -- [57] 

9 Mn4N-NaH 18.0 -- 300 1 ~50 -- [57] 

10 Mn4N-CaH2 11.4 -- 300 1 ~400 -- [57] 

11 Co-BaH2/CNT 53 42 300 1 4800 58 [51] 

*12 TiH2 10.5 -- 400 5 2800 ~75 [59] 

13 Cs-Ru (0.9 wt %)/MgO -- -- 400 5 2700 109 [59] 

14 BaTiO2.5H0.5 15.6 -- 400 5 1400 ~75 [59] 

15 Ru(0.9 %)/BaTiO3  -- 5.6 400 5 4100 89 [60] 

16 Ru(0.9%)/BaTiO2.5H0.5 -- 6.4 400 5 28800 83 [60] 

17 Fe(0.4 %) /BaTiO3  -- 5 400 5 200 117 [60] 

18 Fe(0.4 %) /BaTiO2.35H0.65 -- 5 400 5 1400 63 [60] 

19 Co(0.3 %) /BaTiO3 -- 5 400 5 14 -- [60] 

*20 Co(0.3 %) /BaTiO2.35H0.65 -- 5 400 5 550 69 [60] 

**21 Ru/BaCeO3-xNyHz -- -- 400 0.9 30000 -- [22] 

22 0.8% Ru/GdHO -- -- 400 5 168000 -- [61] 
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Later work by Hosono group on perovskite oxynitride-hydride catalysts (Ru/BaCeO3-xNyHz) further 

confirmed that N-H formation by lattice N3- and H- is RDS and proceeds along the Mars-Van Krevelen 

mechanism.[22] Ru/BaCeO3-xNyHz exhibited excellent NH3 synthesis rate compared to other oxyhydrides 

(Table 2. Entry 21) Novel ABO3 perovskites (A- alkaline metal, B- lanthanum metals) with wide tuned 

compositions at A and B sites can potentially be interesting catalysts to investigate in wider range of 

materials.  

Recently, Hosono group developed a novel cubic CaFH solid solution( a kind of hydride), 

which has ability to form NH3 at 50 °C with very low activation energy of 20 kJ/mol.[62] This is the first 

report of any catalyst in NH3 synthesis at lower temperature and pressure. CaFH catalyst design strategy 

inspired by their earlier work on CaH2 electride. Their objective was to modify CaH2 in way that can 

reversible exchange hydride even at lower temperature than 200°C and was achieved by introducing 

partly F- anions in to the CaH2. The F- anion being hard base compared to H-(soft base) will strongly 

bind to the hard acid (Ca2+) though Ca-F ionic bond. This would weaken the bonding between Ca2+ and 

H- , thereby lowering temperature required for the release of H atoms. At the same time, energy of 

electrons present in the H- vacancies increases due to strong repulsion between electron and F- reducing 

the  work function (2.2 eV) and enhances strong electron donating capabilities to Ru. NH3 synthesis 

rate on Ru/CaFH was around 50 and 200 μmole/g/h at 50 and 125 °C at 0.1MPa. 

2.3. Nitrides  

In late 20th century, high N2 adsorption properties of early transition metal predicted nitrides as 

probable catalysts for NH3 synthesis.[21, 63-67] In this regard, several binary nitrides of Mo, U, V and Re 

were explored. 58-62 Detailed mechanism of binary nitride in NH3 synthesis is well documented in review 

by J Hargreaves.[21, 68] Hence, current section is devoted to more recently explored ternary nitrides that 

are more stable and active compared to binary nitrides in NH3 synthesis. In 2000, Kojima et al. reported 

that Cs promoted Co3Mo3N produced higher NH3 rate (986 mole/g/h) compared to doubly promoted Fe 

catalyst (330 μmole/g/h).[69, 70] (Table 3. Entry1-2) In the same year, another research group reported 

a series of ternary nitrides Co3Mo3N, Fe3Mo3N and Ni2MO3N to show similar (~100 ml/h/g) NH3 

synthesis at high pressure (50-100 bar), and further addition of Cs promoter abruptly enhanced activity 
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of Co3Mo3N, (1040 ml/h/g).[71] High catalytic activity was due to good atomic mixing of metals in 

Co3Mo3N and alkali promoter (Cs) acting as inhibitor for NH3 poisoning on Co3Mo3N.[70, 72, 73]  

Meanwhile, theoretical investigation showed that a volcano shaped relation exists between the 

NH3 synthesis over different metal catalysts and their N2 adsorption energy as show in Figure. 6.a. [74]  

Volcano plot concluded Co-Mo alloy, combining metals with very low (Co) and high (Mo) adsorption 

energy for N2 will provide an optimum N2 adsorption energy sufficient to activate N2 molecule.[74, 75] 

Hence, Co3Mo3N displayed higher TOF than their constitutional Co and Mo metal.[74] Studies 

demonstrate that, (111) surface of CoMo alloy exists in the form of Co-Mo-N structure during reaction 

conditions. Hence, role of lattice N in Co3Mo3N is crucial for catalytic activity. For long time, the role 

of lattice N species in nitride catalyst  was debated with RDS as direct N2 activation or hydrogenation 

of bulk(lattice) N.[21] Initial, adsorption experiments reveal that bulk nitrogen of ternary nitride does not 

participate in reaction but is necessary for good atomic mixing of Co and Mo to form an ordered Co-

Mo surface.[74]  In contrary, study via temperature programmed reaction of Co3Mo3N with Ar/H2 and 

benzene produced Co6Mo6N and Co3Mo3C respectively, indicating lattice N are reactive and are mobile. 

