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Abstract

As a carbon free green fuel and an important industrial and agricultural raw material, ammonia
plays a huge role in daily life. At present, the industrial production of ammonia is mainly carried
out through the Haber Bosch process, which requires harsh reaction conditions of high temperature
and high pressure. Thus, this process consumes a large amount of fossil fuels, and also brings great
burden to the environment. The method of electrocatalytic nitrogen reduction (NRR) to synthesize
ammonia has temporarily emerged. It synthesizes ammonia using nitrogen and water as raw mate-
rials under mild conditions of normal temperature and pressure, driven by sustainable energy
sources such as solar and wind power, and can achieve the expected effects of green and zero emis-
sions. However, it is found that the following three problems always exist in this process. First, the
chemical property of nitrogen is stable, N=N fracture requires a large energy. Second, in commonly
used aqueous electrolytes, strong hydrogen evolution reaction (HER) tends to occur, resulting in
lower selectivity for NRR. Third, due to the low solubility and slow diffusion of nitrogen in water,
nitrogen supply at the reaction interface is always insufficient. Therefore, exploring and designing
effective optimization schemes from the perspectives of electrocatalysts, electrolytes, and working
electrodes for these three scientific issues is of great significance for further promoting the practical
application of electrocatalytic nitrogen reduction reactions.
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1. 53|

TALEHAREIR, AR N A 2 D R R BEE T 2A . SR, BB R B K & 4
B E 7 H 3R RS AR, 51 T AT R AR Z BB [1]-[4]. E R AT TAE SR 2
P “BORUE” “BRPR” MINES, BRIRAEGE S A SC P IR FE AR A O X T BTGB [S] [6]. K FE
o RE R P A B R A AN AT P AR BRVR B R AR SLBL “Biok g ” “RrPA” HERMEZESRE., A5 ES
ik 17.6%ME UL AR 7 N T B . AR RREE. mVE. [R5%. Silitie
LA A R — P R AT IR SR, B T — AR REIR Bk, i Aok HAT 5 R TN B M #h i 2 —[7]-[10]
KUK, FAEN—FEER AR, AHES SR S A Tl R BB T oK TTHk. Bk
WA FEA Sy, B S E T ACIERI s, St RS KN DR A 7 IR S AR & B Al 1] 7
RZ TSR, WA T EXRER, GiENHT 24, R, ik AL IRETE 2T,
I, A RE TR B TAE &5 A0 B SR [12]-[14]

Hl, Haber-Bosch T2 & Tl & AR EEFB. 1909 4, 3K « W51f(Fritz Haber) 1 5 & P
IR MR REIE DT, RERRARE S R TR iR B, I AAEIEW SR I, ROSAAR Z AT DA% H o] A
e 1 H, @i 5 NGIERMER, v RLE—Pim g, BB T 8RR R, kit
il HE LR R . Bi)E, 1REF R TR RIR - it (Carl Bosch)# /) T 56 Hix Fpa & i T
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FER, XEE

2 (2 Be g AE A SRV R N A FH [15]-[17] 0 B4, ik SR FH Bk B A 711, 6 e i e JR 1R 2% 48 (300°C~500°C,
20~30 MPa) LA S AR S N RN FR & R . L 2EA MRS, SRR 97%, & & RE Ak
FWAESTE, 4k 00%LL ERIE R k=4 #[18]-[20]. {H&, Haber-Bosch 1. 2546 % i lifi /™ U4 F)
FNEREE ). 7 I SN S5 A T B AR R E A AR R R B, OB RERM AR — Ok B R IR E
B, WA FERE NI IREL. #5451, Haber-Bosch T 25 (1 BERE ik 4 BRAE IR MO AE 1) 1%~2% [21]-
[23]. [ERF, A kb B2 b HEs RS R = A, N AR ) B [15] [24] [25]. AUk, $RER %R
AT G R T 24, T2k Haber-Bosch i & AEFE . mivs JL iR 2 2 55 H 52[26]-[28] .

HLAE AL ZUE )5 & U (NRR) 2 LA RT FEAE FLRE 9 IKEN 77, DLAKRIZ SO R, 23 IR R IR A& R
KHVR GO A R T 2[7] [29]-[31]. 5144 Haber-Bosch T ZAHEL, EANSAE R B LML B L R
TIEAE FRARREIR T FE, D3 BOCHEOR 8T 4 s B2 B T4 7 TR rTAT P, 2 H A Z0E iR A B ek i) =
ST T 2 —[32]-[34]. $R1fT, TESRPREFFCIEFEH, AATHARIL T —Leff F 0. 5% N=N =55
EVER R, AN N il #3 NHs (13 72 22 50 IRt =1 R B B RE 22[35]-[37]; LIk, WRH R N &SRR IE R
FERAR, WAL B RE IR, NS A L[38]-[40]; RN, Fh b0 i A U S i v Ay R 2
VKR P AFE R E R T, HTEUR S (HER)IE A B 584+ SRS, SO R AR A 2600 S5 5 FRD U 3 1 2
PR KK PEAK[41]-[43] o BFXFIX L ) @, AATIM 2 5 TH 6 B AL BUR SR AT T IR S E IS 7 — 2 1
B, ARTER i B R A 75 PR AR 5 R 7 T T A7 AE BRI % (R [44]-[47]

2. BEATIERED
2.1 BECREERNSHE
HA A R i DK RSO R, IROBE R R R R (1) s :
,‘é‘}i@: N> + 3H,0 — 3/20, + 2NH3 (1)

KA ZR T, NRR SFREEE O 5 NP 1) N I T HEROF BRI, 1) #EALRE
PEERAL SRR s TO0) AT HAL S A BREUR B TV) PRI V) EMHEALGR R S B R AR [2] [12]
[48] [49]. = FLMEVRRIRIE SRAS RIS, b1 B 1 AR TSN R, BA B AR S R A7 8 22 52 [50]-[52] - HL AR

ST (2) £ (B)
AR S RE(BRTE): N2 + 6HY + 66~ — 2NH;3 )
FHR S B (R 1) : 3H20 — 3/20, + 6H* + 66~ (3)
FAHR S R (B8 PE): Na + 6H20 + 6e” — 2NHz + 60H" 4
PH R S5 i (B P): 60H™ — 3H,0 + 3/20; + 6~ (5)

T RASERPRF - BB RE, fE%Z, NRR R4 K 56 4 1 B [53] [54].
HAT, AT & A AT S S R s AL RN 6 AL (B 1) [55]-[57]. MEBSHLETH, No 2T
BB RIRTH S, N=N BESR N Z TR, RN S E P E A IO AR T, SE80 Tk
2724 NHs [58]-[60]. BT N=N 8+ 0fe, X—HlilREEERENER. EaEaIHF, N
TSI, IS BUR T AR R 25 A HR S, N=N SRS — A NH3 2 7R 501 [R] IS4 7 TP [61]-[63] -
AR 00 FEAS [ A] 3 — 20 4 i i i AR FIAS B i A . s 2 A i ie s AR IR 2 & AE T 0 B fi
WAIRMEEE T Lo 58— NHs 70 F I SRR, 456 75 1 Ak 77 2R TH PR 6 R 7 4 I & o 7=
A A NHs 7015 TIERS B R H, N2 T AN EURE 7 RIR &AL, InEd FEER AN N TR
RTERERAT, B NHs 0 FHORIUG , 55 A NHs 2 T B iR ik [64]-[66] . Rk, —MIAAAH ELAR
BN, SEA NI RRRE AR, EA ST ERFEINERET, No 0 F IR N 735 W R 7E 4 4k 711
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Figure 1. Schematic diagrams of (a) dissociative pathway, (b) associative distal and alternating pathways, (c) associative
enzymatic pathway, and (d) Mars-van Krevelen pathway [70]
& 1. (a) FREERER, (b) HEATKBAEXEMERRE, (0) HEEERMEER, F(d) Mars-van Krevelen FRZBRERE[70]

I, JCJEHT « BAE A (Younes Abghoui) M2 5 7K « 7 PERi A4 (Egill Skalason)di H 7 i i 4@ &AL
W TG XA A S ML AR RN 45 A HL R 5E 5 1 19 Mars-van Krevelen HL . iZHLHI 5% G MR B H LB RN 25 &
WA [5] R 1 7 76 TN 9 4 S8 AP R T 1) B b 28U 938 o NHs P AR B A, IR B &+
HEAT I 70 A5 LR AL A 5 S RS R AR . 2 LRI TR N 38 JEERIAE i NH3 (173 F AL B2 /N T 266 L
TR 25 R [67]-[70]0 5 BRI, MM FIIERL . G50 R N S AN F B, B UL S5 = &
Tt RS FRAAAE 22 57, (67 RSN LRI, A7) 75 BEAR TS HAR IS LB AR 4T

22. BEARERRMFWER

75 HETRIRT SO RE T, A2 0 T8 KT 5 3 e NRR FREA R L, T2 T B LA S R A &
UM . AESKBRR MG RE S, NRR VERERIOCBEAE T UL 5 IO R GE B FIVE AL, B bl fr, 3%
FIRONE . AR pH E5F 2 MR ER[18] [71]-[74]. BRI, $27 NRR PEREAMXE A BRG], EEMN
AR EHGRARYRGE, RS EN A, SER RO R . U ARSI SR [74]-[76]

FELE A R0 S 5 I A A Tt PR 3R T P AT e B R A I A 2 A, DRI, B e R it L ASE
KRANKT NRR ZREE . HHFRI, Hiﬁ%ﬁ?ﬂiﬁ{ﬂ?%@ﬂc%ﬂﬁ HLfEAL NRR FIT 5 I e fi
HR 11TV, WHERM AL R K 0.5V, BHEELT, NFEKRMFE TR EERHBAR, i
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FER, XEE

