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Recent Progress on Electrocatalytic Synthesis of Ammonia
Under Amibent Conditions
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Abstract Ammonia is not only an important chemical for fertilizer and industrial chemical, but also an ideal carrier of clean
energy. Current ammonia synthesis is mainly based on Haber-Bosch process that suffers from some problems such as high
energy consumption, low conversion and large amount of greenhouse gas emission, so the solar ammonia synthesis from N,
and H,O has recently attracted extensive attention. However, both conversion and Faradaic efficiency via the solar-based
catalysis have been still retarded by poor surface catalysis process. Accordingly, development of efficient electrocatalysts for
N, reduciton reaction (NRR) as well as their coupling with photoadsorbers is highly desirable. The recent research progress in
the following areas is summarized in this review: i) main electrocatalysts for NRR, including thermal catalyst, transition met-
al catalyst, noble metal catalyst and non-noble metal catalyst, ii) typical strategies to improve the NRR performance and iii)
other routes using different nitrogen sources such as NO; and NO. Finally, the remaining challenges and perspectives will

be outlined.

Keywords ammonia synthesis; electrocatalysis; reduction of nitrogen; solar energy conversion; NO; reduction; NO re-

duction

1 5|8

B RES NF o kA B AU
B IR AL TR R, i 2 T T AR IR (B 3
AR FEE R BN 17.6%(R &%), feR%s ik
3000 Whikg, ZERARMIMEEAMEL AL, NH;E N Re U2
iR B A LU LH: 15k, NH, 5 TisftgfE, &M
THANEANE, /=R FEJI280.8 MPa /i 451}, NH; A PA
WA GEE; IR, NH; 208 =9008 Hy 5 Ny, At
WEiE I e s el Bn, NHy MIxE 24, IS5 0E.
HHb, tHAEERA AR EREE 2 20, BEE AT
IREEFIREE )8 AR, SRR R RIS IR BT

* E-mail: fxzhang@dicp.ac.cn
Received September 7, 2020; published November 30, 2020.

ANTRA M EEJ 302 Haber-Bosch %Y, 77
TE(650~750 K)AIE 5 (10 MPa)¥RiE e, # N, 5 H, 7E 4
WHIRM LN NH;., 1% VAERER . SN2k 157 %1,
R R N 15%K 4, Pageitth SRR FE 2%11)
REE AT DAL & A, 7742 4 f2mlif col. BiEfRE
VRIS ) H 5 208, FFARHT G RE AR, BFER
NSEAFRRERE, ONA AT R R A, A4
SRS R A E B,

NT BRAR A R e B RE, BT AT I R
NRR HHT T KEHRRIE 7RO, KBH A Bk i 3 E
RERORIE, nI R & M EER TR, FIF KGR N,
A H,0 LA NH; #0002 — R & U R 28,

Project supported by the National Natural Science Foundation of China (Nos. 21633009, 21925206, 21902159).

T H 32 [ 5% 3 SR B3 42 (Nos. 21633009, 21925206, 21902159) %% Bl

146  http://sioc-journal.cn

© 2021 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

Acta Chim. Sinica 2021, 79, 146—157



1 F F ®R

BAEWRMIFRES. FIFHRKHBEMEAS R EES =
SEARBLZ: BrAeb . JeHE. e Rk S
WAL, HANAT SR PH g 210 2 RE A0 i A7,
ARG CO, HERL LGRS, FORBHAEH: fk
AL RE R B A 2N

n=(AG’ X R)/(Pyn X ) )]

N,+3H,0=2NH;+3/20, AG’=678.8 kl/mol (2)
o, n NKFHEE B AL R, AGY N AT A
REARAL; R NEEAAALSE P2 DI A P2 TR Py AN PHOGAR
BEBRIE; S N IRIRIAL. A2 AG I KT 0 (B A B
SEHLK FH At B0 RE R BT, LUK R TR &
B B (30 2)TE bR fE A AF T I35 A6 B 3 B BE AR Ak
678.87 kJ/mol'™, T4 %52 B BH it 25 1h 22 BE i B4 1k
1 R A R R E R, 5K kA
FAAL, SefAb & R E AT FE 4 Nl e T2 B A
RIHMEA. SCRERALSCR AR Y ROR . B 5
SR AN R T B BCR AL [F] e

vAg
<.>
>y

(1)

FEATIFE:
O Hids
(2) HBEHE

H;0 (3) Kk

B R RA R

Figure 1 Schematic diagram of photocatalytic ammonia synthesis
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Figure 2 Reaction and mechanisms pathways proposed for NRR: (A)
Dissociative pathway; (B) associative pathway
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Table 1 Hydrogenation reaction for NRR with the corresponding reduc-
tion potentials