Further, heating Co6Mo6N in presence of H2/N2 or N2 regenerates back to Co3Mo3N.[76, 77] Hence, 

Co3Mo3N acts as active nitrogen reservoir that can be released and restored by changing the gas feed 

(Ar /H2 or N2/H2).[78] Out of 50% lost lattice nitrogen, around 20% of lattice N in Co3Mo3N are involved 

in formation of NH3.[77, 79] Nevertheless, formation of NH3 through loss of lattice N as N2 (then 

dissociation of N2) or by direct hydrogenation of lattice N to form NHx was unclear.[78] To understand 

this unknown phenomenon Hunter et al. carried out the nitrogen isotopic exchange reaction. [80] The 

atomic fraction of 15N2 in the gas phase decreased after Co3Mo3N scrambled with mixture of 14N2 and 

15N2, suggesting that a heterolytic exchange between gas phase species and lattice N is possible. These 

results demonstrate the possibility of a Mars–van Krevelen mechanism, hydrogenation of lattice N, and 

latter lattice vacancies being refilled from gas phase N2. Further, semi empirical calculations show 3 

fold hollow bound nitrogen containing (111) surfaces have higher amount of N vacancies in temperature 

range of NH3 synthesis and can adsorb and activate N2 and H2.[80, 81] The DFT study suggests H2 can 

adsorb on MoN3 framework and undergo dissociation on Co8 clusters or N vacancies.[82] (Figure. 6. b) 

The N2 with three possible different adsorption configurations over different sites is more likely to be 
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activated by inner tetrahedral atom of Co8 cluster with side-on configuration. (Figure. 6. b) Apart from 

the Langmuir Hinshelwood and Mars van Krevelen mechanism, another distinct mechanism is 

proposed, where hydrogen reacts directly with surface activated N2 to form hydrazine and diazane 

intermediate in order to produce NH3, and is likely to follow Eley-Rideal mechanism.[83] Overall, 

participation of lattice N was realized with different mechanism route possible over Co3Mo3N in NH3 

synthesis. 

 

Fig.6. a) Calculated turnover frequencies for NH3 synthesis as a function of the adsorption energy of 

nitrogen,[74] Reproduced with permission from Ref. [74] Copyright 2001 American Chemical Society. 

b) Simplified schematic showing different adsorption configurations of N2 and H2 over different active 

sites in Co3Mo3N.[80] Reproduced with permission from Ref. [80] Copyright 2013 American Chemical 

Society. 

 

Since, lattice N plays crucial role in N2 activation, synthesis method adopted for ternary nitrides such 

as nitridation environment, use of oxide precursor, and presence of impurity, affects NH3 synthesis rate 

considerably.[84, 85] Nitridation of Co-Mo oxides by ammonolysis (treating with NH3) generates superior 

quality Co3Mo3N, than treating with N2/H2, but latter is more easily manageable  at industrial scale.[84] 

In another work , Co3Mo3N nanoparticles supported on CeO2 exhibited 20 times higher activity than 

bulk Co3Mo3N.[86] Reports also demonstrate that not only oxides, but carbides can also be precursor for 

synthesis of nitrides. Co3Mo3C in presence of reactant gas mixture (N2+H2) at 400 °C undergoes 

nitridation to form Co3Mo3N and exhibits catalytic activity similar to the pure Co3Mo3N.[87] (Table 3. 

Entry3-4) Unlike Co3Mo3C, for Fe3Mo3C, NH3 synthesis was possible at high temperature of 500 °C 

with formation of Fe3Mo3N. Unfortunately Ni2Mo3C could partially replace the lattice carbon by 

nitrogen to form Ni2Mo3CxNy.[88] But such carbo-nitrides compounds are not active in NH3 synthesis.[89] 
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Hence, chemical composition, temperature and pre-treatment conditions are crucial for synthesis of 

high quality nitrides from their oxides or carbide precursor.  

Ni2Mo3N(2-3-1) with different compositions than Co3Mo3N(3-3-1) attracted interest for NH3 

synthesis. Still it is unclear on the formation of Ni2Mo3N instead Ni3Mo3N.[90] Ni2Mo3N synthesized 

from NiMoO4 exhibited Ni impurity along with Ni2Mo3N, but Pechini method with use of citrate gel 

resulted in pure Ni2Mo3N without any Ni impurity that exhibited higher NH3 synthesis rate than the 

former catalyst.[84] (Table 3. Entry 5-6)  Unlike Co3Mo3N (η-6 carbide structure), Ni2Mo3N crystallizes 

in β-Mn structure with low extent of lattice N exchange, hence lower activity in comparison to 

Co3Mo3N.[84] Additionally, partial  substitution Co, Cu and Fe at the nickel sites in Ni2Mo3N has no 

major influence on the electronic properties hence no enhancement in NH3 synthesis rate.[91] (Table 3. 

Entry 7-10) Preliminary studies reported antiperovskite nitrides (Co3ZnN, Ni3ZnN, Co3InN, and 

Ni3InN) can produce NH3 in H2/Ar atmosphere. Lattice N of these compounds are converted to into 

NH3, but further regeneration of lattice N was not realized and advanced research is necessary to 

efficiently produce NH3 with long life.[92] CoRe4 alloy with in situ formed nitride during reaction was 

active for NH3 synthesis but use of costly Re makes it less attractive industrially.[93]  

Recent contemporary studies on Ni loaded lanthanum nitride (LaN) and LaN promoted 

Ru/ZrH2 catalyst disclosed nitrides with surface nitrogen vacancies can efficiently activate the N2.[94, 95] 

The NH3 synthesis on Ni/LaN catalyst occur though dual site mechanism that evades commonly 

challenged scaling factors. Kinetic, isotope labelling and DFT studies confirm the formation of N 

vacancies at surface with small formation energy, efficiently bind, and activate N2. In addition, H2 

dissociation occurs on Ni site and Ru/ZrH2. Synergy between these sites activates both the reactants. 

Both catalyst exhibits activity that exceeds the conventional Cobalt and Nickel catalyst, and are 

comparable to the Ruthenium based catalysts. (Table.3 Entry 11-12)  

 

 

 

 

 

10.1002/cctc.202001141

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemCatChem

This article is protected by copyright. All rights reserved.