I e A7 e A A, MR SR S HAL, NHs P2 R AER S8R & R %, E4EFAEN
TAEHL R, NRR 2 5 E FHUAZ[66] [77]. HAARKUL, NHs (#4E pid 26 b it in e Az 3 onmi 4 im, B3
T TR, FEHE I AL I, HER 584 5 3 S HAL[78]. Rk, et FE v 75 EARYE Ao, 24k
PRI NRR IS N LA o SR AR PE T AR B AL U SR b, AR AR S5 M A [
FEA LT LA 5T B AR BT A R (PEM) FE A . H Y R et A0 B 5 e vl (B 14 2 o) [12]
[72] [79] [80]. ¥ 5E T Fo it v 1) H (] 25 F e 1 B8 G W B R T 43 9 B BE PR A, 8 0 Ay 99 M 2 R Bl =2
HR AT AL TR ST HUZ . R 722 # i Nafion AE7E =R F R UL i 1, L= HEeEL
(¥ 2(a)). PEM BRIt , BHEKEE LAKON MR, NS L AR A F AR F A 0 2 S A HE (1 2(b)) o

a b CE
e
— 0,
B e |
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Figure 2. Schematic diagrams of (a) back-to-back cell, (b) proton exchange membrane (PEM) cell, (c) H-type cell, and
(d) single-chamber cell [80]
2.(a) BEERBEL, () RTFZRBEBED, ()HEBRE, F(d) LERBHINREES]

H Y E R H TR F0 i) 2 AR, B B S i 7 A g A S A B A =, o T P 52 46 R T
7 LE BA A =340 S 7 A2 1) NH 7 58I B AR == A it (14 2(c)) o SR = HplAR 28, X AR TR AR =, 7RI
RAEEMNL . AR = T R R R, 2 RS AR AR fE s s, oD io L SE e . 15
DU, AR AR A TR AT S, S ELA Oy AgIAQCT HIMK . HATH ZRk AR AR, 0 B AR A i Bk
PREEALL . B r AR BT BB A, P RARAL TR — RO R (18] 2(d)). BARAEE IR, 5T
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FER, EE

B, HAR EARR NHe 72 T8 58 iR A R A A . H 2 it b P AR S e S S BERR O, 8 54
P (LR e, PIARAENI ST, BERSSEINMRIAE . FRF R rAR AT Rk, H 2R e i i 2 i
2 1) — AL S B B (810 1S PEM R el it S B0t 52 v 38 70 BF WM A= il ) i o RS A 21 B 4
EHEAA, A R AR ACRAE L, Chen 58X PEM 2 BRI S5 BEAT AL BETH(EL 3), K — 2R
PRY HUZ AN B AL 2 A 18], BHAE & R AR B PI FR) 232 [82] 0 [N, Ay HRUR A7 AR A
(A 52 SRR, A A AR SR S it 32 2 1 4«

LRI PR 20 S T kg 1 HOAROMT FLRVRL ) A, A A 2R i S ) ) A St A % S T [X i) 7 A —
SE RIS o[RS, A8 AR AR EAT NRR MRS R T, PRI 10 25 T2 B e A AR R L BRI B A 4
R B BT RS R SR SRR R R AR R AR P AR ORI 2 [33] [83]. [k,
FESERRN R, EARE B AR R G B FOF BRI B, 45 & S 4[84]-[90].

" recovered by

Additional absorption
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\\\\\
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Nafion Membrane
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Figure 3. Schematic view of the improved design in the PEM cell for electrochemical ammonia synthesis [82]
B 3. BEAERER PEM B it iR it i R EE[82)

3. BEARTEHARER

FHELT Haber-Bosch T.2;, HIfEA AL S & M a B3 FEAAIAE DL N L5 1) AKAE AR FIRE
R Hz, WD TACERRRIERE, HORIE) 2, G tisgs: 2) BB EGSJE LA A B R R IRE) /), )
NEZEAFRAT, BEFEMC, Lathm; 3) MIEHIEEW RS R, B EIE)E 7% Haber-Bosch T2
YRR 20%; 4) FEMR, EBERE, ATFERR S TE RSN, SCTIMEMIET . R &, g
PEATAT IS LT Haber-Bosch 2. MJERL. REURHUEN. . G MRS A7 RIEMESE T KRS, HfEAL
RILJFAHET Haber-Bosch TZRAWIR NS, £&—FKak. 5 “Brikig” “mrd i HErILW& 1
I PE TSR, A EEMRILS N Haber-Bosch T2 528l & 19 Tk Ak 24E 72[60] [91] [92] 4R, H A HL
HEAEIE R & R T ZEEHIEERZEARMER, FEAIFELLTFILTMH: 1) N=N =80 il AR
(IR PR ENS,  FRREAL UE SR AR T 25 R B 5 PARAE B RBR: 2) Bram R S RIZY, R S0 i s B
LR 3) W R N EAE KT AR, LRI, RS AL S S AL RIAS /2 [93]-[95]. 4k
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FER, XEE

T, R R AR ROE SR U AT FT 7 LA R DA S AR AR e = A, T IR A 4
K= IES N IE e .

3.1 BEARERELTIMRTR

FER AL RUR IR A rh, AR TR SEEL R R AL S B O, P AR BB 22 3R i A B
FEFR[ATI[96] [97]. AU, WFFHEXHBEAT T KB M S5H . IRYE BT, R 2R
Nt R AE ST R AT R ra AL

0 I | 1L | I | LI Ii 0

1
P

: = Dissociative (Flat)
!I = = Associative (Flat) o 2
*H i @ -AG.*NH > *NH,(Flat) dp. R
: O -AG.N,, > *NH Flat) ™D
a1 O AG,N,, > *2N (Flat) N
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3 1 | ALl ] 1 | . !
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Figure 4. Volcano diagrams for electrocatalytic nitrogen reduction on different metals [108]
4. TEI& BB ECTIEERALE[L08]

U vs. SHE |V]
=
/
-AG [eV]

)
=

Dta BT R L S b VRS R M ISR 2R s T 2 H R T 2 R A OB T A
JM(HER)~ H4E S W (OER). 404 J [ . (ORR) %[ 75] [98]-[100] . 7 HafEAL NRR 3L FEH, 5% 4@ AL
MR B IVERE . (AU A A FL R AL R0 5 B P I A 7 T I i e B A AT 2 — o BT R,
RATE Au I A EUR R NIEFESF A HLE], N =8P 2R N R S LRI R 4. 4k,
T Au LT 22 A THAFAE AT FH T N W BRANIE SR & AE VAL A0, BRI, 5 AR A AL AR B, Au 3R THTY
FAL R AL 008 J5d 22 B 15[ 101]-[103] o El-Sayed %5 NG % 77— 28 Au 4K ZE R R1 L H T s i Ak 508 IR
RI[104]o SEMAGOREURIAR LG, 2 9K I AR TH RO N R T Y AT R AR A OB, B B R g
PELCRTA . [RIE, 3050 R S A4 BRI E 23 i v, A R P A g v P o 236 e s A0 B b 338 I R R s
WPE, R Ak s B HEAT SR SR SE R . 76 IR T I LiCIO, FURR Y, 318 T s R (3.9 ug-cm2-h )
FNERL 5 2 (30.2%) . £T(Ru) /2 5 56 M T FL A AG S50E 7 ORI AL 7, 7E Haber-Bosch i 2 B H )
FERI AL TERE[105]. 2 B8V s BRIB(DFT)THE S R, Ru BAE MM ARt ae, 7RS40 A AR B LEH|
()3 F AR - At B 4 J& 4 Pt ORI Pd [106] . PRI, 2 —FPECETF (1) NRR AL AWFFR KW, 76 Ru
S b7 b, AL R R A 2R R A T & [107]. 820 A AE BB 24k B Ru SR F4F 8 NRR H
AT, 7E-0.2 V FEXS TR S Ak (vs. RHE) AL T, S 3 AR 3 808 43 A 21 T 120.9 pg-mg 2+h 2
F129.6%. Ul 4 Fror, #R4E Skalason [ PAAA (1 EEE MR PR 4 5 R AEA R 4 8 3R TH B W B ag kLA,
BERhALT K EIRTIER, I B I ER NRR R, M4 EA LTI NRR HEEE[108]. 4R1H, &5 N
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fiER, xBE

1E, KT NRR ) Rh EARIHRER D, ik, BT NRR ) Rh JURE 61 508 o EE 50
T, Liu ZEANHI& H—F AN 54 RhCle-KsCo(CN)s ARTAR 48 Rh 2K A [ 4125 (Rh NNs)#4 H)
[109]. f9#5 T & B Rh 99K 1 10 R IAR . SOME R s 2850 . KRR A R [ J5 7 DL URe 1 3D
HIEEER), Rh NNs 7E 0.1 M KOH B 14 i fif i Hh 2 90t A0 57 1) AR Ak 1 S R PR A o 78 e i e
JEA-0.2 V vs. RHE B}, 2 /=% 23.88 ug-mg1-hL.

