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Abstract - As abnormal climatic event occur frequently due to global warming, many nations have pro-
claimed their commitment to achieving carbon neutrality and are actively pursuing a transition toward a hydro-
gen economy. At this time, ammonia has garnered significant attention not only as a high-capacity hydrogen
carrier but also as a promising candidate as a carbon-free fuel. In particular, anion exchange membrane fuel
cells offer the advantage of directly supplying ammonia to the fuel cell, eliminating the necessity for separate
ammonia decomposition or hydrogen purification. Therefore, in this study, the operation principle and re-
search trend of the anion exchange membrane fuel cell are reviewed, and several research using ammonia as
a fuel in anion exchange membrane fuel cell are also investigated.

Key words : ammonia, zero-carbon fuel, low-temperature fuel cell, anion exchange membrane fuel
cell(AEMFC), direct ammonia fuel cell(DAFC)
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Table 1. Properties of Ammonia

Value

FAY T4 FEF (wt.%) 17.65
B Fa T (kgliter) 0.105
ZE4 (@lam) (C) 335
A3} Qe (@25 C) (bar) 9.9
G (MI/kg) 18.6

& §3l= (@lbar, 20C) (g/g) 0.346
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Fig. 1. Schematic diagram of a typical AEMFC.
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Anode : 2H, +4OH — 4H,0+4e” (E°=—0.837) (1)
Cathode : O, +2H,O+4e —40H (E°=0.40V) (2)

Overall : 2H, + O, > 2H,0 (E°=1.23V) ©)
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Fig. 2. CO, poison ing p henomenon in AEMFC.
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Table 2. US DOE AEMFC MEA milestones[21]

ol - e

Year

Milestone

2021 Initial performance: 100 mW/cm® at 0.8 V with <02 mgPGM/cmz; H2/air, T=80 C; P<250 kPa

2022

Initial performance: 0.65 V at 1,000 mA/(:m2 on Hy/O,; T=80 C; P<150 kPa; total PGM loading <0.2 mg/cm2
Durability: <10% voltage degradation over 1,000 h; T=80 “C; P=<150 kPa; total PGM loading <0.2 mg/cm’

2023 oS

Durability (CO2 tolerance): =<0.65 mV loss for steady state operation at 1.5 A/cm2 in H2/air scrubbed to 2 ppm

2024 mg/cm2

Durability (catalyst): H2/air (CO,-free) after AST<40% loss after 10,000 square-wave cycles 0.6-0.95 V, =0.125

Durability (membrnae): H2 croessover <15 mA/cm2 during 1,000 h OCV hold at 70% RH and =80 C, Hy/N,

Initial performance: 1,000 mW/cm2 at 0.65 V; H2/air (CO,-free) with total PGM loading =0.2 mg/cmz, T=80 C;

2025 P=<250 kPa
2030 Initial performance: =600 mW/cm? under Hpfair (maximum pressure of 1.5 atm) in PGM-free MEA
Ultimate Initial performance: = 1,000 mW/cm® at rated power; PGM-free; Hyfair; T=80 C; P<250 kPa
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A S o] H gt o] o] A FH o] Tl A
9] o] A EE A3} EA T o} 2} pHE W] 4
812 © 2 anode potential-S F7FA171 4L, ©4FHE 53
O 2 13} anodeol| A e] AFHE A& Fol| L kinetic
A} F7IE A8 AF5HA 9] A AR
[30] WEbA] B2 AT 2FE°] AEMFECO|A] A3}
= olxtsle Ao 1) E F Akl e B3 Eo], =
g ugog A Aren Jla Gk 26 ARY
o W& AEMFCO| A 9] gHitd s}t -8 of
& 49 Folth [30-32] §3] Ziv 52 L A FY
Fol| A Bhaty o] &3} FEH Y o] 0] HAd

T o

fl

X

&

O
=
A ol &3 TRt o] &5 A A8k ‘self-purg-

f et o b
rﬂ

KIGAS Vol. 27, No. 3, September, 2023 - 44 -



274 rmviol go] & W

ing process’ & A3}, &7 M-S 53l AEMFCS]
CO, I & FFE HAisletaz sttt [31]

o] £Joll AEMFCE 74 o] 9]0l th st A5 & 2

AHEE = due 5AE 2ty 9lo], ¢FEE AldY
N-base®] W4 A5 ES ME S = 3 AEMFC 9+
o] T} X1 3Y = o] gk} [24] £3] N-base 9= 2274
$ A3 g ol A ZHE38H= PEMFCO A& A 514
22 R, 7143 E917100 A 253k AEMFCO A
£ Abgo] golstth= A o] Q. [33] ofofl B2 A
TAEo] Sfo|=Ekz, dEF 7R 0| ES} e
SE A dEAAC Fudte dTES
3, 53 HT FeEAASEN 2 Q)
o} AZE AH AEMFCe| g3t d1EX #
3 E o] a1 Ut o]ef AHF3A 3H A dEY
o} AEMFC &5 98] 2 o]lgpe} ol & A3 4=y
o} AEMFC 97 &3 ts)] A3 R ==& 370,

i oo

]