J B HL37/V (vs. NHE), pH=0
N2+Ci—>N27 —4.16
N,+H +e -N,H —3.20
N,+2H"+2e —N,H, —1.10
N,+4H" +4e —N,H, —0.36
N,+5H"+5¢ —N,H; " —0.23
N,+8H +6e —2NH, " 0.27
N,+6H " +6e —NH; 0.55

© 2021 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

http://sioc-journal.cn 147



¥ F R

NH; £ FE 6 e M6 NMH 5N, 1 H &R
WM IS 2B S22 L N, iR R 5, itk HER 5
NRR A3E4 B, {EX—dfEH N, B9 J =)
I 235 0] BEFSCA S B HRIE G . A L) A 47 ]
R A R 3 T

2.2 NRR =450

NRR =460 FH R4 R (B HE N IR
R R - R BR o e e VRN, B P
W7 BN AL R AR DR IR NMR &, %2 g T
B LR NRR =408 00 75325 R 4 b 5 v i S

gy EAR R 23 6 e B V22 R L 5 7 R B 7 7R 5
WPESAE RS NH, R AR B, HAn MR 3) AT,
BCAPITE 420 nm Ab HLATRFAEIRUSCUG, it bE i A
o P ] T 5 NH, 9, NH, R Ve o 0.025~5.0
mg/L!".

2K,Hgl,+NH;+3KOH—Hg,NH,I+7KI+2H,0  (3)

IK MR -V 53 e B VR R AR A T, NH,"
WK E KR ER, RGEBRAR B 7 I A 2k Ak 4 (e
Mgy e A N AE R A A, SRR ETRORIETE 664
nm &b, %7776 NH, S Y 0.01~1.0 mg/L!™.

B I N A T NH, R, AR
N 0.02~40 mg/L, MWI7ERABEDMEL . REES. K&
I R A A, AR B T S I E NH, T =
FHEVER NH,' 5 Na' B HgEA B, SR 8EE
i, MR Na' &7 &2 m, ke e
NH, "k P,

R EIAEXT AT FEMI A R, bR B AR kA,
BT EAF N AL R -3 EHR NMR X SE56 45 Fdk 47
BGAE. E AL [ AL R bR E AT EL R AR R R YR HEAT IR
B, DA AL T, SRR ISE RN 5~10 pmol/LP',
BN A R - IR NMR U 5E 45 0 5 (3l 2
TR AE IRl T8I 2 R I 45 A HLAGAIE, B e
AT = .

T 7E R R A5 N A RS R, AR
HEAL TR B 44 B TR S S it &5 SR = A S B T, IR i
OREL AT AT R P AT A MR, TR
W, EATIRESL G R AR >S5 h, HAAEEO b
HAL T RN 5 TH(TON) R KT 1, FEEDEHE 3
PR AN T AE S AR rhoin DAY R A 44 PR R A

R 2 NRR AN IET
Table 2 A comparison of NRR product determination methods
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Figure 3 Suggested protocol for the benchmarking of electrochemical nitrogen reduction
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Figure 4 Shematic view of the electrocatalytic flow reactor for ammo-
nia synthesis, with the cathode cell operating under electrolyte-less condi-
tions (gas phase). PEM indicates proton exchange membrane
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R, GREE N 445 pgeh 'omg,, ' IRTFE 2131
ngeh 'emge !, VERIF R 2.96%IETH A 21.99%. &
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Figure 8 Free energy profile of NRR process on (a) Bi (012), (b) Bi(104) and (c) Bi(110)