AR, W T AR B & AR BT B & A AL FIAE BOA RN B2 A 5 5 2 T T AR 3, 51 T AN
M R o, dESRE d AT KRR BT, H o SRABRIONAR I No 7E 4 £ 77 2 170 7 I Bt
JEHIES NN =8, AHT N4 FHIEA[110] [111]. ZAEMEERE K, FE000 EE S Feo Mo, V
SEBENLIE SR TR T T 2 ot PR OB TN T ZUEAT R, 75 NRR S H BRI B 471
WP 140, 7E 0.5 mol-L7! LiCIOs LR, S4B 2% ) p-FeOOH 7£-0.6 V vs. RHE HIAL T, &7 5 H|
42.38 ug-ht-mgt, FIBTHELE K, Fe ARFIC T NRR IR 22[112]. 1E 9 S RHE YD HRSR 1R 8] FUd 72
HATTEE TR, PLUV)ED NI EAY) . PEE/E NRR PRI B EPE. Yan 56N
il AL 201 VO IR LN F 0.1 M Na SO, HL R -l L NRR P£8E. 7£-0.35 V vs. RHE
AL T, VAR RCRIA S 16.97% [113]. Wikl 4, 7 NRR ki, FHEEHEAFIAL T FrE &8 E 0L,
FUHEAREA NRR &, &S 1L NRR BIFEARRARI[108]. Sun 25 A 4% HH— R F1EH I AL
AFERACA . EAGE . AL ELAZEH T NRR. Hir, H1F Mo M1 S £E [ RN KR 4%E 7 8 AF A,
MoS; # A A2 B B AT NRR 4672 —. Sun S5 NBIRFFEREH, Mo 1) 1E FA 7E MoS, SR IH % N2 (1)
W A EEAE M. AR, B S EEA MoS, 7E 5N T #E T MoSz, 7E 0.1 M NaSO4 HLAR R,
—0.4 V vs. RHE [HLIE R, 315 7 29.28 pg-h~t-mg™ %7 S F1 8.34% 0720 55 R [110] [114]. T
eGSR GF IR IR 3, MRIRTHINT Ha BB RAH S T & @ AL R BE 55, A5 R T4k b S B o R,
A4 A AL 70 F T AL U SR A T B 28 HEAT[115] Lv 25 A 4 —Rh 4 hr B As 1 10 35 48 Utk i
REVIPCNYE N A T NRR IR H, HEEKAT 205 AR R A H] 8.09 ug-h™-mg™
Al 11.59%. DFT 1545 R PCN & 21 BEE AL B N2 [ XU R vy 45 A 45 Mk AT 2 7] o 73
&, 1 N-N 8K B E8n, ik N2 iE1k[116]. Wang 25 AEAE G BRI P 51N Lewis B3t I 1E Ny — iy
R T A S % T — R ARS8 PNG AL FI T NRR 32 . DFT 5% B Lewis Bl A g i
PER LRI LR, ICRR R PR A B ML 2, 5EA BT MR ARG, A% PR s
JUFUE . R, MD #0025 S ) B A 3 Lewis U FA R AL 50 v] LLIE IS vdW AR B/E AR HBIR 5] N2
SFREN, TR S SR R . JRELEI SLIR I T SR PNG AL FIFTE N2 B A )G 1k
BERE . (R AR I ER AR, 7E 0.1 M KOH Hfi#iH, —0.2V vs.RHE HIJE T, 3kf3 7 41.1ug-ht-mg?
S 2 A 62.9% AR A%, TR T CIRER K 2 s R [117].

3.2. B R REREMRIHTR

RV Oy AL R e P AR IR, I S RN e AR BRI, sES S
NRR 21 [50] [51] BEILL, T ff I 4 A vac i A P B L & PG 39600 24 1 PR VOGS BETE v 24 NRR
TR E S HL B AR H ATAIWETT, B A A NRR LT 20 PR SR BT K R AERK R PR (0 5] 5 Fir),
FerbK S R AT FEAE 2> IR L BBV R BRI (watter-in-sallt, WIS) LRI A, AE/K 5 HARR
PR 23 AL R B S T TR FLU R IR P R 40] [118]

HRUK R AR AN, A, SABESe, BA D010 S AR sE (M i fb 2 TR & 1,
£ NRR S 32 [119] 0 BRIE HUBRR B ARAFAE KR 1 4l 1B 2 AR I RS PR AL A, (L ERIIE
B, — R OL T BB P RN, M T NRR IR T AL T N iR AS 2 17 /L [50]
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(1) PCET I A2id 2, MM 5 B % B 22 1 3R 467 p AT F N2 MR B [120] [121]. ZEfBiMh, Jiang %5 A\ i 5
IG/E HC FLAAR (pH = 1) F #3488 = 1 NRR 5 14 . /0.2 V vs. RHE F3Z8L 1 1 NHs 77 &:(21.4 pg-h~t-mg™).
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AR EE AR N o [RIE,  F ARV R PT BRI A 00 0T TS B KRS, SR HER (938 4+ 43 21401 . Jiang %5
NAEAS R B AR M Z2 1) Au fEAGTRIZR T NRR JEPEA B 3243 [123] . BRIEZAAE T, NRR EEE-0.2
Vvs. RHE FF46 F . R vE @b, TR FIRERUR, 7E-0.5V vs. RHE B A I P& . &
2, fEPPERERR Eh 22 M I(PBS) 1, NRR PERE SO Bl P13 b A7 BR A 571K A HER 1) Volmer
SCIRAAT RS, BRI HER KM IERFEMK, NRR HEBPESRIH 385 . Singh 28 AR Cu (111)%F
3T NRR I8 fE pH 4 135, LM% pH A 13 %) 13.5 i, NRR 0 H IS ML SN[ 76]. 5
UEIFIE, *H E5 A RETEIZIE R 3N, SECHER MR ERAL, KM, NRR FHEREE. LR
RAEPRIRTE . MEMER pH k428N E KT 135 B, *H M4 S REAERFEA K, *H NRTE SR
A RIIFEIR NRR BRE AL e, S EUNRR BVETERIER 5 R8EFEK. 09k, WIS AR EHE T
MATHISRTE[124] 0 55 K R MERAT LG, WIS J8300 P s ik B S (R 3R 7 LR KE Ha0 4 1 IR 7E — 52
JEFE Y, PRE) TR HoO BOEERE, AT EE40H HER. 31 H., EWTFIEN], WIS MR AT LK fe At 58
EMEELDEERTEE 3.0V LLE, 4T NRR HJEEEF AR AW S 71, Wu 25 AN F6380E Au 9Kk
8 & A AL TiO /E A NRR AL, 76 WIS HL# (20 M LITFSI) 1 i & 5 NHz. #£-0.4 V vs.
RHE T, 3R75 T 37.2%R93%H 55 R0CE A1 20.3 pg-h™t-cm 2 () NHz P [125]. FHIGTHEIRIE 7 MK LiTFSI
EREIGEIT S H0 158 ES T A EAE A RBH 1L H0 2 F 2IA LR, FFA H0 40 F K36, HER 1)
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BERITEIR, FH HER AR WIS H AV A AR R0 560 2030 1
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Figure 5. Schematic illustrations of (a) normal aqueous electrolyte, (b) modified aqueous electrolyte, and (c) modified non-
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E 5 (a) BEKREMR, (b) BUEKREMREK, F(c) Btk REBMRIERHER[40]

DOI: 10.12677/japc.2024.134067 648 Ly PR R=Svi


https://doi.org/10.12677/japc.2024.134067

fiER, xBE
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I, T HEK R AR NRR W SRR E3EAT . ARHE H T SRR MIFEFL, 7T LK I HEZK & R
53 N WL FE ARV RH 5 YA FL AR

Qiu FENIFR T —FloBi B A NS FNE G /D Sk I R AR &, DAY A il - rRUR o T Ak 0 1
WREER GRS [126] 0 e 43 H AR D9 EE A AR R T I, A4 T HERs I 7K B 1k i+
BRI E, AFT NRR 2. &, 1] FeOOH/CNTs HEALA], WL MR I 840 541 75.9% =+
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Figure 6. Structural design of the gas diffusion electrode for electrocatalytic nitrogen reduction [132]

6. BREXRTERSEY BBREGHRNIRIT[132]

4. BESRE

HLEAL UL R No A0 s BB B0 A 22, N A BRAR IR AL A RL T 2 WA e i ) REESE L
AT —AMREBF AT S 1 . SR, BB NRR B FE BT RE L 3 11 Re 55 56 [ R IR R R (M Ta bR 25k
ZIRIEAFER BRI ZE . T NRR SRR A2 R s WAL Al SN A 55, A — 5T
X e AL RS A ORI, PRI U 1) SRR B ¥ 7 T A DA SE IR HLA 2 B B AR S B Tl R
FIBAHE)™ o 72K NRR SEFE AT U7 [ RS A RN AR P [R] It 75 S50 AR 0 &R B v 5 1AL

HE&mHE
ATEZEFREARBEEESTH (R H %S : 52401284) VL H HARBI R ST H (I H % 5
BK20240957)% 1.

SE

[1] Gruber, N. and Galloway, J.N. (2008) An Earth-System Perspective of the Global Nitrogen Cycle. Nature, 451, 293-296.
https://doi.org/10.1038/nature06592

DOI: 10.12677/japc.2024.134067 650 Ly PR R=Svi


https://doi.org/10.12677/japc.2024.134067
https://doi.org/10.1038/nature06592

fiER, xBE

(2]
(3]
(4]
(5]

(6]
(7]

(8]
(9]

[10]

[11]

[12]
[13]
[14]
[15]

[16]

[17]

(18]

[19]

[20]

[21]
[22]

[23]

Wu, T., Fan, W., Zhang, Y. and Zhang, F. (2021) Electrochemical Synthesis of Ammonia: Progress and Challenges.
Materials Today Physics, 16, Article ID: 100310. https://doi.org/10.1016/j.mtphys.2020.100310

Chu, S. and Majumdar, A. (2012) Opportunities and Challenges for a Sustainable Energy Future. Nature, 488, 294-303.
https://doi.org/10.1038/nature11475

Martin, A.J. and Pérez-Ramirez, J. (2019) Heading to Distributed Electrocatalytic Conversion of Small Abundant Mol-
ecules into Fuels, Chemicals, and Fertilizers. Joule, 3, 2602-2621. https://doi.org/10.1016/j.joule.2019.09.007

Brewis, |., Shahzad, R., Field, R.W., Jedidi, A. and Rasul, S. (2022) Combining Experimental and Theoretical Insights
for Reduction of CO2 to Multi-Carbon Compounds. Discover Chemical Engineering, 2, Article No. 2.
https://doi.org/10.1007/s43938-022-00009-y

Raciti, D. and Wang, C. (2018) Recent Advances in Coz Reduction Electrocatalysis on Copper. ACS Energy Letters, 3,
1545-1556. https://doi.org/10.1021/acsenergylett.8b00553

