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Abstract

Ammonia is an excellent hydrogen storage carrier because of its unique characteristics, such as
high energy density, easy liquefaction, and relatively mature technologies of storage and transpor-
tation, which exhibits very broad industrial application prospects. At the same time, ammonia plays
an irreplaceable role in agricultural and industrial production as the basic raw material. However,
the Haber-Bosch process at high temperature and high pressure is still used for large-scale ammo-
nia synthesis at present, which accounts for about 1.4% of the global total energy consumption and
emits nearly 1% of the global total greenhouse gas emissions. Electrocatalytic nitrogen reduction
reaction has been regarded as the most potential strategy to replace the Haber-Bosch process due
to its green environmental protection, zero carbon emissions, and abundant raw materials. Never-
theless, the technologies of electrocatalytic nitrogen reduction reaction and direct ammonia fuel
cells face the key problems of low catalyst activity, slow kinetic rate, and poor Faradaic efficiency.
Therefore, it is imperative to explore new catalysts with high activity and selectivity for electroca-
talytic nitrogen reduction and direct ammonia fuel cells. Iron and nickel based materials have at-
tracted extensive interest as electrocatalysts due to their excellent intrinsic activities and unique
surface electronic structures. This paper focuses on the design, synthesis, and modification of
Fe-based and Ni-based electrocatalysts, and conducts a series of works in the fields of electrocata-
lytic nitrogen reduction and direct ammonia fuel cells. Density functional theory calculations are
utilized to reveal the electrocatalytic advantages brought by Fe-based and Ni-based catalysts.
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1. 51§

BEE AERN TR BIEC, (A BRI 5 R H 25300, A% Goh kel BRI A o DL R A BRIA 1 ) 8 114 0%
o, FALEY)FHEIFHRATIEIRN . AT F AR LR AN O REVE B AL, DA IR IRATTHI BEVE AR [1] [2] [3]-
VE NPT RFEEREIR R B Z L 7, A2 Re A e he B Re 0 Ntk B3 vk, ik, EAR
B AR A A A4 2= [4] [5] [6]. FEIXUERE AL B b, ML AN T s 1 1E
AR, ZAHA M STIRIE T E KR, S0k R & B (ORR) [7] [8]. MrEU= M(OER) [9] [10] [11] #T
AR N(HER) [12] [13] [14]40 — SR 7 3 (CO,RR) [15] [16] [17]55 35 HLAE AL S 2 i F A5 21 i
FRUE o SRINT, S MRATH IR R 2T IE R = [18] [19] [20]4545 5E NHs /E IR RLBEAT ELERZ MR F
H[21] [22] [23] 6 AL T2 R A3 20 78 55 B 9T

RN NIz, ARG TIER RO A 7= 48, [FI 8 A] AR vk th e U 1 Bk [24] [25] [26]. H
i, Z &ML Haber-Bosch TMkiE A+, (HABRBEIRALRIN 1%L b, (HERES A T 3 A0 AMR — 5
BRI = RN AR [27]. BRIk, JF R A7 717 iR Haber-Bosch T 25 SR 0 B T 2 /2 AR A L . 4R,
ANV 2 A ) o] S0 ' e A ] 20, 408 R 208 3 AR 7 23 L ARG R T o LA S o S o A58 FH 22 A A8 A 71 4 FL A
LR L2 6 TREAL T 45 (10 5B B0, A B S B A AR A 72 NH; [28] [29]. 54
Haber-Bosch T.Z MLk, MEAIZIE T A AL S8 R T A0 BRARAEIR BN « I/ B0 HEUR {1 B S 2% B 45

DOI: 10.12677/aac.2023.134053 501 oririb it e


https://doi.org/10.12677/aac.2023.134053
http://creativecommons.org/licenses/by/4.0/

W %

T EA AT SR, TESZBR A FH HR i = BT DAJR] I O I 2 007 SRR e i b 5 AR B AR [30] . o
R IR TEAKAELE RIS OL T, Z A EAGRIR AN N & NHy BA W&, 11 BXK S 75 A
AARWEAEEEE . RGP R T S AT SR N A R B R R N, FECT T E
MG R o B IXAPRAR, AT A AL SR SR N, i) NHy 2547 TR AW 5E H OIS 17— R EUR, H
FEFE e LR A M AR 56 2803 O AN AR AE BRI 32 2= [A][31] [32] [33].

