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Abstract : Recently, the establishment of a hydrogen-based economy and the utilization of low-carbon energy sources, particularly
for shipping and power generation, have been in high demand in order to achieve carbon neutrality by 2050. In particular, ammonia
is gaining renewed attention because it is capable of serving as a key facilitator for high-efficiency green hydrogen storage and
transportation and it is also capable of serving as a low-carbon energy source. Although ammonia can be synthesized through the
Haber-Bosch process, the high energy consumption and carbon emissions associated with this process result in minimal carbon
reduction. To address the critical drawbacks of the traditional Haber-Bosch process, various thermochemical synthesis methods
have been developed recently, allowing for the synthesis of ammonia with lower carbon emissions and a higher energy efficiency.
Research is also progressing in the development of high-performance catalyst materials that are capable of demonstrating sufficient
ammonia synthesis performance under milder process conditions compared to conventional methods. Additionally, a variety of
different processes such as chemical-looping ammonia synthesis, plasma synthesis, and mechanochemical synthesis are being
applied diversely. This review aims to provide a detailed overview of the emerging ammonia synthesis technologies that have been
developed to effectively store green hydrogen for future applications.
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Figure 1. Overall diagram of conventional Haber-Bosch process.
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gk o]F, 19104 0lli= BASF Ate] ZF H4(Carl Bosch) HMARR}
A Q&4 WHG71E AHESHY o] HE TS AYPHoE T
AA7)= o] AEF L, Haber-Bosch Z740] e-445}19ith. o2
3 4L 19139 BASF7F A WA dryol Jiak 342 A
AotHA 2AZH0Z AQH O R o] §E Tt o] FEE
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Figure 2. Techno-economic and environmental analyses of Haber-Bosch process [9].
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tH32]. =14 Aol ot S0 ®H4 {419 ALOY E2

i

o

g

b}

-

Fe(111)

Fe(211)

97 g4 o o
3 Zujet AHgs

ol A= Ae &

3.2.2 M L2L{0f et Bt @[t Ruthenium ZH
FHl& (Ruthenium)& FE Yo} Hdof Qlo] 7|& 4ehd &
tjEoh A5hE 2N E w2 BAGE Hol= SHiE 5T
et AR F71&HE Ao A Group VIII 24 F(Fe, Ru, Os
)M FEHES dEYoF T4 vHEolA 7MY w2 84S
Helo|e E4611, FHlE2 w2 W7ot A9 E4F A
= 2ol 88}l ofefo] &gt wEtA FHE AHEE
= F|AIFSHAA L Yol 4 Fff H52 SHhislsto] A
&, AL 2L E5T SHE Nt A7 AHE A
o}, Ru 7|8F EHi= H,04 CO,9 22 4FASH=(oxygenate) 2]
EA0] sl 2 SujEt =2 S Hol= B, 4 1
5o A= A H2eE= 54 B3Itk ©EtA Ru
A ESui7F ¢4 G50 AL HEE JAT XA 2%
o} & o]-&sh= Aol A9 d Aot
FHEY B AlP|E= E Yol MY 2 4oz &
24 QltH22]. YR & L& EE B; AOJEQ] 27} Ru 7]¥E &
tj o] &/d-& AHAA ==tl, Wulff construction©]] T2 B,
APP|EQ] 4= 2 nm FEQ| A2 E ZH= Ru W YA oA
7t FH33]. =& HE B, AP|EQ] S Ru YA H7]
Bat opyet A2 2R FH|, S A 207 AR
A/zEZm o] FFo JFE W=T}34]. ©tA RuA SHE
7iergtof lo], AAg A 2AM AAA/ZZHE o] &
EE L3AA 119 €4S FSdigtsliof
E4= 7I5te =, Yol g &4
< =ol7] H8 et AAAY 2EWE o] &5 Sui7t A
TFEojgktt. Wang 52 Zr0,-KOHE A A A& 0]-&3t Ru 7]
HF Zofjof] tiek AFE 235kt KOHS ZrO(OH), stol=
24 RS AIA Aol 7r0,-KOHO, K,RuO, &L 0]-&,
z7] 54 L B9l RuE FFAIFAH35]. RwZrO,-KOHE
Gryo} 9o o]-85tHS wf, 400 °CLt 3 MPal] 27 A
11.1 mmoINH, gecat’ h'9] &2 EALS HAH. Zr0,-KOHE=
£ AEkE FHQ AAAL BusiS W =2 EHAS
7M™, Ru YAH= A AA| Q] £H QJof 1.5 ~ 32 nm FE2
WA EAtE]o] B ARJEE HUE =EA1Z & A HE