Lee, H.K,, Koh, C.S.L., Lee, Y.H,, Liu, C.,, Phang, I.Y., Han, X, et al. (2018) Favoring the Unfavored: Selective Elec-
trochemical Nitrogen Fixation Using a Reticular Chemistry Approach. Science Advances, 4, eaar3208.
https://doi.org/10.1126/sciadv.aar3208

Stamenkovic, V.R., Strmcenik, D., Lopes, P.P. and Markovic, N.M. (2016) Energy and Fuels from Electrochemical In-
terfaces. Nature Materials, 16, 57-69. https://doi.org/10.1038/nmat4738

Chu, S., Cui, Y. and Liu, N. (2016) The Path towards Sustainable Energy. Nature Materials, 16, 16-22.
https://doi.org/10.1038/nmat4834

Liu, S., Wang, M., Cheng, Q., He, Y., Ni, J,, Liu, J., et al. (2022) Turning Waste into Wealth: Sustainable Production of
High-Value-Added Chemicals from Catalytic Coupling of Carbon Dioxide and Nitrogenous Small Molecules. ACS Nano,
16, 17911-17930. https://doi.org/10.1021/acsnano.2c09168

Aneja, V.P., Blunden, J., James, K., Schlesinger, W.H., Knighton, R., Gilliam, W., et al. (2008) Ammonia Assessment
from Agriculture: U.S. Status and Needs. Journal of Environmental Quality, 37, 515-520.
https://doi.org/10.2134/jeq2007.0002in

Cui, X., Tang, C. and Zhang, Q. (2018) A Review of Electrocatalytic Reduction of Dinitrogen to Ammonia under Am-
bient Conditions. Advanced Energy Materials, 8, Article ID: 1800369. https://doi.org/10.1002/aenm.201800369

Jiao, F. and Xu, B. (2018) Electrochemical Ammonia Synthesis and Ammonia Fuel Cells. Advanced Materials, 31,
Avrticle ID: 1805173. https://doi.org/10.1002/adma.201805173

MacFarlane, D.R., Cherepanov, P.V., Choi, J., Suryanto, B.H.R., Hodgetts, R.Y., Bakker, J.M., et al. (2020) A Roadmap
to the Ammonia Economy. Joule, 4, 1186-1205. https://doi.org/10.1016/j.joule.2020.04.004

Smith, C., Hill, A.K. and Torrente-Murciano, L. (2020) Current and Future Role of Haber-Bosch Ammonia in a Carbon-
Free Energy Landscape. Energy & Environmental Science, 13, 331-344. https://doi.org/10.1039/c9ee02873k

Vojvodic, A., Medford, A.J., Studt, F., Abild-Pedersen, F., Khan, T.S., Bligaard, T., et al. (2014) Exploring the Limits:
A Low-Pressure, Low-Temperature Haber-Bosch Process. Chemical Physics Letters, 598, 108-112.
https://doi.org/10.1016/j.cplett.2014.03.003

Kandemir, T., Schuster, M.E., Senyshyn, A., Behrens, M. and Schlégl, R. (2013) The Haber-Bosch Process Revisited:
On the Real Structure and Stability of “Ammonia Iron” under Working Conditions. Angewandte Chemie International
Edition, 52, 12723-12726. https://doi.org/10.1002/anie.201305812

Shipman, M.A. and Symes, M.D. (2017) Recent Progress Towards the Electrosynthesis of Ammonia from Sustainable
Resources. Catalysis Today, 286, 57-68. https://doi.org/10.1016/j.cattod.2016.05.008

Sun, J., Alam, D., Daiyan, R., Masood, H., Zhang, T., Zhou, R., et al. (2021) A Hybrid Plasma Electrocatalytic Process
for Sustainable Ammonia Production. Energy & Environmental Science, 14, 865-872.
https://doi.org/10.1039/d0ee03769a

Hawtof, R., Ghosh, S., Guarr, E., Xu, C., Mohan Sankaran, R. and Renner, J.N. (2019) Catalyst-Free, Highly Selective
Synthesis of Ammonia from Nitrogen and Water by a Plasma Electrolytic System. Science Advances, 5, eaat5778.
https://doi.org/10.1126/sciadv.aat5778

Chen, J.G., Crooks, R.M., Seefeldt, L.C., Bren, K.L., Bullock, R.M., Darensbourg, M.Y ., et al. (2018) Beyond Fossil
Fuel-Driven Nitrogen Transformations. Science, 360, eaar6611. https://doi.org/10.1126/science.aar6611

Soloveichik, G. (2019) Electrochemical Synthesis of Ammonia as a Potential Alternative to the Haber-Bosch Process.
Nature Catalysis, 2, 377-380. https://doi.org/10.1038/s41929-019-0280-0

Cheng, H., Ding, L., Chen, G., Zhang, L., Xue, J. and Wang, H. (2018) Molybdenum Carbide Nanodots Enable Efficient

Electrocatalytic Nitrogen Fixation under Ambient Conditions. Advanced Materials, 30, Article ID: 1803694.
https://doi.org/10.1002/adma.201803694

DOI: 10.12677/japc.2024.134067 651 Bk Sei


https://doi.org/10.12677/japc.2024.134067
https://doi.org/10.1016/j.mtphys.2020.100310
https://doi.org/10.1038/nature11475
https://doi.org/10.1016/j.joule.2019.09.007
https://doi.org/10.1007/s43938-022-00009-y
https://doi.org/10.1021/acsenergylett.8b00553
https://doi.org/10.1126/sciadv.aar3208
https://doi.org/10.1038/nmat4738
https://doi.org/10.1038/nmat4834
https://doi.org/10.1021/acsnano.2c09168
https://doi.org/10.2134/jeq2007.0002in
https://doi.org/10.1002/aenm.201800369
https://doi.org/10.1002/adma.201805173
https://doi.org/10.1016/j.joule.2020.04.004
https://doi.org/10.1039/c9ee02873k
https://doi.org/10.1016/j.cplett.2014.03.003
https://doi.org/10.1002/anie.201305812
https://doi.org/10.1016/j.cattod.2016.05.008
https://doi.org/10.1039/d0ee03769a
https://doi.org/10.1126/sciadv.aat5778
https://doi.org/10.1126/science.aar6611
https://doi.org/10.1038/s41929-019-0280-0
https://doi.org/10.1002/adma.201803694

FlER, XEE

N

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]
[34]
[35]
[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

Liu, S., Wang, M., Ji, H., Shen, X., Yan, C. and Qian, T. (2020) Altering the Rate-Determining Step over Cobalt Single
Clusters Leading to Highly Efficient Ammonia Synthesis. National Science Review, 8, nwaal36.
https://doi.org/10.1093/nsr/nwaal36

Wang, M., Liu, S., Qian, T., Liu, J., Zhou, J., Ji, H., et al. (2019) Over 56.55% Faradaic Efficiency of Ambient Ammonia
Synthesis Enabled by Positively Shifting the Reaction Potential. Nature Communications, 10, Article No. 341.
https://doi.org/10.1038/s41467-018-08120-x

Seh, Z.W., Kibsgaard, J., Dickens, C.F., Chorkendorff, I., Ngrskov, J.K. and Jaramillo, T.F. (2017) Combining Theory
and Experiment in Electrocatalysis: Insights into Materials Design. Science, 355, eaad4998.
https://doi.org/10.1126/science.aad4998

Deng, J., Ifiiguez, J.A. and Liu, C. (2018) Electrocatalytic Nitrogen Reduction at Low Temperature. Joule, 2, 846-856.
https://doi.org/10.1016/j.joule.2018.04.014

Qiu, W.,, Xie, X., Qiu, J., Fang, W., Liang, R., Ren, X., et al. (2018) High-Performance Artificial Nitrogen Fixation at
Ambient Conditions Using a Metal-Free Electrocatalyst. Nature Communications, 9, Article No. 3485.
https://doi.org/10.1038/s41467-018-05758-5

Tang, C. and Qiao, S. (2019) How to Explore Ambient Electrocatalytic Nitrogen Reduction Reliably and Insightfully.
Chemical Society Reviews, 48, 3166-3180. https://doi.org/10.1039/c9cs00280d

Suryanto, B.H.R., Du, H., Wang, D., Chen, J., Simonov, A.N. and MacFarlane, D.R. (2019) Challenges and Prospects
in the Catalysis of Electroreduction of Nitrogen to Ammonia. Nature Catalysis, 2, 290-296.
https://doi.org/10.1038/s41929-019-0252-4

Foster, S.L., Bakovic, S.1.P., Duda, R.D., Maheshwari, S., Milton, R.D., Minteer, S.D., et al. (2018) Catalysts for Nitro-
gen Reduction to Ammonia. Nature Catalysis, 1, 490-500. https://doi.org/10.1038/s41929-018-0092-7

Jia, H. and Quadrelli, E.A. (2014) Mechanistic Aspects of Dinitrogen Cleavage and Hydrogenation to Produce Ammonia
in Catalysis and Organometallic Chemistry: Relevance of Metal Hydride Bonds and Dihydrogen. Chemical Society Re-
views, 43, 547-564. https://doi.org/10.1039/c3cs60206k

Luo, Y., Chen, G., Ding, L., Chen, X., Ding, L. and Wang, H. (2019) Efficient Electrocatalytic N2 Fixation with Mxene
under Ambient Conditions. Joule, 3, 279-289. https://doi.org/10.1016/].joule.2018.09.011

Wang, L., Xia, M., Wang, H., Huang, K., Qian, C., Maravelias, C.T., et al. (2018) Greening Ammonia toward the Solar
Ammonia Refinery. Joule, 2, 1055-1074. https://doi.org/10.1016/j.joule.2018.04.017

Gambarotta, S. and Scott, J. (2004) Multimetallic Cooperative Activation of N2. Angewandte Chemie International Edi-
tion, 43, 5298-5308. https://doi.org/10.1002/anie.200301669