B—J71H, B —FhAER LTS A A [34] [35] [36], F HEA KT F S A R i 5 i
(3000 W-h-kg ™). AMIHFMIZMELAXESEL. HTRMIETRRE N 132.4°C, EHIE NHERI K
RN RN T E 7~-8 N RAE. B, HERBASBNH — USSR, A8t 7217
Mizkn. SR, WWRIENEEE, FHAEE ROV ERREL, TEREE FRRTATH, (HA AR Gt 2 kA
REEMIR. MHILZ T, BEEAEHRAE R F it R BH AR R 2 B, AU AT LA 24 il S0 A 0 R 3
FE, T DU G — LE SR B ) R R b e R A S A 1 R B TR A R [37] [38] [39]. {HEH T30
FIEEWIBR S, EEA SN T BRI A H AT, I LTS MR F it Th R, SR IO R R A A
MIRBIRCRE I o PITF A—FhBRAN 1 2K EL R 0B FEt PR A 1) X T AR ) SRR EAY

2. BEAREREFIEE
2.1 BEXEERRMHE

T NRR T - P RS, R Z, HRNAHLEE AR 5848 BI[40]. W 1 Fr7s, NRR
(K1 S ML AT LGy A PR SEAY : h HLl A AL [41] . fESS AR, No 20 7 IRBHE AL 2R
pei ) | =W ) | BRI =5 1N R T LB CoP I o 'l - B o o FR ) AV ks A | ES WS Y Y-8
AL B AL T N E o 29850 NHe 22 TR ORI, 25 S EMEAL IR TN N 5146
INEIF A A NHg 7375 AL B A T, I R R AEPIAD N 71 2 (85 B 047 [28] . 25— NH;
TR, 58— NHy 70 T B PO B N+ Tl A #2 [42] . fEMRESHLE
N=N =i, SRJ5 NN AE AR TP N R TS 34T S R . AR IR, N DA 777
AR AE AR, PRV 7[R R P2 B, NS E e R AEAE BRI B R R T L, e
JE N-NEEWTZ, AMUBLE 207 NHs, PN BEF IR T, TR 701 NHg Ja AR I i [43]
PRI AR LE T A AL, G5 SHLEERERE AR, SRS AT MRS, S LU RN ZRAFAS I, RUE
JE & R PR I RS RE AR AR A, LR I 7 ZEE AT AR DL BAR 34T o

UbAh, i RAT S  ILE [ R ) UL R R ST [44], N AT3SR A>T IR B, (EAS N JELF-3%
AR, FFPIRERT, I e 5 28 B L LEEAR ) o

2.2. BENREFRENTINMRER

FEHELEIR AR R, AR AR RO A BB 7> 2 —, A TE PR R IR Bk R BRI S
RAPEREIIIE S BT M RSN ARARI R IR AR SR K S Mg 17 AR A ER,  FL AL I SRR 1Y
TAFRAZAR R, BTFURIT, ANERAE AR AL 5 RCR Bl 20 AL RUE TR IR JE o Xt T Al AL AU T
Kt WRABON T 3RAG—Am E - AR A FTHUN, m AL LR ARRCR S E L NRR 1R R I BER L
FMAR,  IXAER A T H A RO S A% 2R 0 20 ) B R 45 i AT e I R A Rr I o — R, T i
T P AR VR PR RS S A R PR OB B DR 3R, BROEVRIE K F IR AT e 3, BOTEIR MRS L Tkt Jse 73
2, ARETH 2 R AL RO SR 1) Tk A R FE 7R K