Fe(210)

Fe(110)

Figure 6. Schematic representations of the five iron single crystal surfaces [30].



o] KOHE= Ru®t A2 A5 2-8-5 stal A A A7 45 |71
A= 7H ¢ EE 519 N9 435 ST EN AR
Yol 3 S84 =49 & AU Aolth35].

Narasimharao 5= ©4% FEHH Mg-Al 5}0|=EZEA}0]
E(CCHDE AAA, Cs@ BsE £ZW|E o]83sto] Ru 7|4k
SUE AT o2, ZEZe} XA Y HE& E Fujo] &
d Ho]l Euje] &40 v|Al= JFE Bkt 27 &
Ao TAHS 53 Mg-Al AAAMgAIl = 2)5 &

3, 873 KOl|A] Afo|Z2AI] FEGIE Bl HAE I
At} RuCly-3H,0 =840 CCHT AXAE THA7|=
I} [RuCCHT-Imp], o222 &S §i& o83 E9&
¥ 0]83}o] [RuCCHT-PR] & £F9 RuCCHT &9|&
A Z5FATH36]. AlZH RuCCHT-IMP2} RuCCHT-PRO] th3f,
Cs E+= BaE @Y XEZWE o] &stAY, F 2FWE 54l
o|-g5to] Rud| YA+ A7|9F EHA & &S Aot A
o A3k Cs2} Bag BF XEFU|RE o] 85192 1|, = Ru, Cs,
Ba, Z|A|A|Q] FAH]Z} 10/25.5/25.5/100%]1 CsBaRuCCHT-PR
2|7} 327 °C2} 0.1 MPa2] ZZAA 0.9%2] Aste= 713
E2 4L Uit ol E9& IS 5 Ru YA
7 AAA 3o B wAeHA EAME Q7] wiZolth. ESF o]
= el E AZE B3t XEERE RuE 9] A} o]
< &0l At S5-AAA 422-&(SMSH= FAF5HIT
o|H3t 43 AE-2 F-A714d EAT Acto] d=Yor &
= FFA7I= dl 71o9skeln ol At S
T2A, AH EAo] Yol 3 §HY 882 ZAct

23 840 & AR F T F|R17] W ALEolA

<5 MgO AAA Qo] GAAAE FES] =2

H
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—

l:g-

b > b ok

o
Huot MES HYUS SHYSIAT37]. B=%°l, DFT &4t
Atk AAA Q] st Ade S FHlE Sl dolut
1

= YEYol M ®hS ¥EE HEth &, FElwol AR
£ s & 2EMWE AT F97] Hhgol ©4EA £AE
FaAte A= EEsto] PRt 4H-H7] RSO E F3HA
713 AL A4 Ao SFAA RS EE HEA Stk
A& 585kt

Lin 5ol 2%t Ao A= Al2jot 9l (CeO,-r)2} Al o}
FE(CeO,-c) 5 AAAR ARESHo] A A4 9] FEj7t dY
of Rt &l A= dFS AT 38]. Alglot A|A]
A= 22 3 mmol?] Ce(NO,)-6H,02} 360 mmol®] NaOH &
AEAZ ARG, ZH7] T2 =5(100 °C, 180 °C)ollA] &=
dA 2 sto] 2 FHE LA Rus FHHE &3 A
A Aol EAAZHTH10 wt%) [38]. 400 °C, 1 MPa2] ZZi0]
A], Ru/Ce0,-r¥} Ru/Ce0,-c= Z}Z} 18.0 mmoINH, gcat”' h'
T} 7.9 mmoINH, geat' h'9] &= Yo} g4 TS et
%, CeO,r& AAAZ o] &5t 45 24 o9 &2 &S
Bt £53] 60,000 mL g h'9] & WHSV (Weight hourly
space velocity) 274 %E S48 &4 Yt dt= d2