Pool, J.A., Lobkovsky, E. and Chirik, P.J. (2004) Hydrogenation and Cleavage of Dinitrogen to Ammonia with a Zirco-
nium Complex. Nature, 427, 527-530. https://doi.org/10.1038/nature02274

Zhang, S., Han, M., Shi, T., Zhang, H., Lin, Y., Zheng, X, et al. (2022) Atomically Dispersed Bimetallic Fe-Co Elec-
trocatalysts for Green Production of Ammonia. Nature Sustainability, 6, 169-179.
https://doi.org/10.1038/s41893-022-00993-7

Jin, H., Li, L., Liu, X., Tang, C., Xu, W., Chen, S., et al. (2019) Nitrogen Vacancies on 2D Layered W2Nas: A Stable and
Efficient Active Site for Nitrogen Reduction Reaction. Advanced Materials, 31, Article ID: 1902709.
https://doi.org/10.1002/adma.201902709

Lazouski, N., Chung, M., Williams, K., Gala, M.L. and Manthiram, K. (2020) Non-Aqueous Gas Diffusion Electrodes
for Rapid Ammonia Synthesis from Nitrogen and Water-Splitting-Derived Hydrogen. Nature Catalysis, 3, 463-4609.
https://doi.org/10.1038/s41929-020-0455-8

Ni, J., Cheng, Q., Liu, S., Wang, M., He, Y., Qian, T., et al. (2023) Deciphering Electrolyte Selection for Electrochemical
Reduction of Carbon Dioxide and Nitrogen to High-Value-Added Chemicals. Advanced Functional Materials, 33, Arti-
cle ID: 2212483. https://doi.org/10.1002/adfm.202212483

Garagounis, I., Vourros, A., Stoukides, D., Dasopoulos, D. and Stoukides, M. (2019) Electrochemical Synthesis of Am-
monia: Recent Efforts and Future Outlook. Membranes, 9, Article No. 112. https://doi.org/10.3390/membranes9090112

Wang, Y., Gordon, E. and Ren, H. (2020) Mapping the Potential of Zero Charge and Electrocatalytic Activity of Metal-
electrolyte Interface via a Grain-by-Grain Approach. Analytical Chemistry, 92, 2859-2865.
https://doi.org/10.1021/acs.analchem.9b05502

Wang, Y., Cui, X., Zhao, J., Jia, G., Gu, L., Zhang, Q., et al. (2018) Rational Design of Fe-N/C Hybrid for Enhanced
Nitrogen Reduction Electrocatalysis under Ambient Conditions in Aqueous Solution. ACS Catalysis, 9, 336-344.
https://doi.org/10.1021/acscatal.8b03802

Chittibabu, D.K.D., Sathishkumar, N., Wu, S. and Chen, H. (2023) Single-Atom Metal Anchored Penta-Graphene for

Highly Efficient and Selective Electroreduction of Nitrogen into Ammonia. ACS Applied Energy Materials, 6, 6636-
6645. https://doi.org/10.1021/acsaem.3c00677

DOI: 10.12677/japc.2024.134067 652 Bk Sei


https://doi.org/10.12677/japc.2024.134067
https://doi.org/10.1093/nsr/nwaa136
https://doi.org/10.1038/s41467-018-08120-x
https://doi.org/10.1126/science.aad4998
https://doi.org/10.1016/j.joule.2018.04.014
https://doi.org/10.1038/s41467-018-05758-5
https://doi.org/10.1039/c9cs00280d
https://doi.org/10.1038/s41929-019-0252-4
https://doi.org/10.1038/s41929-018-0092-7
https://doi.org/10.1039/c3cs60206k
https://doi.org/10.1016/j.joule.2018.09.011
https://doi.org/10.1016/j.joule.2018.04.017
https://doi.org/10.1002/anie.200301669
https://doi.org/10.1038/nature02274
https://doi.org/10.1038/s41893-022-00993-7
https://doi.org/10.1002/adma.201902709
https://doi.org/10.1038/s41929-020-0455-8
https://doi.org/10.1002/adfm.202212483
https://doi.org/10.3390/membranes9090112
https://doi.org/10.1021/acs.analchem.9b05502
https://doi.org/10.1021/acscatal.8b03802
https://doi.org/10.1021/acsaem.3c00677

fiER, xBE

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]
[59]

[60]

[61]

[62]

[63]

[64]

Kim, J.H., Ju, H., An, B., An, Y., Cho, K., Kim, S.H., et al. (2021) Comparison between Fe203/C and FezC/Fe203/Fe/C
Electrocatalysts for N2 Reduction in an Alkaline Electrolyte. ACS Applied Materials & Interfaces, 13, 61316-61323.
https://doi.org/10.1021/acsami.1c20807

Xia, L., Wang, Z. and Zhao, Y. (2022) Novel Two-Dimensional Metal-Based IT-D Conjugated Nanosheets as Photocata-
lyst for Nitrogen Reduction Reaction: The First-Principle Investigation. ACS Applied Materials & Interfaces, 14, 5384-
5394. https://doi.org/10.1021/acsami.1c21789

Li, L., Tang, C., Jin, H., Davey, K. and Qiao, S. (2021) Main-Group Elements Boost Electrochemical Nitrogen Fixation.
Chem, 7, 3232-3255. https://doi.org/10.1016/j.chempr.2021.10.008

Guo, C,, Ran, J., Vasileff, A. and Qiao, S. (2018) Rational Design of Electrocatalysts and Photo(electro)catalysts for
Nitrogen Reduction to Ammonia (NHs) under Ambient Conditions. Energy & Environmental Science, 11, 45-56.
https://doi.org/10.1039/c7ee02220d

Yao, D., Tang, C., Wang, P., Cheng, H., Jin, H., Ding, L., et al. (2022) Electrocatalytic Green Ammonia Production
Beyond Ambient Aqueous Nitrogen Reduction. Chemical Engineering Science, 257, Article ID: 117735.
https://doi.org/10.1016/j.ces.2022.117735

Tao, H., Lian, C., Jiang, H., Li, C., Liu, H. and van Roij, R. (2021) Enhancing Electrocatalytic N> Reduction via Tailoring
the Electric Double Layers. AIChE Journal, 68, e17549. https://doi.org/10.1002/aic.17549

Mahmood, N., Yao, Y., Zhang, J., Pan, L., Zhang, X. and Zou, J. (2017) Electrocatalysts for Hydrogen Evolution in
Alkaline Electrolytes: Mechanisms, Challenges, and Prospective Solutions. Advanced Science, 5, Article ID: 1700464.
https://doi.org/10.1002/advs.201700464

Zhang, Q., Liu, B., Yu, L., Bei, Y. and Tang, B. (2019) Synergistic Promotion of the Electrochemical Reduction of
Nitrogen to Ammonia by Phosphorus and Potassium. ChemCatChem, 12, 334-341.
https://doi.org/10.1002/cctc.201901519

Wang, X., Peng, X., Chen, W, Liu, G., Zheng, A., Zheng, L., et al. (2020) Insight into Dynamic and Steady-State Active
Sites for Nitrogen Activation to Ammonia by Cobalt-Based Catalyst. Nature Communications, 11, Article No. 653.
https://doi.org/10.1038/s41467-020-14287-z

Liu, J., Ma, X., Li, Y., Wang, Y., Xiao, H. and Li, J. (2018) Heterogeneous Fes Single-Cluster Catalyst for Ammonia
Synthesis via an Associative Mechanism. Nature Communications, 9, Article No. 1610.
https://doi.org/10.1038/s41467-018-03795-8

Liu, D., Chen, M., Du, X., Ai, H., Lo, K.H., Wang, S., et al. (2020) Development of Electrocatalysts for Efficient Nitro-
gen Reduction Reaction under Ambient Condition. Advanced Functional Materials, 31, Article ID: 2008983.
https://doi.org/10.1002/adfm.202008983

Zeinalipour-Yazdi, C.D., Hargreaves, J.S.J., Laassiri, S. and Catlow, C.R.A. (2018) The Integration of Experiment and
Computational Modelling in Heterogeneously Catalysed Ammonia Synthesis over Metal Nitrides. Physical Chemistry
Chemical Physics, 20, 21803-21808. https://doi.org/10.1039/c8cp04216k

Wang, D., Azofra, L.M., Harb, M., Cavallo, L., Zhang, X., Suryanto, B.H.R., et al. (2018) Energy-Efficient Nitrogen
Reduction to Ammonia at Low Overpotential in Aqueous Electrolyte under Ambient Conditions. ChemSusChem, 11,
3416-3422. https://doi.org/10.1002/cssc.201801632

van der Ham, C.J.M., Koper, M.T.M. and Hetterscheid, D.G.H. (2014) Challenges in Reduction of Dinitrogen by Proton
and Electron Transfer. Chemical Society Reviews, 43, 5183-5191. https://doi.org/10.1039/c4cs00085d

Wan, Y., Xu, J. and Lv, R. (2019) Heterogeneous Electrocatalysts Design for Nitrogen Reduction Reaction under Am-
bient Conditions. Materials Today, 27, 69-90. https://doi.org/10.1016/j.mattod.2019.03.002

Wang, Z., Hu, X,, Liu, Z., Zou, G., Wang, G. and Zhang, K. (2019) Recent Developments in Polymeric Carbon Nitride-
Derived Photocatalysts and Electrocatalysts for Nitrogen Fixation. ACS Catalysis, 9, 10260-10278.
https://doi.org/10.1021/acscatal.9b03015

Li, M., Huang, H., Low, J., Gao, C., Long, R. and Xiong, Y. (2018) Recent Progress on Electrocatalyst and Photocatalyst
Design for Nitrogen Reduction. Small Methods, 3, Article ID: 1800388. https://doi.org/10.1002/smtd.201800388

