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Advances in ruthenium catalysts for ammonia synthesis
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Abstract: The traditional Haber-Bosch process for the ammonia synthesis suffers from high energy
consumption and severe pollution. Therefore, developing a clean and green synthetic process has been the
current research focus. Electrochemical reduction is such a method for nitrogen fixation and ammonia
formation, with the core technology lying in how to improve the yield and current efficiency by using proper
electrochemical catalysts. Based on literature analysis and summarization, a review was made in this paper
on the advances in the ruthenium-based catalysts for the ammonia synthesis, including the synthesis
mechanisms from different nitrogen sources, the preparation and modification of ruthenium-based catalysts
and their performance. Influence of the catalyst morphology and size on the performance as well as the
synergistic effects among ruthenium metal, support, and co-catalysts were also explored, with an aim to
provide new perspectives for understanding the ruthenium catalytic process of electrochemical reduction
synthesis of ammonia.
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Fig.1 Schematic diagram of Ru active site
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Tab.1 Catalyst performance of different hydride materials

LisRuH¢/MgO 1.0/300 22 100 h [37]
Ba;RuHe/MgO 1.0/300 34 100 h [37]
Ru/BaCeOs..N,H:  0.9/300 5.1 120 h [38]
Co/BaCeOs..N,H:  0.9/300 2.2 120 h [38]
KHo.19C24 1.0/400 3.7 70h [39]
Ru/CeH1.500.75 0.1/260 1.7 80h [40]
Ru/LaH2.500.25 0.1/260 1.3 80h [40]

I3 HTR I, Ru/CaCN2 HLAT AR IR MG A 5 A SE g
FE R EERE T, [T ET {3 T CaCNy i CNy ¥
BRI R, BETAE OB R o DL I U 3R AL
T N-H B K. NRR MRS R izl
FUTE 0.9 MPa, 220~340 °CYE RN, 1ZMEALFI &k
ZE IR 3785 pmol-h ! geo! H. 90 h WA T F%.
1.2.5 Bhif4B = (1)

Bhif e RE ) o — AN HER R, BT
e As 1 H bR mim v AR O i S ek e, xt
(R 7, G 3 S R R 8 AR R B A, B
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e R AR B BN B e B I LA N
A, Wt s EEM A A AR TR

WS EHEREE . RS A A S HAE A
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SRR BEA MW LUR, HETFREREA TR
IAFEE N E L, BRI 45 T RE DK I v
LETFR IR 0 T2 B T2 HAER, M
F PR AL N B TOF*, BEFIE 1 KNS
HesirRe JIIELL, BlanfEmE @ : Cs>Rb>
K>Nal*l, ptabh, BS54 8 2 18] 1) o b
SRR e YE. IEE BT, BEEBRE
BN, AEATRIR T YE 2 20— RS T il
LS. WIEM B, T IEREAE o B i
s AR, MAEE KR, AR S K
FEMG . BT LALE AR 77 S B A7 A s ZE AR =y
Tl 23 A3 FE A R v P 2 TR] RSO BT 1401, Moggi
LU Rus(CO)p2 B RuCl 7B N ATIRMA 4 & KOH
HUERT y-ALOs, A R E R 7 # I T & e Ml
TP ABATIAA Rus(CO)ip BIFEAE ARG PE Ik
KM, ENMALEE RS E)E, feislis)s
SORL LU ) R 20 8 E BAR RS 1 R b, Tk
=B AR, X AT DU gk L AR a2k 771 ) <6
B DRSS T H T AR E AR A R
2% 5% 8%AH1 10%HI%]7 F1 30%[1 41 (UL KOH ()%
IO H AL RE . NRR R ZE B &
FHTE 623 K. 0.1 MPa T, M4THIUSINE N 8%.

SARIEE . TEAT BRI R, TRe B S K AN 30% 0 IR Z 0 7 2t iy o HARANR]
TR AW A FE TR A DL 5 i AR 1) Bl R (2 2 e AR PR 1 e e 6 LR 2.
R 2 BEHFMEIERR S S
Tab.2 Summary of catalytic performance of different accelerators
et Tl mmg CRER TR TORS i
Ba-Rul3.5/Mg-Al spinel 13.5 6.3 MPa/673 K 8.05 / 0.0204 [48]
Ba-Ru4.9/Mg0O-Al03 4.9 6.3 MPa/673 K 1.3 / 0.0027 [48]
Ba-Rul0/MgO 10.0 6.3 MPa/673 K 339 / 0.084 [48]
Ba-Ru9.1/C 9.1 9 MPa/673 K 345 / 0.14 [49]
Cs-Ru9.1/C 9.1 9 MPa/673 K 3.78 / 0.125 [49]
Ba-Cs-Ru9.1/C 9.1 9 MPa/673 K 6.85 / 0.24 [49]
Ba-Cs-Ru23.1/C 23.1 9 MPa/673 K 12.5 / 0.23 [49]
Ba-K/Ru-MC 2.30 10 MPa/673 K / 133 / [50]
Ba-Ru/YSZ 1.0 1 MPa/673 K / 1410 / [51]
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R R A¥ N Yo
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Fig.2 NO3RR reaction mechanism
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FEHG5E T 0T NOs 257 IR B AT [ B, 5 4 b g 1
R Eh FE IR & iz SR it 7 F . DFT Bgth E ik
ST Hy B4 E Ru&Cu/CunO FAEGAEY, TEE
Cu/Cu0 PR B, 1% 3R BN s A7) E H 1
A B2 B4
2.2.2 SRR R