4>
B
2
o
filo
0

B E, AEtA HjE g Yol V& B9F 77

FE3 ghottt. Ce*'] Ce’'2 9] o] o]F0]A] 1L Ru-O-Ce
Aol PAHEHUA AAFATHY PAHL F38T L BaE
Atk E35] CeO, Y 2E HHoE W2 Ru"'9] E47} gl
= 9loH, o] Ru'E Ce0,9} A 52-8-510] Ru-0-CeE &
gttt o] B2 w2 ALATHE BAFHoH, AT
& 0|3t CeO,r2] E70] Fr Yo} g0l tigt =2 &4
7FsoHA gt Aol

Wang 5= 2 € 9] Al2jot AAAE AHESE of-4d +
29| Ru@CeO, ZME 7NLstATH39]. ¢4, Fol-d +x
£ Fdot7] Yo FPCE AT SFIA Hlesto| B
O|EE FZFFl &3AIXl &, 180 °CE 7,9, 11 h &%t =<
A g oto] A FZ0]E A (colloidal carbon spheres, CSs)
£ &5 o]F CSE F gL Lol HAAZ
212]o] Ce(NO,),6H,09} A HaE E(HMT)<
SAA CSs@CeE AT tHAG o g CSs@Ce &2 E
RuCl,'xH,02F HMT®} §F3-A17] & 4/d519] Ru@CeO, = A
Z5tqith @A 2 Algto] I Suo] 43 4S AR
23, 9 h EA2E X Ru@Ce0,-9 A&7k 7H 2 Ru
LIRS PAsFH 2425 °C, 1.0 MPaolA4] 8.5 mmoINH,
geat’ h'& 7P =2 EYol I &4 Bt Fol-d
T2E 2489 &S IV S5 AAA 42AeE
ZAslots A5 7HAgTE o] W Ru Y YA 27171 S
5 F5-AAA J2Ago] FetE 1, Ruet Cedl TUE =
Z15HH A Ru-hydride @7d°] S7Fsklet. o] 22t hydride ©]
22 &43te N9 SUE Fx6tg o, FUH CeO,-x7t
RuZ AAE AGAo 24 N, 84435 &olsHA o, whet
A FRYol 3 4 ASAl7l= AaE ZHASH39].

Ru YAHE AAA HH T GA ok 4] 4], FH
= Bs AFO|E Zigsto] XA AAF Hlol A5 H7bst=
Ao gt Ak AP AT Wang 52 HEEAT}O]
E P9 LaCoO,°ll FEES 7 LaCo,-xRuxO; (x = 0,
0.01, 0.02) S 7HsFATH40]. ©] v+ La(NO;);-6H,0,
Co(NO;);"6H,0, RuCl, nH,08 5750l &aiA1X] &, A EE
Atat S3tote] &4 WS ol A E A vl E Yol &
Al gk #FA] 0 2 A Ru/LaCoO, &= 450 °C, 1 MPao]|
4] 4.9 mmoINH, geat”' h'9] A& HH O} LaCO, oRu, 1,05
= 59 ZAA 10.5 mmoINH, geat’ h'C2 714 =2 &
35 B Ru/LaCoO oA FEIES S48 Ru'Z &
Aotz ¥HH, LaCo,-xRuxO;°141= Ru'” FE|E EX 5kt
Co2l YF7} RuE HA=HA Mo} 344 FA5t7] 2o &
H Co'7F Co' 2 FUE L, o]2]gt Ru*"?F Co™ Ato]2] 7
gk AlFA] &= N9 23 @435 &olstA o]F ol
L& 5tof tEYol 3 E4E =Y 4 U9 Aot g
N,:H, = 1:3, GHSV: 60,000 h", 1 MPa2] 27194 50 h 52t
rryot ghAd-S AdsH 23}, LaCO,Ru,,0,7F Ru/LaCoO,
Hroh 52 44 MAAGES HAS RISt o] AFoA F

o |o

iz
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Az - AR - 2733
HlES ARAA A& W E38st= #4lo] Fryol o Zul
o] &4 9 QHgAdol FA AR FFE vAl= A T