K3 BTG
Table 3 Summary of NRR electrocatalysts
HEAFH AR NH; F= % R AR % SR
R | Fe,03/CNT KHCO; 2.18X107° gyzem 2eh™' (—2.0 V vs. Ag/AgCl) 0.025 [31]
Fe-(O-C 0.1 mol/L KOH 32.1 pgeh 'emg,. ' (—0.1 V vs. RHE 29.3 33
Fe-g\u-CZ)A 0.1 mol/L KOH 7.48 ﬁi-h*‘-mg*; (0.(0 V vs. RHE) ) 56.55 {34}
Fe-W 5040 0.25 mol/L LiClO, 24.7 pgeh'emge, ' (—0.15 V vs. RHE) 20.0 [65]
Ru-Mo,CT, 0.5 mol/L K,SO, 40.57 pgeh 'smg ' (—0.3 V vs. RHE) 25.77 [38]
RuSAs/N-C 0.05 mol/L H,S0, 120.9 pgnpsemge,, '+h ' (—0.3 V vs. RHE) 29.6 [39]
AP 1] T MoS, 0.1 mol/L Na,SO4 8.08X 10 " moles 'ecm 2 (—0.3 V vs. RHE) 1.17 [59]
oA Mo,N 0.1 mol/L HCI 78.4 pgeh 'emg., ' (—0.3 V vs. RHE) 45 [60]
(Mo. V) SA-Mo/NPC 0.1 mol/L KOH 34.0 pgeh 'eg, ' (—0.3 V vs. RHE) 14.6 [43]
MosFe;C 0.1 mol/L Li,SO4 72.5 pgeh~'scm™ (—0.05 V vs. RHE) 43.6 [69]
VsCy 0.1 mol/L HCI 34.62 pgeh 'ecm 2 (—0.4 V vs. RHE) 12.20 [45]
VN 0.1 mol/L HCI 2.48%10"" mol 'es 'ecm 2 (—0.3 V vs. RHE) 3.58 [46]
VO, 0.1 mol/L Na,SO, 14.85 pugeh 'ege ' (—0.7 V vs. RHE) 3.97 [61]
P-V,0,/C 0.1 mol/L Na,SO, 22.4 pgeh 'emg, ' (—0.35 V vs. RHE) 13.78 [62]
T R AL Au Gk 0.1 mol/L KOH 1.648 pgeh 'scm 2 (—0.2 V vs. RHE) 4.02 [50]
Au 0.1 mol/L HCI 21.4 pgh 'emg, ' (—0.2 V vs. RHE) 8.11 [23]
HJRF Au 5 mmol/L H,SO, 1305 pgeh 'emg,, ' (—0.1 V vs. RHE) 11.1 [51]
HJE T Pt 0.1 mol/L K,SO, 342.4 pgeh 'emgp, ' (—0.2 V vs. RHE) 31.3 [53]
PdCu 0.1 mol/L KOH 2.8 pugeh 'emg., ' (—0.2 V vs. RHE) 0.6 [48]
et m L Cu-TiO, 0.5 mol/L LiClO, 21.31 pgeh 'emg., ' (—0.55 V vs. RHE) 21.99 [54a]
il Sn % i 0.1 mol/L PBS 5.66X 10*‘11 morl-ls*‘-cm*2 (—0.6 V vs. RHE) 3.67 [54b]
Cr,051GO 0.1 mol/L HCI 33.3 ugeh 'emge ' (—0.7 V vs. RHE) 7.33 [54¢]
LiMn,0, 0.1 mol/L HCI 15.83 pugeh 'emg, ' (—0.5 V vs. RHE) 7.44 [54d]
LaFeO; 0.1 mol/L HCI 18.59 ugeh 'emg.,. ' (—0.55 V vs. RHE) 8.77 [54¢]
Bi 99K 0.1 mol/L HCI 6.89X10 " mol 'es 'ecm % (—0.5 V vs. RHE) 10.26 [56]

Eb N, i J5 B 28 5, HER 5 NRR [8] {155 4+ FRAK 1 HEAL T
NRR WEPEEME, BT T HER #4228 . 4% HER 3 /)

FE AR A AR P ) 1] O, Lee 2543 HIZE N, iE AL D%
ﬁ@% Bk 2 RN, Wi Ag-Au RIEB MG KK
ZIF M EHAg-Au@ZIF) RNl H 7R ALTIR R A, FL

A s B AT BB (SEM) W 9(a), 9(b) AT
7~ B9 T Ag-Au@ZIF Al Ag-Au AL FE & K
ERE SRR, Ag-Au [N 8%, 1M Ag-Au@ZIF #F+5E
18%, % TAERWITE Ny 340 M 552 T A 78 B /K 2 ]
AN HER, et =g Bt

{5 FHIE HER B PE AT RME S NRR i 1077 2 i o2&
AR AT RN HER (5505, Tong 25)% Ff] HER &%
PERRARIET W ig0u0 1EBAA, FIEE Fe-W 5040 AT FIH
Wis04 A HAKH H &55 88, $f] HER /£ Fe-W 304 %

26 = He,

T HEAT B[R I 4 T 7 AR Ny A9 R B3 A e
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Fe-W 13040 flE L Uf 0. 15 V vs. RHE B4 & RE ™
HAIA 24.7 pgeh 'emge, !, VERLE RN 20.0%. IEA,
ZrO, YAIE St v A7 23| HERIY, $27F NRR kit
Wi ] Ru ZEEAFITRIN ZrO,, FEAL & s 55 4L
HATH 9% THE 21%.