A b SR FA T DA I AL A F 450, O fe
TR T P AR RE R 454 . Tao S5 O81R BILH
JEF- A FFE & B B R TR ARG, AT
T I A 5 B SRR BT O ISR R B AR 2
FUBR AR IR LI THE N ZrOs Wl S B9 47 28 R DA
KM% DFT HISTHHEFH AG (*H): Ru@Zr3»063
(-0.20 eV)~ Ru@NC3 (-0.42 V). Ru(0001) (-0.47 V),
AHER H Ru@ZrsnOes X5 H HIUR BP0 55 8 BH 32 5
M4 Asc (FHANa)= AG (*No)-AG (*H)iH 543 H
Ru@Zr»Os; (-0.40 eV). Ru@NC; (+0.32¢V). Ru
(0001) (+0.11 eV), HLEATTE H Ru@Zr32O63 XT N2 W
BRI PEASEE H /e (HAR ZrOa(ZrsOsa) Xt No MR I E
HAEN+0.21 eV, FFH Zr;n0ss B AGeps=1.61 eV,
XRRAFI . LA Tao ZIMNREEH O 4L
ZrO0e 5 Ru HLJFETHLE G0 A G R =1 NRR f#
g, HARSIFRARBEAER:
HER 1 240 E T Ru(0001)HT Ru@NCa %F Na P
H "R B RE FRIART /. NRR TR ZS A5 1. 76 0.21
V R NH; 77 %4 3.665 mgnn,-h! mggy!, 7ERLH
FRZE 0.17V BIZEAET, I ZrO, R34S =k 21%
(OPEREAE B &

2.2.3 Ga s BIE AL
W4 &G e ] S s eIt e v, oo
PR TR ) P - S A R SR T 5T, 33 T A 428 2 T e
/1%, B S REC LG & 450, 1T AR
SRR, DA REIRBL, A Rk
1% . Manjunatha 0L 1:1 ) JEFECEERF Ru A
Pt & &4k 30 B8 T Vulean XC-72 TRE 4K _E, 7E 0.123
V (vs RHE)HLE T, RABEZERN 5.1x10% gnn,s”
Lem?, VERLEERUR N 13.2% . LRMEFAFIAR 1L R0
L —f &R Er i RAEE, TR A8
LA I 2 ) Ak 2 AR B T EE o AT
I FAE 2 BT N IR R AE Ru (35 PR A3
T H W HAE PeaE AL b, BRSO R
6Pt + 6H,0 +6e— 6Pt-Hag + 60H- 4)
2Ru + Np—2RuN 5)
Rusur-NagtPtsur-3Hae—RUPHNH; (&L M) - (6)
FEREAT 1 AN RN FE DA F 35 1) 26 A DA 5 K
B, Pt bR E AL AU iR S A T AT ST AN a2
FA 38 S 80 T ar 28 A Bt A L35 AR 8 n i AR
XU NRR S MAEBRAI AT 5 3 S .
I, AERARAIREE LA AT, 4L RuPt (1)
P [FIE FH Re 8 A R3] HER Jf H A2 = NRR i1k
T X WO TR NRR EAGTE VR 4 )8
TEACTISE AL 1R A K
R ERHR T DA H, XTI EE O RAE
BB TS T SCRE R, B i N HoAth 4 R BB
BRI HER o 78 RS AT VR s — e Ab 7 )
UL, ARMEE I R B AE AN B 28 HA Y B i)
T T S S5 iR DASE I B bR . RIE, A
RFATRIABERKR, FFR AT J A AR R34
& B 2 4 J AR KA ) 1) s 87 I — A2 38 T (1)
PEATEYE N4 5 LRI TT ).

3 SiE

1) BT R A5 g HE AL A L g, Mk DAL
BN AT DA mE , WM RgRE . B
BT SRR NN Bl 9 A 5 5 R R s AT,
FEIB R 51 & A i KAL R R THIEAL PR RE -

2) XFETIEMET, il & TR IR A
s B SCHR FRIPR E T TR Bt AT R
IS, PLERCKBR BN Bs v PEAL i dl. 53—
PRI, R AR SRS R A R
B, EHETER DI ARE B HUAACT. HET, HAd
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BB AN EERBUYHIEET & a2 b
AT AUV (HER) e40828 HL 7 45 44 B R e 3 S v
RS R, ERASE. M UL S AT YRR B
VR A2 R 2 R VAR BT S AR A s U T W o
EZ7[ T

3) BB BOW T R S R AL S LB
A NLEN SR — SN R R, 3B 75 25t
Pl AN BB BRI AR S S B AR REAT SEER AN R
AR S A T EEAFKEM, W]
PO I AL LA A7 i 2 kS5 S R AR S
AN S RE AR M) BEAT IR R, IF 45 DFT Big
THE RUE JFUS ML (NRRWLEE S B A= BEAT IR 7E, LA
LIPSl Wi ECT NP
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