22, AAA W hydrideE I
o] XIYEHA hydride?] FE Lo} Fdo] of
PRkttt ol A9 YO 2, Kobayashi 52 Ru/TlH2
ZUlE FEYot egoll A8t 23 400 °C, 5 MPao]l A 2.8
mmoINH; geat” h'9] 84S F&sFATH41]. ol2lgt =2 &
A2 AT 2544 499 4L 9 N,E &%
O™, AA W hydride”} Mars van Krevelen (MVK) H#HY
ol wet S5t dao FUAR 283 AE sjAH
ok £39] Ti-H 224 Ao Higt o] A= F2 229 G
M =2 45 Hole= AuE S0 7ido] dig =& %
FdE AAsHA Tt 2 Hattori 52 BaO%t CaH, &
= S9] AAAR o]-&FoEH, Bad H7H7t FRYol &
goll v A= YFE HFoklrh42]. CaH,2F CaH,-BaO 23
=9 Ru(acac), & G35t 10 wt%2] Ru/CaH,2} Ru/BaO-
CaH2 25 ST H, 340 °C, 0.1 MPaollA] &= Lo} SHA

< APttt 1 AT, Ru/CaH, @} Ru/BaO-CaH, = ZYZ} 7.4

mmoINH; gcat" h'®} 10.5 mmoINH, geat” h'9] S ek
T}, o]= CaH,2t BaO7} CaO%} BaH,2 3= HA BaO
o] ZE7| gejo F43% W3t AZ 21, BaO-BaH, 49
P2 hydride?} hydride 289] A4S FEstch 1 74
olA Full= e WA 4EAE 7HAA =1L, Ru FH
4o FEAYAE A2AA 4I5S AAFCEN AREY
o} & X5 E Ao|th42].

Uo}7} Hattori 5-& CaFHE A A A2 0]-83t Ru/CaFH &
g o FA2 AN dEYoF Tl dFsth
[18]. °]&< Ru(acac),;& Ru AFAZ AR&351o], 98 mol%
9] CaH,2} 2 mol%2] WA BaF, TIES 35t 7|4} S
o7 AHEgro=ZH 12 wt%2 Ru/CaFH Z1j& A X5}t
0.1 MPaZ} 50, 75, 100, 125 °C9] thFdt & 9] ZZA] Ru/
CaFH £9j9] PR Uol 4 & ST 43, 74449 2%
oA 50, 75, 120, 190 umoINH, gcat" h'9] A& LrERAL
50 °Col FA-2A dEYo} o] 7FsE A2 CaFHY
738 AR A8 W2l A& AT CaFH W 73Et
Ca-F 23 §J 0= Qlgf| Ca-H ZFo] Fst=] 1, o] 2 <l
Rus AL RZA|AE CaFHO H AlC|EREE HAXE YA
= A 4 9AE HED S AT AETH2 W2 49T
(P = 2.2 eV)E HEH AT AR 2S5l N9
43HE EX1st= bl 71996k ch(Figure 7) [18]. o=t A+
At ZH LM T g Yo} o] 7H55HS Al=E19) 0
o, o= Yo 29| Zujj Jid Fofol] 2L WIF S AAlsH
At

Kitano - YZ | EFS ofnfo| & 7|k A7) d SHiE &
ol-d F£zx9] Ru/Ba-Ca(NH,), ZWE 451 TH43]. o] &
o A= Ca®} Bad} 181 HAF NH,9Q] ¥HS 89H-S 100 °C

_4

Figure 7. Schematic diagram of the proposed reaction mechanism
on Ru/CaFH catalysts [18]. Copyright 2020 Springer

Nature.
oA 7}g3ste] Ba-Ca(NH,), -8 S 4590, o]%
400 °CollAl =4 714 &5 stof]l Ru AF+A e} oA 7Hd st
o] 10 wt%2] Ru/Ba-Ca(NH,), Z1& #2319t} o] &S