Zhou, J. and Zhang, Y. (2018) Metal-based Heterogeneous Electrocatalysts for Reduction of Carbon Dioxide and Nitro-
gen: Mechanisms, Recent Advances and Perspective. Reaction Chemistry & Engineering, 3, 591-625.
https://doi.org/10.1039/c8re00111a

Li, X., Li, Q., Cheng, J., Liu, L., Yan, Q., Wu, Y., etal. (2016) Conversion of Dinitrogen to Ammonia by FeNs-Embedded
Graphene. Journal of the American Chemical Society, 138, 8706-8709. https://doi.org/10.1021/jacs.6b04778

Guo, D., Wang, S., Xu, J., Zheng, W. and Wang, D. (2022) Defect and Interface Engineering for Electrochemical Nitro-
gen Reduction Reaction under Ambient Conditions. Journal of Energy Chemistry, 65, 448-468.
https://doi.org/10.1016/j.jechem.2021.06.012

DOI: 10.12677/japc.2024.134067 653 Bk Sei


https://doi.org/10.12677/japc.2024.134067
https://doi.org/10.1021/acsami.1c20807
https://doi.org/10.1021/acsami.1c21789
https://doi.org/10.1016/j.chempr.2021.10.008
https://doi.org/10.1039/c7ee02220d
https://doi.org/10.1016/j.ces.2022.117735
https://doi.org/10.1002/aic.17549
https://doi.org/10.1002/advs.201700464
https://doi.org/10.1002/cctc.201901519
https://doi.org/10.1038/s41467-020-14287-z
https://doi.org/10.1038/s41467-018-03795-8
https://doi.org/10.1002/adfm.202008983
https://doi.org/10.1039/c8cp04216k
https://doi.org/10.1002/cssc.201801632
https://doi.org/10.1039/c4cs00085d
https://doi.org/10.1016/j.mattod.2019.03.002
https://doi.org/10.1021/acscatal.9b03015
https://doi.org/10.1002/smtd.201800388
https://doi.org/10.1039/c8re00111a
https://doi.org/10.1021/jacs.6b04778
https://doi.org/10.1016/j.jechem.2021.06.012

FlER, XEE

N

[65]
[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

(80]

[81]

(82]

(83]

[84]

Patil, S.B. and Wang, D. (2020) Exploration and Investigation of Periodic Elements for Electrocatalytic Nitrogen Re-
duction. Small, 16, Article ID: 2002885. https://doi.org/10.1002/smll.202002885

Zeinalipour-Yazdi, C.D. (2019) Mechanisms of Ammonia and Hydrazine Synthesis on H-Mn3aN2-(100) Surfaces. Phys-
ical Chemistry Chemical Physics, 21, 19365-19377. https://doi.org/10.1039/c9cp03934a

Abghoui, Y. and Skulason, E. (2017) Onset Potentials for Different Reaction Mechanisms of Nitrogen Activation to
Ammonia on Transition Metal Nitride Electro-Catalysts. Catalysis Today, 286, 69-77.
https://doi.org/10.1016/j.cattod.2016.11.047

Mars, P. and van Krevelen, D.W. (1954) Oxidations Carried out by Means of Vanadium Oxide Catalysts. Chemical
Engineering Science, 3, 41-59. https://doi.org/10.1016/s0009-2509(54)80005-4

Abghoui, Y., Garden, A.L., Hlynsson, V.F., Bjérgvinsdéttir, S., Olafsdéttir, H. and Skalason, E. (2015) Enabling Elec-
trochemical Reduction of Nitrogen to Ammonia at Ambient Conditions through Rational Catalyst Design. Physical
Chemistry Chemical Physics, 17, 4909-4918. https://doi.org/10.1039/c4cp04838e

Zhao, X., Hu, G., Chen, G., Zhang, H., Zhang, S. and Wang, H. (2021) Comprehensive Understanding of the Thriving
Ambient Electrochemical Nitrogen Reduction Reaction. Advanced Materials, 33, Article 1D: 2007650.
https://doi.org/10.1002/adma.202007650

Vasileiou, E., Kyriakou, V., Garagounis, I., Vourros, A., Manerbino, A., Coors, W.G., et al. (2016) Electrochemical
Enhancement of Ammonia Synthesis in a BaZro.7Ceo.2Y0.102. Solid Electrolyte Cell. Solid State lonics, 288, 357-362.
https://doi.org/10.1016/j.ssi.2015.12.022

Cheng, Q., Wang, M., Ni, J., Zhang, L., Cheng, Y., Zhou, X, et al. (2023) Comprehensive Understanding and Rational
Regulation of Microenvironment for Gas-Involving Electrochemical Reactions. Carbon Energy, 5, Article No. 7.
https://doi.org/10.1002/cey2.307

Choi, C., Back, S., Kim, N., Lim, J., Kim, Y. and Jung, Y. (2018) Suppression of Hydrogen Evolution Reaction in
Electrochemical N2 Reduction Using Single-Atom Catalysts: A Computational Guideline. ACS Catalysis, 8, 7517-7525.
https://doi.org/10.1021/acscatal.8b00905

Qian, S., Cao, H., Chen, J., Chen, J., Wang, Y. and Li, J. (2022) Critical Role of Explicit Inclusion of Solvent and
Electrode Potential in the Electrochemical Description of Nitrogen Reduction. ACS Catalysis, 12, 11530-11540.
https://doi.org/10.1021/acscatal.2c03186

Ghoshal, S., Ghosh, A., Roy, P., Ball, B., Pramanik, A. and Sarkar, P. (2022) Recent Progress in Computational Design
of Single-Atom/Cluster Catalysts for Electrochemical and Solar-Driven N2 Fixation. ACS Catalysis, 12, 15541-15575.
https://doi.org/10.1021/acscatal.2c04527

Kani, N.C., Prajapati, A., Collins, B.A., Goodpaster, J.D. and Singh, M.R. (2020) Competing Effects of Ph, Cation
Identity, H20 Saturation, and N2 Concentration on the Activity and Selectivity of Electrochemical Reduction of N2 to
Nhs on Electrodeposited Cu at Ambient Conditions. ACS Catalysis, 10, 14592-14603.
https://doi.org/10.1021/acscatal.0c04864

Amar, ILA., Lan, R., Petit, C.T.G. and Tao, S. (2011) Solid-State Electrochemical Synthesis of Ammonia: A Review.
Journal of Solid State Electrochemistry, 15, 1845-1860. https://doi.org/10.1007/s10008-011-1376-x

Kyriakou, V., Garagounis, I., Vasileiou, E., Vourros, A. and Stoukides, M. (2017) Progress in the Electrochemical Syn-
thesis of Ammonia. Catalysis Today, 286, 2-13. https://doi.org/10.1016/j.cattod.2016.06.014

Moon, Y.H., Kim, N.Y., Kim, S.M. and Jang, Y.J. (2022) Recent Advances in Electrochemical Nitrogen Reduction
Reaction to Ammonia from the Catalyst to the System. Catalysts, 12, Article No. 1015.
https://doi.org/10.3390/catal12091015

Huang, Z., Rafig, M., Woldu, A.R., Tong, Q., Astruc, D. and Hu, L. (2023) Recent Progress in Electrocatalytic Nitrogen
Reduction to Ammonia (NRR). Coordination Chemistry Reviews, 478, Article ID: 214981.
https://doi.org/10.1016/j.ccr.2022.214981

Yao, Y., Wang, J., Shahid, U.B., Gu, M., Wang, H., Li, H., et al. (2020) Electrochemical Synthesis of Ammonia from
Nitrogen under Mild Conditions: Current Status and Challenges. Electrochemical Energy Reviews, 3, 239-270.
https://doi.org/10.1007/s41918-019-00061-3

Chen, S., Perathoner, S., Ampelli, C., Mebrahtu, C., Su, D. and Centi, G. (2017) Room-Temperature Electrocatalytic
Synthesis of NHz from H20 and N2 in a Gas-Liquid-Solid Three-Phase Reactor. ACS Sustainable Chemistry & Engi-
neering, 5, 7393-7400. https://doi.org/10.1021/acssuschemeng.7b01742

Zhang, R., Ren, X,, Shi, X., Xie, F., Zheng, B., Guo, X., et al. (2018) Enabling Effective Electrocatalytic N> Conversion
to Nhs by the TiO2 Nanosheets Array under Ambient Conditions. ACS Applied Materials & Interfaces, 10, 28251-28255.
https://doi.org/10.1021/acsami.8b06647

Song, Y., Johnson, D., Peng, R., Hensley, D.K., Bonnesen, P.V., Liang, L., et al. (2018) A Physical Catalyst for the
Electrolysis of Nitrogen to Ammonia. Science Advances, 4, e1700336. https://doi.org/10.1126/sciadv.1700336

DOI: 10.12677/japc.2024.134067 654 W ERAY, 2


https://doi.org/10.12677/japc.2024.134067
https://doi.org/10.1002/smll.202002885
https://doi.org/10.1039/c9cp03934a
https://doi.org/10.1016/j.cattod.2016.11.047
https://doi.org/10.1016/s0009-2509(54)80005-4
https://doi.org/10.1039/c4cp04838e
https://doi.org/10.1002/adma.202007650
https://doi.org/10.1016/j.ssi.2015.12.022
https://doi.org/10.1002/cey2.307
https://doi.org/10.1021/acscatal.8b00905
https://doi.org/10.1021/acscatal.2c03186
https://doi.org/10.1021/acscatal.2c04527
https://doi.org/10.1021/acscatal.0c04864
https://doi.org/10.1007/s10008-011-1376-x
https://doi.org/10.1016/j.cattod.2016.06.014
https://doi.org/10.3390/catal12091015
https://doi.org/10.1016/j.ccr.2022.214981
https://doi.org/10.1007/s41918-019-00061-3
https://doi.org/10.1021/acssuschemeng.7b01742
https://doi.org/10.1021/acsami.8b06647
https://doi.org/10.1126/sciadv.1700336

fiER, xBE

[85]

(86]