22 
 

2.4. Intermetallic/Alloy  

Intermetallic: Currently, intermetallic compounds (IMCs) with their unique ordered structural and 

electronic properties driven more curiosity in heterogeneous catalysis.[96-100] The IMCs described earlier 

in section 2.1 are involved in NH3 synthesis through their electride properties. However, catalytic 

activity also be attained without electride properties due to their structural and ligand effects. There has 

been limited IM/alloy compounds that studied for the NH3 synthesis long back in 19th century.[53, 101] 

The rare earth IMC of Ce with other metals like Co, Ru, and Fe exhibited good activity compared to 

respective metals. However, post-catalytic characterization disclosed the decomposition of IMC to the 

rare earth metal nitride and transition metal (Fe).[53, 101] The reason for the decomposition is still not 

clear. With quite a few attempts made, it appears that alloying induces less drastic effect on NH3 

synthesis reaction.[102, 103] Recently Hosono group reported, Ru2Y, laves phase of IMC with excellent 

hydrogen storage enhances N2 activation by increasing electron density on Ru connected to Y in the 

structure.[104] (Table 3. Entry 11) Synthesis of Ru2Y with high surface area by laser ablation technique 

overcomes application of bulk IMCs as catalysts.[104] Ru2Y synthesized by laser ablation with surface 

are of 6.4 m2/g exhibited  activity 3318 μmoles/g/h, 10 fold greater compared to bulk Ru2Y at 400 °C 

and 0.1MPa.  Ru2Y with special electronic and geometrical structures is another example demonstrating 

Ru with absence of B5 site could catalyse NH3 synthesis.[104] In another study RhCo3/CoO(011) was 

predicted to catalyse NH3 synthesis analogues to biologic process where hydrogenation of N2 occurs 

with activation of N2 on both metal sites.[105] 

Alloy: Unlike IMCs, alloys have disordered structures and very few catalysts have studied for NH3 

synthesis. Ru-Fe supported on MgO exhibited higher activity than Ru/MgO and Fe/MgO with resistance 

to N and H poisoning at high pressure.[106] Several theoretical studies suggest alloying Ru with other 

metals (Pt, Rh) will improve the B5 site necessary for efficient N2 activation.[107] Goddard et. al. 

predicted that Rh doping with Fe would increase the TOF for NH3 synthesis by a factor of 3 compared 

to Fe (111).[108] Doping Rh with other elements such as Pt, Cu, Pd may also dramatically improve the 

TOF compared to Rh.[107, 108]  

   .

10.1002/cctc.202001141

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemCatChem

This article is protected by copyright. All rights reserved.



23 
 

 

 

 

Table 3. Physiochemical properties and catalytic activity in NH3 synthesis over nitride catalysts. (Reaction Conditions: Catalyst = 0.4 g, Total Flow = 

60ml/min, H2:N2 =3:1.* Catalyst=0.1g) 

Entry Catalyst Surface 

Area(m2/g) 

Temperature 

(°C) 

Pressure 

(MPa) 

NH3 yield 

(µmole/g/h) 

Ref 

1. Co3Mo3N 21 400 0.1 652 [70] 

2. Cs2Co3Mo3N 16 400 0.1 986 [70] 

3. Co3Mo3C 13 500 0.1 461 [87] 

4. Co3Mo3N 18 500 0.1 489 [87] 

5. Ni2Mo3N 8.7 400 0.1 383 [84] 

6. Ni+ Ni2Mo3N 6.5 400 0.1 15 [84] 

7. Ni2Mo3N 2.2 500 0.1 272 [91] 

8. CoNiMo3N 8.0 400 0.1 160 [84] 

9. Ni1.7Cu0.2Mo3N 1.8 500 0.1 231 [91] 

10. Ni1.1Fe0.9Mo3N 2.8 500 0.1 354 [91] 

11.* Ni(12.5%)/LaN(Nanoparticles) 42.6 400 0.1 5543 [94] 

12. LaN-Ru(2wt%)/ZrH2 2.0 350 1.0 305000 [95] 
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2.5. Oxides  

Lanthanum oxides: In addition to acting as promoter lanthanum oxides are also potential supports in 

NH3 synthesis. In earlier studies by Aika et al. on Lanthanum based oxides ( CeO2.Sm2O3, La2O3) show 

that they are good catalyst supports with high catalyst density.[109] Recent development on Ruthenium 

supported CeO2 and Pr2O3 gave broader view on the role of support metal interactions. CeO2 with 

Ce+4/Ce3+ redox ability and oxygen vacancies increases electron density on Ru, hence is an excellent 

support for NH3 synthesis. 

Ma et. al. reported the effect of difference morphology of CeO2 on NH3 synthesis. Studies show 

that concentration of oxygen vacancies is dependent on the morphology of the CeO2 particles.[110] 

Rods(R), spherical(S) and cubic(C) shaped CeO2 particles with (110), (111) and (100) exposing planes 

having similar size (100-300 nm) were synthesized by hydrothermal method. (Figure 7.b-d) The 

concentration of oxygen vacancies was related to the Ce3+/Ce4+ ratio and are in the following order : 

Ru/R-CeO2(0.59) > Ru/C-CeO2(0.46) > Ru/S-CeO2(0.32). R-CeO2 possesses high oxygen vacancies 

and Ru dispersion, and very low activation energy (108 kJ/mole) compared to S-CeO2(132 kJ/mole) 

and C-CeO2 (124 kJ/mole). XPS and Raman spectroscopies confirm strong support metal electronic 

interaction with formation of Ru-O-Ce and Run+ species through which electrons transfer is efficient 

for activation of N2. (Figure. 7.a) Later, Lin et. al. also observed high catalytic activity for Ru/R-CeO2 

compared to Ru/C-CeO2. [111] In contrary to Ma et al studies, Lin et. al., observed similar Ce3+/Ce4+ ratio 

of ~ 0.20 for both Ru/C-CeO2 and Ru/R-CeO2, concluding decisive factors in the formation of oxygen 

vacancies is not Ce3+/Ce4+ but particle size and chemical state of Ru species.[111] The Ru species in R-

CeO2 catalyst are merely crystalline and are majorly in oxide state (Run+), while Ru particles in C-CeO2 

catalyst are metallic (Ru0) in nature with large particle size. Presence of such Ru-O species on Ru/R-

CeO2-rod is beneficial for H2 adsorption through formation of hydroxyl group, while oxygen vacancies 

enhance the N2 adsorption and enhance NH3 formation as seen from Figure.7.e. [111] Hence, these 

hydroxyl group act similar to hydrides as observed in electrides earlier. Such hydroxyl group formation 

is not possible on metallic Ru0 in Ru/C-CeO2 as results lower oxygen vacancies and most of hydrogen 

species consumed in H2O formation. The NH3 synthesis rate vs time on stream studies show that CeO2 
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with rod morphology is better in NH3 synthesis rate (3700 μmol/g/h), additionally Cs, K and Ba 

promoter improved NH3 synthesis rate (Table 4. Entry 1-6)    