300 °C, 0.9 MPa®] 27104 et Yo} g/do] o]-&st3E o,
23.3 mmoINH, geat”' h'9] & &4 R} Ba-Ca(NH,),
= A} NA Fol-d Fx9} HRIF FE2E G‘“ﬂ“ﬂ
A W2 ZHAE 7H ol=Rt 123 EAS 7Re R
= HelF AR} Abo]9] 71 welhEg-2 E3l o4 =S
A o= AQleh B3 B2 AF4E 2= Ba(NH,),, 2] F4
5ol Ru e YA 29 HAF Ag-Z &olsHA TFo=H dHY
o]— '61—1—1,9_ 57}/\]7:1@[43].

ot TRt =5 Al Xlxliﬂ o EgetS AXAH 2 E&
3t ALEE wo] APE YT, ¥ dE Lin 5°] Ba-Ru/AC-G
SujE /it ol XHHL 400 °C, 100 bar ¥ WHSV
L g' h'9 Z#o)A 312,500 pmoINH, geat' h'9] &
2 %“é% LER 2ATH44].

s AAA = 1,950 °CollA Ad A, 430 °CollA &

o _12 _IPN

=
g *Jf‘a} IA 25 5o /A= ATHAC-G). RuCly &4 o]-&
3lo] 48 FAHS £ RuCl/AC-GE ¥2m, 450 °Col

A s 7EA0E 3 SHAIZ T o], Ba(NO,), AFAE ©]
&5to] Ba WS F7I5HL, 450 °ColA9] 4 B F
3 HZ =] FH], Ba-RWAC-GS LAH44]. 1,500 °CoA
$4 A EE AX Ba-RwWAC-GHS} H| W35S off, A2
£ AP k2 Ba-RWAC-G7} Bl 52 /4 Uetyt. o]
L Ba-Rw/AC-G7} H B 4428712 54 49 52 4
g2to] golstqlom, A AA #£H 9] Ru ?JXH Aol At
o7l Y] Aoz EAEUT[44]. EIF AALAET| 2
FH A7 BolA BHE Coe= FHE ©eke, Ru YA}
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3.2.3 Electride-Based Catalysts

Electridex= A7} (electron-donating)A] 2 o] - 73t
4 dHYo} A Al o] EAE -85 8 5= 310
Ar Yol g Fuo] AAA R E&ol= A-=0] ol 1
o]t} Organic electride= B4, 31514 QM3 AJo] mj9- &
oA 7] W&o, F& F7] electride E&0] AFEEH, 7| & &
AR 7M wol] Z85H AAE [Ca,AlOuL] (e), (C12A7:¢)
ojt}. stA|h, o] EAE W2 WA 59 AHE Za 3l
o] A= A&7 o)l = oF4] sjAsfof & FEo] HWri[45].
Inoue 5 W= EHAZ 2h= C12A7:e 9] IdHol i) <
TFotelon, £EF4S &9 /e HT-C12A7:¢'2} 7]E9]
1AERSS B3l @dT SP-C12A7:e & A AAE o]-&5}o]
Ru 7|8t S S Hgstal S EAE vl £45HATH45].
T4 FH Ca-Al £F 4RSS G 25t CaH,2F S
HHS-S A 07 HT-C12A7:e S FAI3HA 1L, Ruy(CO),, =
7tEsto] 2 wi%2] Ru YAHE o] XA A ol HA|5hlTH45]. °]
% 1,173 KOIA EA2E RUHT-CI2A7:e W& 613 K,
0.1 MPa°lA 2,290 pmoINH, gecat’ h'9] &AL Ko} wF
M Ru/SP-C12A7:¢ &&= 5USH 244 1,180 pmolNH,
geat! h'9] A& LYET C12A7:¢7} Zhe 3% A
AT 7120l 2=a A& L8 gio] o]e} Zo] =2 3y
At E5] HT-CI12A7:e = Ru EAIL S R4
AA BS 7 AR EAE ]I 18y TOF= Ru/
HT-C12A7:¢ 4] 0.0239 s, Ru/SP-C12A7:¢ 4] 0.0575 s’
2 Yehy, o 52 842 29 RwWHT-CI2A7:e 0 A ©] @
S EQISIATH45]. °]= Ru/HT-C12A7:¢2] At
AP0 E Q] ‘i_‘r% g0l A F4E CaO7}
5]. o] =gt A+ AT =2
AAA 2] &8T5
& HolFH, TOFO| tigt AHE EXE Suf Aol of
o Bk HekS A AU