NfiE R IR A, KB TV ER, 5GBS S BT TGRS IR, o g 2 s RS E AL 77
JRAH e W FUE R A TIREAT 5 A U SR S M 4%, 13 S (R S s LR, AN ST 210 L RE S5 57k
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RACACHEA FNGERE, WOF A AL RIS . — R, W& BT L Gt AR, DAL
PRI P USRI AR B, R BRI AR PR 34 5 EAE AN R 6 Ji AR T b AR B RE IR SR TR I L 19 31 Fe
Al Mo RZIEUERIE RN &R 2 —[45]. BT idESREARRNRaERae ), AT ik R
H LA RS, DRI U 4 A R D22 T F B A 0 SR A3 . I A SRR TE (11 U 42 2 NRR
AT FEARE: (1) & EAE NRR #1077[46] [47] [48], (2) dESi4:J@2E NRR EALFI[49] [50] [51].
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Figure 1. Reaction mechanism of ammonia production by electrocatalytic nitrogen reduction [45]

1. BECRTERESRHR NALIE45]

(1) Pi4 )8 NRR #1L7]: @45 Pt. Pd. Au 5 Ru fE NSRSt & B HEALT], CEESRBEILER
R R R IR F AL TS 1 [52] [53] [54] [55]. TE Ok BRI H ML NRR EFIH, 524 @ LRI
HH A e R PR ARG PRI 45 52 000 . H & i 53 4 B A A7) E B G B R TP RE, AR T8 A gk
. Hd, RuliFEABGRIEEES]; AuGPKE &4 FE JE9 & Pd BAAEETIXT NRR fE10TE
PEGIR KSR i, H Pd ZEMEAL I AR MEREA AN B 70 )2 SEBR 2K . 5 Ru JEAEAGTIZREL, B Pt AL
LRI A= P NRR VERE, 1T LSRR — /MBI S0 . ST, M Z BTRIE B TAE T DS e, Tié
JE B IRAFAEVE 2 0l f, ™ FE RS2 L3 — Fh ot 42 Ja B AR AL ) mT DAIR] IR 58 31 s 20 22 A FE,

HE G RALE NEmED,

(2) dei 4B NRR AR Jilt, JEit&EItH 2 dES B EMR A HBAK. SEFE LK
AL B 55 T VR 42 1 o 9l A m AR A S S FE AR A RH56] [57] [58]. Joth ek RAfb, NI HA Rk %R
T 4504 DL RRE N RS BRI NH PR BROSE AR 25 1 B, A B RO AR S & R AR A A TIE 88 . AR T
EEBEAY, FUWEEEFHSEM. RN ERPEMANT HER, ZA7E NRR H HA AR
SRR 1 UE SR R T AR 12 & DL R R 2088 5 B — M 7 Bk B SRR L, i Rl
MEAED) . BHEA S FIi5E, &8 85 Ve N S 1 s OB AT AL SN ﬁ%%@%@% AAAE
PR, BASS R, FR RS ZAEEAINR S, SaRe a0 s, SEK
BABSRIHEAEH . BI5 2 HIBA R 258 € 4 8 5 7 AR B i 1 2R ﬁ/ﬁkaﬁ M-N-C 417}
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AMUER T HEm e ert, Rt i, Jiang 8 AT T —MAARAE Fe-N-C B 1 L 1]
PRASHIMEAL TR, AT AT e TR, AT ISR AR [56]. /£ 7T Fe-N-C (LR, T AR
HATEUR G S . AA 2 ITREC(Y) AR A 3R AE LR 1 Fe-N-C LI, ZAMEH 11
HIFRRERS 78 7 AR AL T, ORAEHE NRR FUZERE, JFAZI3ME] T HER SE4. [, 2 i 745fA A
TR, Oy AR, BRI RO 5 SRR B N, ITTERAS H t 2 =%
SRS B RVE R SR . BRI, SRR I U < R (Fe) AL 77 /2 4 i) HER ANE2E NRR H AT AT S0