BRI Ny T 7 SR EUE B R &
SEPRTHLMEAL NRR SR 1A RGRIS, %77 7t 5t ie
W TP B AR A 3R, MR RER
AT SRR, FNZAEA RIFM B4 SR, LA
PRUE AL R RLEAT . AN 5 Bvh-A BRI A 77 2 4y
EER, ff N, WO 5% HER BV HA S 80l &
1 R T AL NRR P45 6 E.
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Figure 10 (a) Calculated transition state energies for N, dissociation as
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energy scaling relations for NH and NH; adsorbed intermediates
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A5 N, Hot MosFesC(111)% N, Ak fE J1 g,
K 11(a) ~ 1) it & T N, 4 3l 7 Mo,C(121),
Mo;Fe;C(111), Fe;C(111) [l i 44 in & ik #2 = AH X %5 e
(AE)Z AL, &5 R IR*N, 7£ MosFe;C(111) [ In & A= A%
*N,H JT 5 #4322 W KT Mo,C(121), Fe;C(111)TH. NRR
TEPEMNRIGAE 73X —45 8, MosFeyC AL & B 3 %
N 72.5 pgehleem 2 AR R FIA 43.6%. 1 Mo,C
AL A B EZE N 50.1 pgeh 'eem 2 VERLEREAN
7 3.9%(E 11(d), 11(e)). M O EAFZIRTHE IR
& NRR PEREMIE SORNS, PR E M A I0R s E
RO A, IS LAE NRR S AR R I MR AR 35, H
TGI8 A BE AL AL 43« A v A A A 7] 485 7 TR
T KR WS TAE.

1

(a) *NH ~% MoC
= M xl i MoC @ o MoFec
of —-X 12 ANHNH r
04356V . o i 40 & MoFeC-1inAr
PDS) ANNH, e z & MoFeC-2
2 30 > Mo
]
H L 4
L 20 i
'NH. K] & -4
— |3 l— Lo sy
Frof | g
°
Mo,Fe,C = e e el .
= TS -G
E 0.
tential | V

n]© L --%
-
el I I P S
3 50 r s \
Fae o l\_r R
Iuf v A, w
s . '
£ i
3 10. _ 5.
LN, s L WY
1

035 025 015 -005 005
Potential |V vs. RHE

B 11 45l4E(@) Mo,C(121), (b) MosFe;C(111), (c) FesC(111)[, NRR
AR ehRT AE R R PR AR R BB (AE)Z AL ()AL A REERL
BRI (o) H ]

Figure 11 DFT calculation results of relative potential energies (AE) for
possible intermediates during NRR on (a) Mo,C, (b) MosFe;C, (c) Fe;C;
(d) FEs and (e) NH; yield of NRR on different samples under different
potential
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1E T & RREE R F, AT RS, fax i,
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FCan K A1 Cs) AT sema b f i85 68 g, $eTHia vk
CMEALTEPE AR, X TR IR A NRR AL,
TR0 L T B H R T R 25 32T NRR EHE. Hao %517
T T KA B & RSP P et
mosgm. wmE 12 FoR, SEAERE KTETIREM 0.2
FETHE] 1.0 mol/L, Bi ZEM# 1L 7 NRR HLLZFEM 0.14 1
KF0.50 mAcm 2, VEF SRR 9.8%H K B 66%, &
FUE 7 2 ]IA 200 mmolsg 'sh ! DFT 445 B @ ox K
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Figure 12 Promotion of ENRR on BiNCs by potassium cations. (a)
NRR current density (fx), HER current density (ji;) and total current den-
sity (i1); (b) ENRR Faradaic efficiency versus ¢ (K'); (c)~(e) Gibbs
free-energy diagrams of the electrochemical reduction of N, to NH; on
Bi(012), (110) and (104) facets in the presence or absence of K"
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Figure 13 (a) The reaction energies of H, formation over Cu/Cu,O
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RCR FIRE R VB el NRR ACRIEZR. BARGMHEL
B R MEATITER YA RIS AT 20 28 SRS A5 7 T ]
PUE B2 MO A K o A5 B A %00 B i i A
R AT AR S I S AT B B, s A R
FRSE I R 5 B A AR T RO R, T S
PR ROEHEAL NRR. (4) AR IR L NRR. T2
I, NO; . NO JEH N, IBJE A REE RS, KA
FINO; 5 KRS H I NOIEJE % NH, JCIRTEI 77 ik
FEREIR T AL LA EEZE L. H2 NO; « NO %
N, I NH; AFe 4 N, R T Bt Bk, se
I NH; S 1% 4 il

EE RN

B, 2017 FFREBFREFHEL LB TS LK
BIFH LS5, 2018 Fhad BAFRE KELFE NIRRT
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Catal., Joule, J. Am. Chem. Soc., Angew. Chem. Int. Ed., Adv.
Mater., Adv. Energy Mater. 5|4 L &k F K& LB K.
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