SHH, H ATolA Ru/CI2AT7:e EWi7 £ = 27 SAS
N, &5 @A°lA N-H, 2% 34 DAE A7 th= AHA

o] g5 tH46]. SHAIRE, 320 °C o]o}e] W& 2LojA &4

o] Fast= AL ERIEUTH47]. olet W6t Kitano 5
L [Ca,N]"-¢(Ca,N:e)7} C12A7:¢9] AHS |AHHA T2
LA 2 A4S BHY F thal B 5TE Ru/Ca,Nie
Zujjof A= Ru EHO| S2HH 47} A Q H(spillover)d}o]
2-0]-& HA}(anionic electron)?} ¥ E3 Ca,NHE FA
51, o] IAoA Ca,N:e® Ca,NH Atojof] HIFAE 7}
A= Qe o=t B9 dHl= HIBFeFFEA [CaN] e, Hx
o] P2 Aot A& U1 4EE e B2 =04 &
429 BEoilE EA5HH E3F S24E 47t Ca,N 2 UF
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i ARS A% La5E, Ags e dRYot Ve FF 79

b

2 ol5oty AFHOEN W 2Lof|A 9] 4 1ES Y
Ao g AA|5trH47]. olHT 42 electride”} ofd, ¥hg

% A9 Ca,NH hydrideo A FEEJA|TH22,47], ¥ &
Lox 9] &4 Astet w2 4 nE ZAIE SiEsHHA Ry
CI2A7:¢'9] SHAE =551t
Inoue 5 eletride®]| 4] —ﬁ-ﬁﬂg hydride®] Ca(NH,),°ll
b AFE AP °]52 Ca(NH,),2F Ruy(CO),E ©l
3t 3}8} 714 Z2F 0 & Ru/Ca(NH,),S THAJsHoTh48].
5 wit% Ru/Ca(NH,), &&= 340 °C, 0.1 MPa2] Z7o||A 4.7
mmolINH; geat' h'9] FEUo} 3Hd &S Uetiich =Y
of o] UolUts Ft Rusk N Aole] P HEHEE &
S B4E °F 2.1 nm 27]19] Ru YxYAH= B ARIEE J
G2 mEAY 4 A4S, oliR T2 SAT WA,
Ca(NH,),7} 2= 745 AA7l A4 S0 45 S3A7]
=l 710 5H3ATH48].

o7t S EF 342 FE o]&5t= A7t thgsHAl A
PEHA, S| EF F<5 7|4t electride”} Yy ol T4 I+
oA &2 AL IRt EAJo] H1E QL HE Lu &
of oIt AFo A= Eof g3t electrideo] gt A7t A
HAA, YSi7F FHE S AAAZ AFEEIS o 57
oF =of tisf] HF TS FASHATH49]. o5 ClEE 4
g2 JEE o] &5t ol 8§ WO Y Si,E 4T
agate motor® A5l Y.Si, I E At o] TQT
Ru,(CO),2F &7 A5t Ru/Y,Si; & ARt + 3
9] Y,Si; (Dry YSi;, wet Y;Si,) & AMEoto] S S
A5FAALE. 400 °C, 0.1 MPal] 704 7.8 wt% Ru/YSi, & A
LHS u, 36 h S<F B]&A3} Q1°] 1.9 mmolNH, geat” h'9]
% 13F AL, wet YsSi;E A W 5US &4
TH49]. Y,Si;= quasi-one dimension hole®]| ZIA}
Y.8i.]0.79:0.79¢'©] BEjZ 7150, o] Lol
of 4d ARt A EAB] .81, Bt
AUTH49]. E3F YS9l 79 Al ¢4 FRE

G WZ0] She 7R WAL HSATHAOL B
Siy= RuE AAE &40 = Adsto] S
7| ofSFSAEH49). Tl RuY,Si, Zul7t 2o o
HY A= Ao 2N 7|E Fvl9] SHAE S &SI
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Wu 52 T2 £59] s|lEF &< electride, LaScSiE A
sto] A2 FufE 7LsFATHS0]. ©]52 La, Sc, Si9] 35t
FEH 2EEZHE ofa &F YHE Bl LaScSiE T4