2.3. BBENTERFTEIGRBEER S R R

A R R RUE I & R R AR S AR, (EAR THAAAERE — L5 5CHE A P 2R BEAS FEAE AL NRR i) Talk
Wk . Hor, A E R N R AR R S MR A2 TR LA NRR AR R I BB R U
TR BT R A AR EUR /N A B RO SR RN AR I, A9 S84 N HER +7p 7P L
AR, BRI AR LR, N=N IR I8 B 22 0 e A0V 22 1O L7 21 A ) S R A TR 3R
13 NRR 2 355 R0R S g™ FOm I B AN E) TS ER . BRIk, B8 Sy 8O TIT R ik $EVE A =
TR R HEAL T o

N T IR AR ROR S BN R TP R AR, & BT A 26 v R AL T A A RO B, WT R
MR FIIZEL R G R RIASAE S P55 77 T F A AT, 3 SR N B ARG 22 IR B N Tl HY, 2
PR DR IR AN FLRE L S5 G5 M RSB PR L s 0 e 2 i, USRI A AN 3 LR LU T AT e AR RE .
2 7 R A RS AL R HEA AL R A PR A A T2 R NRR B AR AT
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Figure 2. A schematic of various catalyst development strategies aimed at increasing the number of active sites and/or in-
creasing the intrinsic activity of each active site [1]
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3. ERERARE

AT RETE AR HEAE 4 R R T BRSOk, (HREI AR T E A TS e, R R R R
WERMR, ST B, WA, BT AR R, BELAE 0.4%0 E AR RIER
SH[59]. R, AATREIE AT B B SCHE T AR LT R R, (HIEAEIZRHRL 0 . BEAR X e
W, T SRIGE . ok PTRFEERIRRIR . EAE N — PR A A i 5 1 me YR AN S B AR R RL,  El
THIRIR =2 7K, A it A BTG 3%, 1 B HT R YR AU I AL # R [60]. H HT R H )2 AR
KU VR AR R R e, (R ARG . RRRERIIE A, 594, RIS ARIRIE 2 AT
s VTR B AT A iR 122 4 RAUIRE W . Rk, 78 2 m] AR A7 B 2 B AR A RE M AL
, BICARHI[61].

T — PR A B, LR I K T S LA R BB R (3000 WHh-kg ™). I HLZHY
M ELLEARSHL. HTEWIERE N 132.4C, ERTZEENESLENT, Kt bl
AT DL, R TE R N K IR A TR B R AT 7-8 N RA . Bk, & AT DUE A —Fiik R
FIfg S RE, T LA RO s A 8, PR A [35]. A ER A, B85, M ERE L T e B
ToAE R, HABA. ZERERER. RSB N, BT U NE R
RS

ik DAFCs, ¥ NH; EEAENBANRBIAAEL, B SR A TRk FfrBt. DAFCs
() BE AR/ B B A 4 T [62] -

| »

FH#%: 2NH,+60H™ — N, +6H,0+6e” 1)
FAtK: O, +2H,0+4e” — 40H" )

MTI—MIER, 7T LUK R O RS QROK, FEBOK AR B R th AR 2 0 TE v I &R, T LA
PSRRI Y [63] . KRN RS, R I O AR, R ER AT,
(HANA G et o R AR RE AR G . ML TR, B E A R it B R & s v, AT AT 4
ML AR T R RERTHAE, 87T DL G — LE AR B WRE[64] . TEIR AT, S ALHEIL AOR N T- ELAEZUR
ek Rt 10 5 e LA RIS R R

3.1. PERESILNE

T sl 12 IR, Z AR N 7R BRI A, SRR A A KRB . N T X
Seal i, BLEEFAEMAFISO B TIRKMSS ), BB T S SEIR RS Aok S AOR IR .
Hh o T PR B ) S AR R B R I PR B A BN AR . anlE] 3 BR, N T AR TR B R AL AL,
BATLABIRN T ## AOR HINFE S RHLER . AOR S 87 K EREAIE W A A W SR 4%«