Concentration of oxygen vacancies at the surface of CeO2 can also be varied using different 

precipitation agents during synthesis. Li et. al. hydrothermally synthesized CeO2 using 3 different 

precipitating agents : mainly, Tetra propyl ammonium hydroxide (TPAOH), ethylene diamine (EDA) 

and NaOH. Ru/CeO2-TPAOH with high concentration of oxygen vacancies exhibited superior catalytic 

activity than Ru/CeO2-EDA and Ru/CeO2-NaOH. [112]  (Table 3. Entry 7-10)  

 

Fig. 7 a) Morphology effect of CeO2 on the catalytic performance of Ru/CeO2 in NH3 synthesis and 

TEM Images of b) rod c) cubic and d) spherical CeO2 particles.[110] Reproduced with permission from 

Ref. [110] Copyright 2017 Royal Society of Chemistry. e) Proposed reaction pathway for the formation 

of Hydroxyl, hydrogen, water and NH3 on the Ru/CeO2 catalyst.[111] Reproduced with permission from 

Ref. [111] Copyright 2018 American Chemical Society. 

 

Numerous reports were also focused on enriching the oxygen vacancies in CeO2 by introducing metal 

such as La, Zr, Ti. [113-116] Sato et. al. developed La doped ceria (La0.5Ce0.5O1.64 ) support as an effective 

support compared  to CeO2 and La2O3.[117] Doping of La, improved stability of Ru/CeO2 above 550 °C 

and increased oxygen vacancies at surface through partial reduction of support. The EEL studies 

revelled that fine Ru nanoparticles of size 1.8 nm are partially covered on all sides by reduced support 

through strong SMSI, except from top (accessible for reactants) as seen from the Figure. 8. a. As a 

result, electron transfer from reduced support to the Ru metal greatly enhanced and electrons transferred 

to N2 for activation (direct interaction). Ru/La0.5Ce0.5O1.64 catalyst reduced at 650 °C with very low 
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activation energy of 64 kJ/mole exhibited high NH3 synthesis rate of 31.3 mmol/g/h compared to 

Ru/CeO2 and Ru/La2O3.[117] (Table 3. Entry 10-13) Further addition of Ba promoter, covered Ru 

nanoparticles creating composite oxide “nano fractions”, including Ba, Ce3+ and La3+.[118] (Figure. 8b) 

Such low crystalline and oxygen deficient compounds of oxides (nanofraction) accumulated on the Ru 

nanoparticle have strong electron donating ability, improves the NH3 synthesis rate to 52.3 mmol/g/h. 

(Table 3. Entry 14) However, Ba promoted Ru/La0.5Ce0.5O1.64  exhibits high activation energy 

compared to unprompted Ru/La0.5Ce0.5O1.64  indicating blockage of some of Ru active sites by 

nanofraction for the  reactants. Ru/La0.5Ce0.5O1.64 exhibited highest NH3 synthesis rate among oxide-

supported catalysts reported so far in literature.  

 

Fig. 8. a) Possible mechanism for the activation of N2 over Ru/La0.5Ce0.5O1.64 , direct interaction between 

N2 and reduced oxide partially surrounded Ru nanoparticle is possible.[117] Reproduced with permission 

from Ref. [117] Copyright  2018 Royal Society of Chemistry. b) Possible mechanism of N2 activation 

on a surface available Ru atom in contact with the reduced nanofraction oxide in Ba promoted Ru/ 

La0.5Ce0.5O1.64 catalyst.[118] Reproduced d with permission from Ref. [118] Copyright 2020 American 

Chemical Society. 

 

Similar to CeO2, low crystalline Ru nanolayer supported Pr2O3 exhibited excellent NH3 synthesis rate 

and was further enhanced by La doping.[119-121] (Table 3. Entry 15-16) Substitution of metals such as 

La, Zr and Ti in CeO2 helps in formation of oxygen vacancies that eventually improve electron donation 

to Ru and enhances catalytic activity.[113-116] (Table 3. Entry 17-18) Not only Ru, CeO2 support can 

stabilize and activate Co nanoparticles for N2 activation.[122] Use of dopamine as anchoring agent could 

improve substantially SMSI between Co and CeO2.[122] (Table 3. Entry 19) 
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Table 4. Physiochemical properties and catalytic activity in NH3 synthesis over Lanthanum oxide supported catalysts. (Reaction Conditions: Catalyst = 0.2 g, H2:N2 

=3:1, Total Flow = 60ml. * catalyst =150 mg, WHSV=24000. **Catalyst=100 mg, Total flow rate = 120 mL min−1 # GHSV of 70,000 h -1, catalyst =0.2 g.) 

 

Entry Catalyst Ru 

Loading 

(wt %) 

Surface 

Area 

(m2/g) 

Particle 

Size 

(nm) 

Temperature 

(°C) 

Pressure 

(MPa) 

NH3 yield 

(µmole/g/h) 

Ea 

(kJ/mole) 

Ref 

1. Ru/rod-CeO2 4 63.7 --- 400 1 3830 108 [110] 

2. Ru/cubic-CeO2 4 58.4 -- 400 1 1289 124 [110] 

3. Ru/spherical-CeO2 4 31.2 -- 400 1 529 132 [110] 

4. 2Cs_Ru/rod-CeO2 4 -- -- 400 1 14266 -- [110] 

5. 2Ba_Ru/rod-CeO2 4 -- -- 400 1 6638 -- [110] 

6. 2K_ Ru/rod-CeO2 4 -- -- 400 1 11227 -- [110] 

7.* Ru/CeO2-TPAOH 2.5   450 3 22000  [112] 

8* Ru/CeO2-EDA 2.5   450 3 19000  [112] 

9.* Ru/CeO2-NaOH 2.5   450 3 16500  [112] 

10* 4%Cs, Ru/CeO2-TPAOH 2.5   450 3 32000  [112] 