[87]

(88]

(89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]
[100]

[101]

[102]

[103]

[104]

Verdouw, H., Van Echteld, C.J.A. and Dekkers, E.M.J. (1978) Ammonia Determination Based on Indophenol Formation
with Sodium Salicylate. Water Research, 12, 399-402. https://doi.org/10.1016/0043-1354(78)90107-0

Zhou, L. and Boyd, C.E. (2016) Comparison of Nessler, Phenate, Salicylate and lon Selective Electrode Procedures for
Determination of Total Ammonia Nitrogen in Aquaculture. Aquaculture, 450, 187-193.
https://doi.org/10.1016/j.aquaculture.2015.07.022

Watt, G.W. and Chrisp, J.D. (1952) Spectrophotometric Method for Determination of Hydrazine. Analytical Chemistry,
24, 2006-2008. https://doi.org/10.1021/ac60072a044

Liu, J., Kelley, M.S., Wu, W., Banerjee, A., Douvalis, A.P., Wu, J., et al. (2016) Nitrogenase-Mimic Iron-Containing
Chalcogels for Photochemical Reduction of Dinitrogen to Ammonia. Proceedings of the National Academy of Sciences,
113, 5530-5535. https://doi.org/10.1073/pnas.1605512113

Zhang, S., Li, M., Li, J., Song, Q. and Liu, X. (2022) High-Ammonia Selective Metal-Organic Framework-Derived Co-
Doped Fe/Fe203 Catalysts for Electrochemical Nitrate Reduction. Proceedings of the National Academy of Sciences, 119,
€2115504119. https://doi.org/10.1073/pnas.2115504119

Andersen, S.Z., Coli¢, V., Yang, S., Schwalbe, J.A., Nielander, A.C., McEnaney, J.M., et al. (2019) A Rigorous Elec-
trochemical Ammonia Synthesis Protocol with Quantitative Isotope Measurements. Nature, 570, 504-508.
https://doi.org/10.1038/s41586-019-1260-x

Ye, L., Nayak-Luke, R., Bafiares-Alcantara, R. and Tsang, E. (2017) Reaction: “Green” Ammonia Production. Chem, 3,
712-714. https://doi.org/10.1016/j.chempr.2017.10.016

Cao, N. and Zheng, G. (2018) Aqueous Electrocatalytic N> Reduction under Ambient Conditions. Nano Research, 11,
2992-3008. https://doi.org/10.1007/s12274-018-1987-y

Arif, M., Yasin, G., Luo, L., Ye, W., Mushtag, M.A., Fang, X., et al. (2020) Hierarchical Hollow Nanotubes of NiFeV-
Layered Double Hydroxides@CoVP Heterostructures Towards Efficient, pH-Universal Electrocatalytical Nitrogen Re-
duction Reaction to Ammonia. Applied Catalysis B: Environmental, 265, Article 1D: 118559.
https://doi.org/10.1016/j.apcath.2019.118559

Xie, J., Dong, H., Cao, X. and Li, Y. (2020) Computational Insights into Nitrogen Reduction Reaction Catalyzed by
Transition Metal Doped Graphene: Comparative Investigations. Materials Chemistry and Physics, 243, Article ID:
122622. https://doi.org/10.1016/j.matchemphys.2020.122622

Wang, M., Liu, S., Ji, H., Yang, T., Qian, T. and Yan, C. (2021) Salting-out Effect Promoting Highly Efficient Ambient
Ammonia Synthesis. Nature Communications, 12, Article No. 3198. https://doi.org/10.1038/s41467-021-23360-0

Zang, W., Yang, T., Zou, H., Xi, S., Zhang, H., Liu, X., etal. (2019) Copper Single Atoms Anchored in Porous Nitrogen-
Doped Carbon as Efficient pH-Universal Catalysts for the Nitrogen Reduction Reaction. ACS Catalysis, 9, 10166-10173.
https://doi.org/10.1021/acscatal.9b02944

Montoya, J.H., Tsai, C., Vojvodic, A. and Nerskov, J.K. (2015) The Challenge of Electrochemical Ammonia Synthesis:
A New Perspective on the Role of Nitrogen Scaling Relations. ChemSusChem, 8, 2180-2186.
https://doi.org/10.1002/cssc.201500322

Zhang, L., Ding, L., Chen, G., Yang, X. and Wang, H. (2019) Ammonia Synthesis under Ambient Conditions: Selective
Electroreduction of Dinitrogen to Ammonia on Black Phosphorus Nanosheets. Angewandte Chemie International Edi-
tion, 58, 2612-2616. https://doi.org/10.1002/anie.201813174

Gu, J., Zhang, Y. and Tao, F. (2012) Shape Control of Bimetallic Nanocatalysts through Well-Designed Colloidal Chem-
istry Approaches. Chemical Society Reviews, 41, Article No. 8050. https://doi.org/10.1039/c2¢s35184f

Liu, H., Nosheen, F. and Wang, X. (2015) Noble Metal Alloy Complex Nanostructures: Controllable Synthesis and Their
Electrochemical Property. Chemical Society Reviews, 44, 3056-3078. https://doi.org/10.1039/c4cs00478g

Yao, Y., Zhu, S., Wang, H., Li, H. and Shao, M. (2018) A Spectroscopic Study on the Nitrogen Electrochemical Reduc-
tion Reaction on Gold and Platinum Surfaces. Journal of the American Chemical Society, 140, 1496-1501.
https://doi.org/10.1021/jacs.7b12101

Wang, X., Wang, W., Qiao. M., Wu, G., Chen, W., Yuan, T., et al. (2018) Atomically Dispersed Au: Catalyst towards
Efficient Electrochemical Synthesis of Ammonia. Science Bulletin, 63, 1246-1253.
https://doi.org/10.1016/j.scib.2018.07.005

Bao, D., Zhang, Q., Meng, F., Zhong, H., Shi, M., Zhang, Y., et al. (2016) Electrochemical Reduction of N2 under
Ambient Conditions for Artificial N2 Fixation and Renewable Energy Storage Using N2/NHs Cycle. Advanced Materials,
29, Article ID: 1604799. https://doi.org/10.1002/adma.201604799

Nazemi, M., Panikkanvalappil, S.R. and El-Sayed, M.A. (2018) Enhancing the Rate of Electrochemical Nitrogen Re-
duction Reaction for Ammonia Synthesis under Ambient Conditions Using Hollow Gold Nanocages. Nano Energy, 49,
316-323. https://doi.org/10.1016/j.nanoen.2018.04.039

DOI: 10.12677/japc.2024.134067 655 Bk Sei


https://doi.org/10.12677/japc.2024.134067
https://doi.org/10.1016/0043-1354(78)90107-0
https://doi.org/10.1016/j.aquaculture.2015.07.022
https://doi.org/10.1021/ac60072a044
https://doi.org/10.1073/pnas.1605512113
https://doi.org/10.1073/pnas.2115504119
https://doi.org/10.1038/s41586-019-1260-x
https://doi.org/10.1016/j.chempr.2017.10.016
https://doi.org/10.1007/s12274-018-1987-y
https://doi.org/10.1016/j.apcatb.2019.118559
https://doi.org/10.1016/j.matchemphys.2020.122622
https://doi.org/10.1038/s41467-021-23360-0
https://doi.org/10.1021/acscatal.9b02944
https://doi.org/10.1002/cssc.201500322
https://doi.org/10.1002/anie.201813174
https://doi.org/10.1039/c2cs35184f
https://doi.org/10.1039/c4cs00478g
https://doi.org/10.1021/jacs.7b12101
https://doi.org/10.1016/j.scib.2018.07.005
https://doi.org/10.1002/adma.201604799
https://doi.org/10.1016/j.nanoen.2018.04.039

FlER, XEE

N

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

Cao, Y., Gao, Y., Zhou, H., Chen, X., Hu, H., Deng, S., et al. (2018) Highly Efficient Ammonia Synthesis Electrocatalyst:
Single Ru Atom on Naturally Nanoporous Carbon Materials. Advanced Theory and Simulations, 1, Article ID: 1800018.
https://doi.org/10.1002/adts.201800018

Kugler, K., Luhn, M., Schramm, J.A., Rahimi, K. and Wessling, M. (2015) Galvanic Deposition of Rh and Ru on Ran-
domly Structured Ti Felts for the Electrochemical Nhssynthesis. Physical Chemistry Chemical Physics, 17, 3768-3782.
https://doi.org/10.1039/c4cp05501b

Yao, Y., Wang, H., Yuan, X., Li, H. and Shao, M. (2019) Electrochemical Nitrogen Reduction Reaction on Ruthenium.
ACS Energy Letters, 4, 1336-1341. https://doi.org/10.1021/acsenergylett.9b00699

Skulason, E., Bligaard, T., Gudmundsdéttir, S., Studt, F., Rossmeisl, J., Abild-Pedersen, F., et al. (2012) A Theoretical
Evaluation of Possible Transition Metal Electro-Catalysts for Nzreduction. Physical Chemistry Chemical Physics, 14,
1235-1245. https://doi.org/10.1039/c1cp22271f

Liu, H., Han, S., Zhao, Y., Zhu, Y., Tian, X., Zeng, J., et al. (2018) Surfactant-Free Atomically Ultrathin Rhodium
Nanosheet Nanoassemblies for Efficient Nitrogen Electroreduction. Journal of Materials Chemistry A, 6, 3211-3217.
https://doi.org/10.1039/c7ta10866d

Zhang, L., Ji, X., Ren, X., Ma, Y., Shi, X., Tian, Z., et al. (2018) Electrochemical Ammonia Synthesis via Nitrogen
Reduction Reaction on a MoS: Catalyst: Theoretical and Experimental Studies. Advanced Materials, 30, Article ID:
1800191. https://doi.org/10.1002/adma.201800191