(1) FUESEMAEA R N, F1N-N 4554 5 Nys

(2) EE AR A A NH, (x = 1, 2), BEJE AR NH, (x =2, 3, 4), REHhiEd
A -

VP2 T BRI AT T T 3R G-M L, AR IR AT UK. Re5l /& Gootzen S57E 1998
SERIREFCH, R 2R AL B SR B AW UEE, R B P AR R T e N, RN 2Ll A PR B 7 e 7
[66]. X —RIEUAESE T G-M ML, "NH, &R AP EA, i N 24675 Vooys 2% 5% 4@ 4N
BRI B SR AR Ak #494 : Ru> Rh > Pd > Ir > Pt > Au, Ag, Cu [67]. Jr4H 3% S 8 i AR AL 77 . S8R
HUAAEL, PtERIHMNH Z2ASEEER . 54, R, Pt R 58 NHag 38 Nagso

DOI: 10.12677/aac.2023.134053 505 oririb it e


https://doi.org/10.12677/aac.2023.134053

W %

poisoning

+0OH |
*NH3 —
-(H0 +e) -

+50H"

+60H" +40H"

+70H
~(7H,0 + 6¢) ~(6H,0 + 5¢) ~(5H,0 + 4¢) {4H,0 + 3¢)

. The pathways has not been identified
G-M mechanism =22

poisoning

Figure 3. New AOR reaction mechanism diagram summarized from existing studies [65]
E 3. MBEMRELERFT AOR K KM FEE[65]

32. REREWTIMRHR

WEFURIL, EEAF LR R R P22 — N 25 2 VR R A G A 8 T A R FE VR T, o 40 A 0 I B
Mg B, MMBHIEEHE— DAL, BURA AR . SR — N E RN RE, BT
FAAEAG 20 B B PR T AR AN S S =4, PR A rpL A R B . DRI, SEAF M 1 RS AE R — WAl B
AAHLEE, DR (RS R A A i E T . S R s R R TR R . 4 R, B AT mEE
Pt Al Pt ZEAEAL OB AN A2 AOR HIA RBARAMEALFI[68], £ ANBF L/ NARAk KK 1 LAEA IR B
IR L ) T R R [69] [70] [71].
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Figure 4. Rate constant of ammonia decomposition on metals as a function of AH [72]
4 SEERENBHERERS AH HIRH[72]
HIESMAN: 125 A1k, BI(PY)E)E 2 B AOR HA BUMHER, AR T & Fh kg ki
AL AR RE, EUYE Pt AR EVEZ SO i [73]. — 710, IR A IA
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i, ) PtEEGORIR 45K, IR Pt & SEm R IERER B . 59— 5T, i e Ak g 3
P, T DUA st P (AT 1A 25 e mio B 29 1 R, AT 1) 3k ) S S A A TR i TR B AN R e MR
1h[74]. BRT, JUFERIAE AL BN RESSL Pt (100)1Hi, X S2i24 ik AOR ik BRIM SN T o 3o & i
Pt (100) & [f 5 B0™ = (1 th 8 AUREEE AR E M, BRAI T AOR =kt #ATH, (@S 340 Pt (100) & Hi b
ISRAE R Pt (A7) %) B R A P BRIz e AN R A2 L 75 3R 5 HEAE AOR J B H SIS HiAth o T SR AR
Pt (100) 2 A&, BAEAIAS S 80T B .