11** Ru/ La0.5Ce0.5O1.64 -650 C 5 42 1.7 350 1 31300 64 [117] 

12** Ru/CeO2 -650 5   350 1 17200  [117] 

13** Ru/La2O3-650 5   350 1 10800  [117] 

14** Ba/Ru/ La0.5Ce0.5O1.64 -700 5 21 2.45 350 1 52300 67.2 [118] 

15* Ru/Pr2O3 5 20.4  400 1 19000  [119] 

16** Ru/ La0.5Pr0.5O1.64-650 C 5 30 2.9 400 1 60200  [121] 

17 Ru/TixCe1-xO2 3 -- -- 400 1 10861  [114] 

18 Ru/Zr0.4Ce0.6O2 4 -- -- 390 1 1700 93 [113] 

19# Co/CeO2 -dopamine -- -- -- 425 1 19200  [122] 

20# Co/CeO2 -- -- -- 425 1 3810  [122] 
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Perovskites: Perovskite with ABO3 structure have been widely studied as support for both electro and 

thermochemical NH3 synthesis owing to their high thermal stability, proton conductivity, redox 

properties and ready availability.[123] The electronic properties can be tuned by varying both A and B 

sites, as more precisely catalytic activity depends on both sites. Additionally A sites are also responsible 

for stabilizing perovskite structure.[124] In 2010, Yang et. al. first reported Ru loaded BaCeO3 as catalyst 

for NH3 synthesis, subsequently Ru/BaZrO3, Ru/BaTiO3 were investigated. [124, 125] With decrease in 

electronegativity of metal at A in these catalysts increased NH3 synthesis rate in the following order 

Ru/CaTiO3 < Ru/SrTiO3 < Ru/BaTiO3.[124] (Table 4. Entry 1-3) The alkaline-earth elements (A site) 

provide promotional effects on catalytic activities of Ru nanoparticles through their basicity. Ru/BaTiO3 

with comparable activity to Ba-Ru/MgO and Cs-Ru/MgO, exhibited good stability for 24 h, while 

Ru/MgO deactivates at 18 h. Among different metals varied at B sites in BaBO3, NH3 synthesis rate 

decreased in the following trend: BaZrO3> BaCeO3>BaTiO3.[126, 127] (Table4. Entry 4-7) Further adding 

Cs promoter to Ru/BaZrO3enhances the NH3 synthesis rate.[128] (Table 4. Entry 8) Exact electronic or 

geometrical influence of metal present at B site on N2 dissociation or Ru dispersion is unclear and would 

require systematic examination. But partial substitution of Y3+ in B Site (Zr and Ce) of perovskite shows 

significant improvement in NH3 synthesis due to the formation of oxygen vacancies and SMSI.[129] 

In another interesting study, Jiang et. al, incorporated small amount of (>1 wt%) of Ru into 

Co/Zr sites of LaCoO3 and LaZrO3 structure, enhancing number of active sites and SMSI. LaCoRu0.02O3 

exhibited activity superior than LaCoO3and Ru/LaCoO3.[130, 131] (Table 4. Entry 9-12) However, use of 

RuCl3 precursor for synthesis of Ru/LaCoO3 is inadequate for its comparison with LaCoRu0.02O3 due 

to the Cl- poisoning in the former catalyst. Strontium niobate with perovskite like structure induces 

epitaxial growth of truncated pyramid shaped Ru nano crystallites with abundant steps and B5 sites 

displaying NH3 synthesis better than Cs-Ru/MgO.[132] (Table 4. Entry 13) These studies indicated that, 

perovskites look to be promising supports for Ru in NH3 synthesis and require fine-tuning extensive 

studies devoted to further understanding the catalytic mechanism. 
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Table 5. Physiochemical properties and catalytic activity in NH3 synthesis over the Perovskite and novel supported catalysts. (Reaction Conditions: Catalyst 

=0.1 g, H2/N2 = 3; Total flow 60 ml/min, * Catalyst = 0.3 g, **Catalyst= 0.2 g , catalyst = 0.1g )

Entry Catalyst Ru 

Loading 

(wt %) 

Surface 

Area(m2/g) 

Temperature 

(°C) 

Pressure 

(MPa) 

NH3 yield 

(µmole/g/h) 

TOF (s-1) Ref 

1. Ru/CaTiO3 2 1.6 400 0.1 268 3.76 [124] 

2. Ru/SrTiO3 2 4.6 400 0.1 774 10.8 [124] 

3. Ru/BaTiO3 2 3.9 400 0.1 1647 23.2 [124] 

4. Ba-Ru-MgO 2 7.8 400 0.1 1919 27.0 [126] 

5. Cs-Ru-MgO 2 16 400 0.1 1925 27.0 [126] 

6. Ru/BaZrO3 2 15 400 0.1 3630 77 [126] 

7. Ru/BaCeO3 2 4 400 0.1 2310 287 [128] 

8 4%Cs/Ru/BaCeO3 1.25 -- 450 3 28000 -- [128] 

9.* LaCoRu0.01O3 0.54 3 450 1 8500 -- [131] 

10* LaCoO3 -- 5 450 1 4600 -- [131] 

11* Ru/LaCoO3 0.56 17 450 1 4900 -- [131] 

12 LaZr0.95Ru0.05O3 -- -- 400 1 5500 -- [130] 

13 Cs-Ru/Sr2Nb2O7 2 -- 400 1 4986 -- [132] 

 Novel supports        

14** Ru/Ca(NH2)2 10 60 300 0.1 15800 -- [133] 

15** Ba/Ru/SAs/S-1 0.36 -- 400 0.1 1400 -- [134] 

16# Ru/CaCN2 5 6.8 300 1 3785 7.3 [135] 

17# Ru/Ca2N:e- 5 5.3 300 1 1740 5.0 [135] 

18# Ru-Cs/MgO 5 23.6 300 1 553 0.6 [135] 
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2.6. Carbon support  