SHiL, Ruy(CO),, 5 o83 a8t 714 S3H S 53l Ru YA+
£ 3o FZAHTHS50]. F8E EE 400 °C, 0.1 MPao]
4] 5.3 mmoINH, geat’ h'9] A4S HFou o] Z7gt
of wet YAk &£ 7 Z7Fsto] 400 °C, 1 MPaolA] 18.5
mmolINH; geat' h'9] =2 &4 ettt 84t ofye} o]
= 2.5 m’/gd W2 EWAE E5HL 0.1 572 TOF
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o 7z % A 543 A2AE 5 ATHS0]. LaScSi &
ol A4 w2 w=9 w0l e B2 ¥ 49 7}
9% FEHE 7FssH Sttt o] #ae AWeHE F
3l Ru W} A2 W 5= Aol ol &3t 2/dshe daet
40 52 ST B3 ASeHE S0l HAk(tiered

electron anion)= N,2] E-3|E -8-0]5}A 5tof Yo} g
SZIBFATHS0]. Y,Si,2F FAFSHA|, LaScSie= 48t £33kt &
o] AX}-IER 4 42AES Bl 4 H=o WS
7M™, 3712k Bl tisf w2 AP AFS Bt 53] 371}
AET A E 459 Bt HPglo] 12 & FFHoE {
A1 5FATHS0]. LaScSioll tigt A= ASSe AxF 0]29]
EAE ol&T dEYol L Fll M= Sujo] gk A
T FFE AA AT 50].

Li 52 Atof| 733t electride?] LaRuSi 2A1E YHE LYol &
o ghgof] E-835HATHS1]. LaRuSiE S| ERF F45(La), FHIE,
AE XS ot &8 HHS Bl A T e BUE &£
ot FFHoE A Bofl FASHATS1]. olFA T
)= LaRuSi= 400 °C, 0.1 MPa°llA4] 1,810 pmoINH; gcat” h™
o &S Hylom, 379 Bl =&EH Aol 1 &4
A9l FAsHAt. o714 Ru @4 =&& =07 flsf 4k
(HNO,, EDTA )< o]-85t 35t4 0 & A7kl =1, U=
Yol 3Hd &40l § =obsith EDTAZ} A 2E LaRuSiE o
o} ghAof o]-8-381S i, 0.1 MPaollA] 340 °C2} 400 °C
Z47+0] 7o thafl 3,0207} 5,340 pmolNH, geat” h'Q] T4
S HATHS1]. o= 400 °C] LS A4 5.3 mmolNH,
gecat! h'9 EAS YW Ru/LaScSikth ¥ =2 ZAilo|t}
[22,50]. =3t 400 °C, 0.1 MPaA] TOF= 0.06 s'& UEFEO
o, o]& 4= Ru T-25 9] 600H] FE9] $=2]o]t}51]. o]
gt 3= LaRuSi9 &7/30] 7]£9] Ru 7|5t Suje} 2ol B,
AtP]EZ} obd, EHO|| =& E+= Ru APR|EQ] S=of A Ao
2 QT WeH, LaRuSi9 +&71 N,9] S22 QM stet
of N,9| E3fjof tigt ZE7] ST HAE HaAFZ B
tH51]. 012} SAFSHA, LaZ Ce, Pr, Nd= thA|S EDTAZ} A
2]= CeRuSi, PrRuSi, NdRuSIE= 400 °C, 0.1 MPa°]lA] 5,480,
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3.2.4 Cobalt-Based Catalysts
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Figure 8. Proposed reaction pathway for ammonia synthesis on Co/
CeO, [60]. Copyright 2014 RSC.
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Figure 9. Schematic diagram of the chemical-looping ammonia synthesis process.