PSRBT S SN BRE A ST AOR fEILIERE KFa e — it
Tt ARSI T on A ST R S R LN 2 A — B . AR, R IO E S
A S A E R E SR e R Ni)ESREIEE =0 A ST, AMRERRRE gk i PR LRI Rk
A, RRIR ST AOR JRETEMEMFRE M. H HBEE SRET, EIK™H, Pt EEE&EIN
B FERARDRE, HRFEFR, o FEEBEERR AT AT & Bk, MRS R E T
IS EIcE, FTLCE R RRE Pt & &, FRIRRUAS, BB f it nT kRS R R R B R 1

4. BEXRRERLRAIIR

WAESR, X DAPRSE RS A7 AE A 0N SO FELAN 5 SV T 2 T R T EL A o B B 22 P 2L e
B R, Pl NRESFEBAR T H-B IEM B IR A Z — o TR R A% ZR, A TAERREE (i
WIR)MSEEIMRE) T 2064, WAL R BRSNS MAET . KRBHEAELE, 2 MK
L R REFE i A M A A B I A 2 T2, B E NF=R M T T2, & A THaelifea, #A
Bo T RE R R

W 5 fs, AR HEL AOR BRIFE /TR, AKKETE L. AOR MO B TCHR ] FF 2L RE IR M 45 ,
SR I S A R SR S B4 B BRI AT RO, B AR AR N T EE 2, Tk, TolkEE; B
W BEF= AR Hp BT T2 1) 2% 505 UR S5 R S S A T BRERRL Ft, R 0] fig A7 AN RS B 0M A &, amiR
B, fEEEEE, @it AOR 5 ORR #8478 DAFCs 1] B3N T &M 11347 . A4 N, 7] B4
Y, B REHEETR, KA
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Figure 5. Diverse sources and applications of green ammonia [75]
B 5. RS MR R ER[75]
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7 —ERIHERE, E H T AR AR AR 0 I e AT R A eI A2 T R A EESR o AR AL
READURA T oo R AL R, S BRSO . EFE, MRS R TR
THRAZH d OB RIS AR TR0 . AUREHIEALTR BA i e R AR S & e/ 1%
(v e, A7 T H AR AT AR T A e A AT (et AL A . 55— T, IR AR PtM (AL
FUABERAG T SEVEERI Pt I, I FEeRE, AR T OH WL, mEAL T Ptd Al bty F5E T
PRERVRCRR, RORFRAR 1S M 22, I FLAEHE i BUAS TR 1 B A RCERF ARGV o b (R A 75 £ S 3 A
AL BN BUNOL 2153 (¥ Hh 2 11T AR P AL 5 11025 B2, HES MR DAFCs BOAR N TS bR 1t A7 AL B A -

5. BESRE

ARLER DL B IR N TS 5L, IRAIETE T Feo Ni JEH A0 7RI Fi AR A 500 S M e A0 B B VR kL vl
MR . BEAR AL AR N B R RO TT IR 1 . S0 1 B L e MU 18] P W ) SR R R o B
SR Feo Ni FRAEACTIFE U AEAL 2L AN ELIR OB BB 78 L HRAS 1 — e AL, (EURIE 78 BRR P JR I 4 )
PEREAS S5 H AT S2BR TV e 7 SRAHEEAR R, BRIk, Sl AR s A BB K IR G I . AR Y
WRICTAEFT AN T 2N A R BoRRE AL AL A (44 R

(1) #BE—DiE Fes Ni JEMEALGR T LEG], SO e SRIEALTRIRITE I, B KR B e A = AL
WEE, FFERTERT SN KW RE AR = B B B 6 77, T M A TR R 8 H

(2) MR ZFP ) RALRAEEOR, VERMAARRE S NATLER , SR S 0 (A7) 5 4 388 A2 DA S B 73T AE
i P Jo 2R T B 5 A s T A ) rR B, 3t — D AR AR R 1 O 5 PR AN TR 2R,
ARRAEE X RE 18] R AU AL 7R W 25

(3) RGN MBEARWEFT 795, 8 H SR A0 5 A RO A0 P (A R0IE JUM B 2 R e b PO AL
B, PR ANLER 2 ST R AR T %, (R B R T ORI T R RO DU N, DR AR R 1% S
SR BOTHR O E B4R SR

(4) AR, K A AR 78 e oA b o AR LE FE P RIRS E 1k 1 5 MR A7) A e SR
ANTEORLE], SIS AL TR FL AR AL U SR AT B ) R Tt AR P 2 1
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