Commercialization of  Ru/Activated Carbon catalysts in industry demonstrates that they are 

more promising than oxide supported catalysts due to their unique electronic properties.[136] Carbons 

supports such as carbon nanotubes,[137] activated carbon (AC),[138-141] mesoporous carbon (MC),[142] and 

graphitic nitrides (GN).[143, 144] were widely studied for NH3 synthesis. Carbon materials are potentially 

excellent supports due to the uniform dispersion of Ru nanoparticle, but activity extremely dependent 

on synthesis strategy, porosity, surface area and surface functional groups.[145-147] The major 

disadvantage with carbon support is methanation of carbon occurring at NH3 reaction conditions, as 

result metal sintering and loss of active components occur with declined catalytic activity.[148] However, 

this was overcome by doping, functionalization of carbon support along with addition of alkali/alkaline 

metal as promoter. Initial  studies have shown Ba and K promoters with oxygen rich functional groups 

present on AC has improved Ru dispersion, stability and catalytic activity in NH3 synthesis.[149]-151] 

Recently Jiang et. al. have reported that addition of La to Ba-K-Ru/AC has inhibited methanation of 

carbon.[152] The strong interaction of reduced LaOx layer beneath Ru particles has supressed contact 

between carbon support and Ru particles as result inhibited formation of H species necessary for 

methanation.[152] Nevertheless, conventional carbon supports with lower pore size (< 2nm) encounter 

diffusion limitations and lower dispersion of Ru nanoparticles.  

To improve catalytic performance, mesoporous carbon (MC) with high surface area and 

tuneable pore diameters with nano-sized support were adopted for NH3 synthesis. Cs, Ba, promoted 

MC catalysts displayed high dispersion for (46 %) Ru nanoparticles with uniform size of 2 nm (Cs-

Ru/MC) exhibiting high NH3 synthesis rate 8-10 mmol/g/h compared to Cs-Ru/AC (3.45 mmol/g/h).[142, 

153] BaOx and CsOH promoter adhered to the Ru nanoparticles improved the B5 sites and enhanced 

electron density on Ru for the activation of N2. The Cs-Ru/MC exhibited excellent response and stability 

during recycling tests over severe temperature jumps in a short time due to the mesoporous carbon 

framework and promoter.[142, 154] Li et.al., synthesized, Ru nano particle of size 1.5-2.5 nm, semi 

embedded in mesoporous carbon (Ba-K/Ru-MC) by novel RuCl3/SiO2 template approach with Ba/K 

promoter exhibiting higher catalytic activity than just supported catalyst Ba/K/Ru/MC. Further, 

incorporation of  N in carbon matrix greatly improves catalytic activity of Ba/Ru-N-MC due to SMSI 
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and change in the electronic propeteis of metallic Ru.[155] Instead of loading, embedding Ru nanoclusters 

in carbon matrix is more advantageous, as it improves SMSI, stability and avoids sintering. [156] MC 

composite Sibunit and MOF (Ru-HKUST-1) derived graphitic carbon also work as excellent supports 

for the dispersion of Ru Nanoparticles with enhanced N2 activation.[157, 158]  

In another study, an interesting carbon coated Al2O3 composite was developed by Jiang et. al 

for NH3 synthesis.[159] Al2O3 coated with carbon using two different methods such as sucrose pyrolysis 

and acetylene decomposition. Carbon with more hydroxyl groups were obtained by sucrose pyrolysis 

than with acetylene decomposition. The presence of -OH groups on carbon enhanced the formation of 

H2O and reduced the number of active H adatoms formed on the Ru nanoparticle as result hindering the 

NH3 synthesis. This competitive reaction between water evolution and NH3 synthesis is key factor in 

controlling activity. Ba-Ru/C-Al2O3 (obtained by acetylene decomposition) shows outstanding 

performance with large amount and low hydration of surface hydrogen, relatively easy desorption of 

surface N species and more available Ru0 species. (Figure.9)   

 

Fig. 9. Proposed mechanism for the effect of carbon surface (-OH groups) on hydrogen desorption and 

NH3 synthesis.[159]  Reproduced with permission from Ref. [159] Copyright  2019 American Chemical 

Society. 

 

2.7. Novel and other Supports  

Calcium amide [Ca(NH2)2] an ionic compound with anatase structure consisting  of Ca2+ and NH2
− ions 

was reported as superior support for Ru nanoparticles in NH3 synthesis. Ca(NH2)2
 (CA) is not stable 
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above 70°C, hence decomposes to NH3 and CaNH.[133] But supporting Ru nanoparticles stabilize CA 

without decomposing at high temperature as 400 °C and displays high catalytic activity in NH3 synthesis 

for long time (45 h). Nitrogen labelled mass spectrometry experiment suggests NH3 synthesized is not 

from decomposition of CA but through gaseous N2 and H2 over Ru catalyst. High TOF for Ru/Ca(NH2)2 

compared to Cs-Ru/MgO  is attributed to the strong electron donation from Ca(NH2)2 support to 

Ru.(Table 5. Entry 14) Presence of Ru-N bonds suggesting that Ru atoms are strongly bonded to N 

atoms of the support. These strong interactions prevent aggregation of Ru particles with formation of 

2-dimensional flat Ru nanoparticles rather than conventional particles with spherical morphology. 

HAADF-STEM suggested the existence of flat Ru particles due to epitaxial growth of Ru nanoparticles 

on a support having similar lattice fringes. (Fig.10a) Because of Ru-CA epitaxial adhesion, flat Ru 

nanoparticles are crystallized in metastable fcc structure than more typically observed hcp structure. 