Liu, Q., Zhang, X., Zhang, B., Luo, Y., Cui, G., Xie, F., et al. (2018) Ambient N2 Fixation to NH3 Electrocatalyzed by a
Spinel Fe3O4 Nanorod. Nanoscale, 10, 14386-14389. https://doi.org/10.1039/c8nr04524k

Zhu, X., Liu, Z., Liu, Q., Luo, Y., Shi, X., Asiri, A.M., et al. (2018) Efficient and Durable N2 Reduction Electrocatalysis
under Ambient Conditions: f-FEOOH Nanorods as a Non-Noble-Metal Catalyst. Chemical Communications, 54, 11332-
11335. https://doi.org/10.1039/c8cc06366d

Fang, W., Zhao, J., Wu, T., Huang, Y., Yang, L., Liu, C., etal. (2020) Hydrophilic Engineering of VOx-Based Nanosheets
for Ambient Electrochemical Ammonia Synthesis at Neutral Ph. Journal of Materials Chemistry A, 8, 5913-5918.
https://doi.org/10.1039/d0ta00676a

Li, X., Li, T., Ma, Y., Wei, Q., Qiu, W., Guo, H., et al. (2018) Boosted Electrocatalytic N> Reduction to NHs by Defect-
rich Mos2 Nanoflower. Advanced Energy Materials, 8, Article ID: 1801357. https://doi.org/10.1002/aenm.201801357

Chang, B., Li, L., Shi, D., Jiang, H., Ai, Z., Wang, S., et al. (2021) Metal-Free Boron Carbonitride with Tunable Boron
Lewis Acid Sites for Enhanced Nitrogen Electroreduction to Ammonia. Applied Catalysis B: Environmental, 283, Article
ID: 119622. https://doi.org/10.1016/j.apcath.2020.119622

Lv, C., Qian, Y., Yan, C., Ding, Y., Liu, Y., Chen, G,, et al. (2018) Defect Engineering Metal-free Polymeric Carbon
Nitride Electrocatalyst for Effective Nitrogen Fixation under Ambient Conditions. Angewandte Chemie International
Edition, 57, 10246-10250. https://doi.org/10.1002/anie.201806386

Wang, M., Liu, S., Ji, H., Liu, J,, Yan, C. and Qian, T. (2020) Unveiling the Essential Nature of Lewis Basicity in
Thermodynamically and Dynamically Promoted Nitrogen Fixation. Advanced Functional Materials, 30, Article ID:
2001244, https://doi.org/10.1002/adfm.202001244

Waegele, M.M., Gunathunge, C.M., Li, J. and Li, X. (2019) How Cations Affect the Electric Double Layer and the Rates
and Selectivity of Electrocatalytic Processes. The Journal of Chemical Physics, 151, Article ID: 160902.
https://doi.org/10.1063/1.5124878

Leech, M.C. and Lam, K. (2022) A Practical Guide to Electrosynthesis. Nature Reviews Chemistry, 6, 275-286.
https://doi.org/10.1038/s41570-022-00372-y

Cheng, Q., Liu, S., Wang, M., Zhang, L., He, Y., Ni, J., et al. (2023) Li*-lon Bound Crown Ether Functionalization
Enables Dual Promotion of Dynamics and Thermodynamics for Ambient Ammonia Synthesis. Journal of Energy Chem-
istry, 85, 191-197. https://doi.org/10.1016/j.jechem.2023.06.012

Hu, L., Xing, Z. and Feng, X. (2020) Understanding the Electrocatalytic Interface for Ambient Ammonia Synthesis. ACS
Energy Letters, 5, 430-436. https://doi.org/10.1021/acsenergylett.9b02679

Shi, M., Bao, D., Wulan, B, Li, Y., Zhang, Y., Yan, J.,, et al. (2017) Au Sub-Nanoclusters on TiO2 toward Highly
Efficient and Selective Electrocatalyst for N2 Conversion to NHs at Ambient Conditions. Advanced Materials, 29, Article
ID: 1606550. https://doi.org/10.1002/adma.201606550

Wang, J., Yu, L., Hu, L., Chen, G., Xin, H. and Feng, X. (2018) Ambient Ammonia Synthesis via Palladium-Catalyzed
Electrohydrogenation of Dinitrogen at Low Overpotential. Nature Communications, 9, Article No. 1795.
https://doi.org/10.1038/s41467-018-04213-9

Shen, P., Li, X., Luo, Y., Guo, Y., Zhao, X. and Chu, K. (2022) High-Efficiency N2 Electroreduction Enabled by Se-
Vacancy-Rich WSez— in Water-in-Salt Electrolytes. ACS Nano, 16, 7915-7925.
https://doi.org/10.1021/acsnano.2c00596

DOI: 10.12677/japc.2024.134067 656 Bk Sei


https://doi.org/10.12677/japc.2024.134067
https://doi.org/10.1002/adts.201800018
https://doi.org/10.1039/c4cp05501b
https://doi.org/10.1021/acsenergylett.9b00699
https://doi.org/10.1039/c1cp22271f
https://doi.org/10.1039/c7ta10866d
https://doi.org/10.1002/adma.201800191
https://doi.org/10.1039/c8nr04524k
https://doi.org/10.1039/c8cc06366d
https://doi.org/10.1039/d0ta00676a
https://doi.org/10.1002/aenm.201801357
https://doi.org/10.1016/j.apcatb.2020.119622
https://doi.org/10.1002/anie.201806386
https://doi.org/10.1002/adfm.202001244
https://doi.org/10.1063/1.5124878
https://doi.org/10.1038/s41570-022-00372-y
https://doi.org/10.1016/j.jechem.2023.06.012
https://doi.org/10.1021/acsenergylett.9b02679
https://doi.org/10.1002/adma.201606550
https://doi.org/10.1038/s41467-018-04213-9
https://doi.org/10.1021/acsnano.2c00596

fiER, xBE

[125]

[126]
[127]
[128]

[129]

[130]

[131]

[132]

[133]
[134]

Liu, M., Zhang, S., Chen, M. and Wu, L. (2022) Boosting Electrochemical Nitrogen Reduction Performance through
Water-in-Salt Electrolyte. Applied Catalysis B: Environmental, 319, Article ID: 121925.
https://doi.org/10.1016/j.apcath.2022.121925

Ren, Y., Yu, C., Han, X, Tan, X., Wei, Q., Li, W., et al. (2021) Methanol-Mediated Electrosynthesis of Ammonia. ACS
Energy Letters, 6, 3844-3850. https://doi.org/10.1021/acsenergylett.1c01893

Plechkova, N.V. and Seddon, K.R. (2008) Applications of lonic Liquids in the Chemical Industry. Chemical Society
Reviews, 37, 123-150. https://doi.org/10.1039/b006677]

MacFarlane, D.R., Tachikawa, N., Forsyth, M., Pringle, J.M., Howlett, P.C., Elliott, G.D., et al. (2014) Energy Applica-
tions of lonic Liquids. Energy Environ. Sci., 7, 232-250. https://doi.org/10.1039/c3ee42099j

Kang, C.S.M.,, Zhang, X. and MacFarlane, D.R. (2018) Synthesis and Physicochemical Properties of Fluorinated lonic
Liquids with High Nitrogen Gas Solubility. The Journal of Physical Chemistry C, 122, 24550-24558.
https://doi.org/10.1021/acs.jpcc.8b07752

Zhou, F., Azofra, L.M., Ali, M., Kar, M., Simonov, A.N., McDonnell-Worth, C., et al. (2017) Electro-Synthesis of
Ammonia from Nitrogen at Ambient Temperature and Pressure in lonic Liquids. Energy & Environmental Science, 10,
2516-2520. https://doi.org/10.1039/c7ee02716h

Suryanto, B.H.R., Kang, C.S.M., Wang, D., Xiao, C., Zhou, F., Azofra, L.M., et al. (2018) Rational Electrode-Electrolyte
Design for Efficient Ammonia Electrosynthesis under Ambient Conditions. ACS Energy Letters, 3, 1219-1224.
https://doi.org/10.1021/acsenergylett.8b00487

Ampelli, C. (2020) Electrode Design for Ammonia Synthesis. Nature Catalysis, 3, 420-421.
https://doi.org/10.1038/s41929-020-0461-x

KMEYPR, FHeE, R, A RUL IS A A R G SRR D). AL 244, 2022, 73(1): 32-45.

Liu, S., Qian, T., Wang, M., Ji, H., Shen, X., Wang, C., et al. (2021) Proton-Filtering Covalent Organic Frameworks
with Superior Nitrogen Penetration Flux Promote Ambient Ammonia Synthesis. Nature Catalysis, 4, 322-331.
https://doi.org/10.1038/s41929-021-00599-w

DOI: 10.12677/japc.2024.134067 657 Bk Sei


https://doi.org/10.12677/japc.2024.134067
https://doi.org/10.1016/j.apcatb.2022.121925
https://doi.org/10.1021/acsenergylett.1c01893
https://doi.org/10.1039/b006677j
https://doi.org/10.1039/c3ee42099j
https://doi.org/10.1021/acs.jpcc.8b07752
https://doi.org/10.1039/c7ee02716h
https://doi.org/10.1021/acsenergylett.8b00487
https://doi.org/10.1038/s41929-020-0461-x
https://doi.org/10.1038/s41929-021-00599-w

	电催化氮还原体系反应界面的不同组分调控及其合成氨性能研究
	摘  要
	关键词
	Study on the Regulation of Different Components at the Reaction Interface of the Electrocatalytic Nitrogen Reduction System and Its Synthetic Ammonia Performance 
	Abstract
	Keywords
	1. 引言
	2. 电催化氮还原概述
	2.1. 电催化氮还原反应机理
	2.2. 电催化氮还原反应影响因素

	3. 电催化氮还原研究进展
	3.1. 电催化氮还原催化剂研究进展
	3.2. 电催化氮还原电解液研究进展
	3.3. 电催化氮还原工作电极研究进展

	4. 总结与展望
	基金项目
	参考文献