Inorganic stable electrides

Figure 10. Graphical overview of strategies to improve Haber-
Bosch ammonia synthesis [22]. Copyright 2021 Wiley.
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bar) [65]. Copyright 2013 World scientific publishing co.
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Table 1. Catalytic ammonia synthesis activities of molybdenum nitride and ternary nitrides [80]

Catalyst' T (°C) P (MPa) WHSV (mL/g-h) Rate (mmol/g-h) Ref.
v-Mo,N 400 0.1 9,000 0.034 [80]
B-Mo,N, 1 400 0.1 9,000 0.035 [80]
3-MoN 400 0.1 9,000 0.004 [80]
Co;Mo,N 400 0.1 9,000 0.167 [80]
Co;Mo;N 400 0.1 9,000 0.652 [78]
Fe;Mo,N 400 0.1 9,000 0.095 [80]
Ni,Mo,N 400 0.1 9,000 0.029 [80]
Ni,Mo,N 400 0.1 9,000 0.395 [64]
Co;Mo;N (Cs) 400 0.1 9,000 0.869 [78]
Co;Mo,N (K) 400 0.1 9,000 0.986 [78]
NiCoMo,N 400 0.1 12,000 0.166 [84]
Ni-LaN 400 0.1 36,000 5.543 [19]
Ni, ,Fe,sMo,N 400 0.1 5,200 0.354 [85]
CeN NPs 400 0.9 36,000 1.450 [82]
K,[Mn(NH,),] 400 1 6,000 11.141 [81]
Y-Mo,N 400 10 - 30° [77]
Co;Mo,N 400 10 - 120 [77]
Fe;Mo,N 400 10 - 90’ [77]
Ni,Mo,N 400 10 - 80 [77]
Co;Mo;N (Cs) 400 10 - 1,040° [77]
Fe;Mo;N (Cs) 400 10 - 4407 [77]
Ni,Mo,N (Cs) 400 10 - 530° [77]

'The elements inside the parentheses are cocatalysts, “units: mL/g-h
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Aol e RAEET EA 52 UEE PAEEE i
25 fofste] 2dst= Zo] 7k ey oA vHA
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Sefzsol Sofs v Y 43 chidol, Suf Ao ol
zu} 7ko] 4EA8L Bof FAE vehich 2aA Azt
Zojz AH8E ), 1 AR 24 oj5io] 4 A7 BE
o) wste Qe Exek 54 UL 25t ol 5 71
k4] @At 29 B wheh, 1, o] % erlge S7H
2 4 9lon], B AT AE2]o & (streamen) 5] HEAQ B
Aoz Sehznt A AAE olsAd Sk UTH87.88]. &
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243 S50 HotE YA Fo) Behxnt g
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uh. 2o} §7 el 4 A T
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[91,92]. HEol, A2 e & il
ChEA] gSHA, Sehantel Sof AT EAGo] £
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oF Zepzul, vy 7| ZetRu} 3742 LEETH4].
g Sefavhe QurHoE gr|golH @ BEL o1 9o
o, 1 eV ol B2 JtA D A4 LEE AT Yk 1
2y, 374 250 AN ETt2ntEo W 2o S
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o, @ E=2ntE ARESE Yot 2 48 A7 4
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st o]l o3 AZE NH Sz 449 A=
o7 Holth FET}=uRE o8]t dEYor o] &
£ A+ $ 53] Van Helden 52| A7} 252dvlsitt. 5
AFollM = A ot Eetzul AlAF0] ARGH QUL Figure
129} go], A2oA IEH(2 ~ 8 kW)S ARESto] HhE &3
< w2 TEoE AGstes A" 1EE EShRut LU
oF, Aol A BAZE A o= obF E2ukE 318 v
T AR AREShe 97E ARAR FAE A &
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e dict. 22402 Qtmyol Akl glo] ¥AE N E H
Z12]11 NHx 2ttjZo] o] 25 H} ¢ Fasith= 2S BojE
TH101]. SFAITE, Figure 13914 & 4= Sl%o] 159 & A
E=Rol&E NH 9 H 527} Z7lstdets, 197} Z715to]
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Figure 12. (a) Schematic of the expanding cascade arc plasma source [98] (reprinted with permission from IOP Publishing). (b) Photograph of
the discharge in the active plasma region and the remote processing chamber [99] (reprinted with permission from IEEE).
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