Such flat fcc Ru nanoparticles are known to increase high-density B5 sites and promote catalytic 

performance and long-term stability. NH3 synthesis mechanism is analogous to that  proposed for 

Ru/C12A7:e- and Ru/Ca2N:e- systems with N-H formation as RDS. Ba doping distinctly improves 

stability (700 h) and activity of Ru/Ca(NH2)2 due to  Ru-Ba core shell and mesoporous structure. The 

added Ba present in the form of Ba(NH2)2  has low work function with higher electron donation 

capability than Ca(NH2)2 promoting more efficient N2 activation[160] (Fig.10b) 

 

Fig. 10. a) HAADF-STEM image of 10 wt % Ru/Ca(NH2)2 catalyst after NH3 synthesis showing the 

flat Ru particles with d spacing related  FCC structure, b) Time course of NH3 synthesis on Ru/Ba-

Ca(NH2)2, Ru/Ca(NH2)2, and Cs-Ru/MgO.[133] Reproduced with permission from Ref. [133] Copyright  

2016 American Chemical Society. 
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Since, Ca based supports were promising for the their superior electron donation to Ru nanoparticles, 

research in this path is broadening, recently a novel air stable calcium cyanamide(CaCN2) was 

discovered as excellent support for Ru in NH3 synthesis.[135] Kinetic investigation shown the low 

activation energy and high resistance to hydrogen poisoning for Ru/CaCN2 similar to observed for Ru 

supported electride catalyst. The systematic experimental and theoretical investigation revealed the 

formation of CN2 vacancies on the surface of CaCN2 with quasi electride structure, which can store and 

release H- during the reaction. The catalytic activity of Ru/CaCN2 was better than the Ca2N:e- and Ru-

Cs/MgO catalysts. (Table 5 entry-16-18) 

Zeolites are another class of excellent catalysts and supports applied in petroleum refining 

industries but are scarcely explored in NH3 synthesis due to their acidic nature.[161] The replacement of 

acid sites of X and Y zeolite by alkali and alkaline earth metals enhances the basicity in zeolite, but are 

still less attractive due to weak metal support interaction and rigid Si-O-Al framework that are not 

capable to enhance electron density on Ru nanoparticle for competent N2 activation.[162-164] Recently, 

Jian et. al. has reported that pure siliceous zeolite supported Ru single atom active sites are efficient for 

NH3 synthesis.[134] Single atom catalysts are always advantageous due to isolated individual atoms 

dispersed on, and/or coordinated with, surface atoms of appropriate supports, maximizing the atomic 

efficiency of metals. Use of special Ru-ethylenimine chloride precursor could confine Ru (0.27% wt 

%) within SAs/S-1(MFI type) zeolite. The electron microscopy and XPS indicated the absence of any 

nanoparticle formation indicating Ru is part of zeolite framework with +4-oxidation state. DFT studies 

shows activation of N2 occurs through linear adsorption of N2 on the single Ru sites. The NH3 synthesis 

rate of Ru SAs/S-1 was very low (6 μmole/g/h) but was sharply enhanced to 1389 μmole/g/h by high 

Ba loading(9wt%) indicating the zeolite support has very low electron interaction with Ru but was 

widely  boosted by Ba promoter.[134] (Table 5. Entry 15) Time dependence of the catalytic activities of 

Ru SAs/S-1 and Cs-Ru MgO indicates the high stability of the former catalyst than the later. However, 

for commercial applications, requires incorporating more Ru sites into zeolites and is still challenging. 

Studies also reveal that some of zeolites FER and MFI could act as potential catalyst for NH3 synthesis 

at high pressure (200 bar) and temperature (500 °C).[165] 

 

10.1002/cctc.202001141

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemCatChem

This article is protected by copyright. All rights reserved.



34 
 

3. Summary and outlook  

Increasing global population, energy cost and demand for NH3 has motivated continued 

research for development of more efficient catalyst technologies.[4] Though  Fe based and recently 

commercialized promoted Ru/C catalyst exhibit superior performance, still there is a need for further 

improvement of catalysts under mild conditions particularly at low temperature and pressure.[136] Major 

research work devoted before 2010, primarily focused on promoted metal oxides and carbon supported 

Ru catalysts, and ternary nitrides were at initial stage of development with very less knowledge.[16, 66] 

Lately, advanced innovative supports and active catalysts designed for NH3 synthesis and deep 

investigation of these materials have rehabilitated NH3 synthesis in new direction.[24] Electrides, 

hydrides, nitrides and oxides with their promising unique properties of reversible electron, hydride, 

nitride and oxide vacancies storage have tremendously improved Ru based catalysts efficiency. 

Enormous maturation of experimental and theoretical methods with improved precession over 

worldwide research effort helped in gaining a fundamental understanding of new materials in NH3 

synthesis. 

 The major breakthrough studies on Ru/Ca12A7:e- reveal the N-H formation is RDS and not 

N2 activation.[24] Insight gained with reversible hydride storage that inhibited Ru poisoning by H2 at high 

pressure in Ru/Ca12A7:e- , captured attention of alternative electrides with more superior hydride 

storage properties, boosted advanced studies on series of electrides and hydride materials for NH3 

synthesis.[38, 46] Electrides with  their excellent reversible hydride storage capacity at mild conditions, 

have drawn attention in the field of rechargeable metal hydride batteries.[166] There are quite a few class 

of IM hydrides AB2-Laves phase, AB5- Hauck phase, (A= rare earth and B=d-and p-block elements) 

which store hydrogen at moderate temperature and pressure and are essential to be considered.[55, 167] 

Harsh synthesis conditions (such as high temperature heating for long period in inert atmosphere) and 

low surface area of electrides, limit their catalytic applications.[53, 96] Production of electrides with high 

surface active sites at industrial level needs much attention with new synthetic methods. The bulk 

intermetallic electride retains most of active Ru species not accessible for reactants and underrates 

activity with respect to active metal. Laser ablation, chemical vapour deposition techniques are possible 

approaches that  improve the active sites of bulk IM.[104] Recently, different CVD routes developed for 
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synthesis  of binary silicides, amongst Rochow process has industrially realized for decades and 

synthesis effort on LaCoSi or LaRuSi elctrides through these techniques would put a step forward 

towards the industrial production with better catalytic active sites.[168] Ball milling adopted to convert 

bulk IMCs to nanomaterials with improved surface area is another option possible at industrial scale, 

but still suffers with non-uniform particle size.[96]  Ru supported electrides are extremely studied at low 

pressure (0.1-1 MPa). For Ru/Ca12A7:e-, TOF increases with pressure till 1 MPa, beyond this, TOF 

curve becomes independent of pressure,  limiting their application only to very low pressure.[19] 

Catalytic activity, stability, and hydride storage capacity of electrides at high pressure (above 1 MPa) 

is mysterious for their commercial application at moderate reactor (2-5 MPa) and needs dedicated 

investigation.  

The time frame for the acquirement of knowledge is truly remarkable, it took decades for Fe 

catalysts, but only 8-10 years for electrides, and takes few years for new oxy-nitride-hydride 

catalysts.[22]  Unfortunately, ternary nitrides discovered 20 years back, considered as one of family of 

promising catalysts in NH3 synthesis are still under establishment phase.[21] Until recently, several 

mechanistic aspects such as involvement of lattice N through Mars van Krevelen mechanism 

enlightened, much more persuasiveness of pioneering experiments should continue. Several newly 

developed quaternary and ternary nitrides of Ni and Fe, could not beat Co3Mo3N in a catalytic race. The 

new synthesis methodologies of ternary nitrides with nano size embedded on support  should enhance 

surface active sites with new quantum confinement effect in catalysis compared to bulk nitride.[86] 

Synthetic approaches that combined binary nitrides with hydrides, eventually overcome deactivation of 

metal nitrides by N2 and appear  as alternative way for exploring ternary nitrides in this direction.[56]  

The oxides are still promising support at industrial level due to their stable, easy synthesis and 

possible handling at large scale compared to electrides and hydride. The SMSI and morphology 

dependent studies on Lanthanum oxides support led to new ideas for of exploring novel oxygen 

deficient metal oxides with different compositions and morphologies in NH3 synthesis. [169] Early 

investigation, on perovskites (with ABO3 structure) as oxide supports for Ru catalysts, sounded of less 

interest with limited activity.[125] Until recently, formation of oxy-hydrides and oxy-nitride-hydrides in 

perovskite (ABO3-xHyNz) structure created enormous curiosity compared to their oxide form with 
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amazing NH3 synthesise rate. ABO3-xHyNz follow completely different mechanistic pathway involving 

lattice hydride (H-) and nitride (N3-) through Mars van Krevelen mechanism demanding further 

exploration.[22] The wide possible variety A and B cations embedded in perovskite structure, allowing 

design of diverse engineered materials will assist in building a new platform of oxy-nitride-hydride 

catalysts for NH3 synthesis.[170]  

The structure sensitivity of ruthenium catalyst in NH3 synthesis was attributed to the presence 

of B5 sites, which are extremely active and dominate the reaction rate. The fraction of B5 sites majorly 

depends on the crystal size of Ru and morphology of support, but nothing known about the effect of Ru 

crystal structure. Ru in all the supported catalysts crystallizes in hcp structure rather than metastable fcc 

crystal structure. Recently, with suitable supports fcc crystal structure with more efficient active B5 sites 

improved the NH3 synthesis rate. [133] Ru with fcc phase over supported catalysts is another fascinating 

research topic for itself, with different solutions exciting as synthesis methods.[171, 172]  High surface area 

(83m2/g), Ru nanosponges with fcc crystal structure developed using a special reducing agent were 

superior  in hydrogenation reactions.[172]  Until recently, only B5 sites in Ru were considered as active 

for N2 activation. But several Ru based catalysts with special electronic and geometrical structures such 

as Ru2Y, LaRuSi, single atom Ru in zeolite framework and Ru substituted ABO3 perovskite, all without 

B5 sites, still exhibited a significant activity in NH3 synthesis with different pathways concluding 

presence of B5 site is not always essential for development of Ru catalyst in NH3 synthesis.[131, 134]  

Alternative to Ru, Co appears be the second metal that is active for N2 activation provided an 

excellent support and promoter (electronic and structurally) and switch to new Co based catalysts could 

occur in near future.[34, 40, 149] [131, 173] Apart this there are several non-noble metal based catalysts such as 

TiH2, Co-LiH/BaH2, LaCoSi and LaCoO3 that appears to be promising with their extensive hydride 

storage and superior N2 activation in NH3 synthesis. The discovery of new transition  metal based 

catalyst with hydride as co-catalyst, on the other hand, opens many possibilities, especially when 

considering that NH3 catalysis has been extensively explored for a century, but neither Ti, V, Cr, Mn 

nor Ni were identified as effective catalysts. Early transition metal elements, which are inactive for 

ammonia synthesis shows good activity, breaking the well-known scaling rules. Hydrides change the 

situation and appears to be promising with new innovative research direction in the future. Very recent 
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studies also suggest LaN with transition metal like Ni can catalysed NH3 synthesis similar to Ru based 

catalyst generated more curiosity on these materials.  

Most of the new catalysts studied recently were better in performance-compared to classical 

benchmark Cs-Ru/MgO and Ru/AC catalysts in NH3 synthesis. Different synthesis and reaction 

conditions such as pressure, temperature, Ru loading and presence/absence of active Ru in catalyst 

creates difficulty to compare the proficiency of each catalysts. But after careful analysis, at low 

temperature (300-350 °C) and 0.1 MPa pressure, calcium based supported Ru catalysts such as CaH2, 

Ca2N:e-,Ca(NH2)2, Ba/Ru/LaCeO3 are promising. In case of non-Ru based catalysts, conventional mass-

based aspect, the 3d metals-hydride (Co-BaH2) catalysts are much more active than Co3Mo3N, and 

LaCoSi. Supported Fe-LiH and Co-BaH2 are even superior to most of the Ru-based catalysts. After 

discovery of highly efficient electrides, hydrides, nitrides, perovskites, oxides based Ru catalysts; 

certainly, Cs-Ru/MgO is no more the benchmark catalyst. However, each of these catalysts have their 

own Pro and Cons in terms of commercialization related to bulk synthesis, cost of catalyst, stability, 

operating conditions and finally potential profit. However, insights on the new materials and their 

mechanisms will dig towards finding a realistic catalyst for NH3 synthesis. Therefore, process of finding 

new NH3 synthesis catalyst will never end, and a new story with new catalytic mechanism will continue 

to grow in the future.  
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TOC: This review will give insights on recent development in advanced materials such as electrides, 

hydrides, nitrides, oxides and oxy-hydrides-nitrides as support and active component of Ru based 

catalyst in NH3 synthesis at milder reaction conditions. Electrides, hydrides, nitrides and oxides with 

their promising unique properties of reversible electron, hydride, nitride and oxide vacancies storage 

have tremendously improved 

Ru based catalysts 

efficiency. Perceptions on 

these materials and their 

mechanism digs towards 

finding a realistic catalyst for 

NH3 synthesis. 
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