I =Y elmjo} S0l meket HEHK|
0T 5%

3.1. 2ZL|o AEMFC =S #E| % ol

SR Yol= B2 0 Z 400~600 C o) 4te] 1129
A Zm) 817 3ol S=aol AAE B = o W) uje)
Al LA AkskE A5 A (SOFC) 9 22 2257}
52 12y AR A dEYLE ASE AL
A9, dEYot 22 AL EE Q5] s
TAE BaEa, BalE 471 YulAel SOFC 2+
& A 2ol A7) 3lERE-g-o) FHoj gt

a3y PR wEE AS X (PEMFEC)$F o]
A5/t o R v A2y ARAXdA=
AZAA HFA A 9] drYo} &3)|7} §olstA] &
7] W&ol & Fol Bxol hmfo} B3 AXE F
o] AX 2EE T dE LS Aho} FAZ E
g = A2 YT 5 ok o] PEMFC 22 7%
E3) dmUol al= A4 o 7 Qe £ RS Y
FAEHEY AR E AR T ATHAA AR 3
of 3t} Hu 52 ©] 213 PEMFCol A 2] ¢Fx Lo}

o

Eof #3 AFE 3 =0, anode} cathodeol] 4
o] hrolgl FHH s AFol e g

Q18I 2™, £3] anode ¥ cathode 27} =Y o} 1
ppm, 5 ppm°] FHE 7% A% e Zo] v §- AH
kit ol 83t A A3 Ao FHIe =,
o A kol F&o g o AW gdRF oL
o] Aafdute] A3 A=EE 7417 H, proton
S e 517 wl&ol gl AF3tA T [18]

S0l w3 A FHA(AEMFC) 22 7%,
PEMFC$} o] A-22] 8ol A Ao = B3}
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T HEEY gRY o}l A 9 =5} ] glo]
YEYols A A5EX 28T v 5AS

2zt 9)th. AEMFC W anode 2|l Fig. 33} o] &=
Yo7l 358 44, 4442 2 shmyiol 4k} uh
% (Ammonia Oxidation Reaction, AOR)©] ¥}z,
cathode ZA= F2|(5)¢ 7ol 44 3 Hb-g-
(Oxygen Reduction Reaction, ORR)©] ¥ o4t} [34]
= AEMFCE 214 ¢k 2y o}l ¢ 3 4 X (Direct Ammo-
nia Fuel Cell, DAFC) 4] -8 7}53}7] vl i-ol, o =
Yo} &l X o} 4 =53] Agu 7t P Q glo] Al
2H Y] footprintE A EY F ke AHE 2
Ak Ly A A FEtR Tl 5ol mguke o
2AEE T ATl T 9A 2 =R edof, 2018
T ojHd& AH ¢RYol ol nET A5
#d AFEo] Wol JPHA= ZJom 29 4%
S uf ol A 7teAE RE 5 A7
o gkAth. [35-37] 23 Sol2 wdt 5ol F
g et 2018 @ HEH = By =2 28 A5 2%
ZhEEEA o FA7A] FES] BH AE0]
3 Foll 3T [38-43]

Anode : 2NH, +60H — N, +6H,0+6¢e~ 4
(E°==0.7TV)

Cuthode : O, +2H,0+4e"—40H (E°=0.40V) (5)

Overall : ANH, +30, — 2N, +6H,0 (E°=1.17V) (6)
T2 o] FA YRYoHE A% AEMFCl 5%

S, RuE E@Eo] =W OCV(Open Circuit
Voltage)7}0.11~0.85 V =5 2 o] 2 0CV<Y 1.17 V

Aty
d
u;
ey

LI

4

NH; —p 4 0,+H,0

OH-
4—

(1]

< = 3

g W £

< < &

NH3+N2+HQO A 402

Fig. 3. Schematic diagram of a direct ammonia
AEMEFC.
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Table 3. Research status of direct ammonia AEMFCs[34-43]

Catalyst
. Cell Back ocv Peak P?wer
Year Fuel Oxidant | Membrane Temperat Pressur V] Density Ref.
Anode Cathode ure [C] cssure [mW/cm?]
35 wt% aque- .
PV . ) )
ous NHL 0, Resin-PVA | PRyC | MnO,/C 25 0.85 075
2010 33 XIIS%N'“‘}‘IN& Air Resin-PVA | CDN/C | MnO,/C 25 - 0.81 9 3
3
NH; gas Air | Resin-PVA | CDN/C | MnOyC 25 - 075 5
NH; gas 0, CPPO-PVA | CDN/C | MnOyC 25 . 0.85 16
21 % Tokuyama
NH; gas ooty e PyC PyC 50 y 037 y
21 % Tokuyama
2012 | NH;gas oo, P PtRu/C PyC 50 - 0.54 - 36
21 % Tokuyama
NH Ru/C PyC 50 - 0.08 -
3 88 0, N, A201 of /
02 MNH; +
2014 | T on 0, AHA P{/C P{/C 80 - 0.36 022 37
1 M NH; Air AMI-7001 P{/C PYC 25 Ambient | 0.11 0.07
2018 38
1 M NH; Air AMI-7001 PyC PyC 65 Ambient | 0.18 0.26
NH; +
2018 0, - Pt-base | Non-PGM 100 - 0.7 420 39
aq. Base
3 M NH; in .
| MKOH 0, PAP-TP Ptlr/C Acta 4020 80 Ambient 0.63 121
3 M NH; in .
2009 | 0 kon 0, PAP-TP P/C | Acta4020 80 Ambient | 0.63 135 40
351\;\[&%];“ 0, PAP-TP P/C | Actad020 80 Ambient | 0.63 117
T An:3b
16 M NH; 0, okuyama | pe | Ag-base 120 AE | 068 180
membrane Ca: 2 barg
2020 41
12 M NH; + Tokuyama An: 3 barg
2.5 MKOH 0 membrane | TOUC | Agrbase 100 Ca:2barg | 072 280
2021 | NH;gas + N, 0, PiperfON 1 5 | Acta 4020 95 An: Ambient | ) oo 75 )
membrane Ca: 0.2Mpag
7 M NH; + PiperlON An: 2 barg
2022 |\ eon 0, e | PUUC | MnCo.O, 110 Cozbarg | O 410 43
hu] w$- o RyE FYUE 3l o}A L 420 S YA 45 stehe] U R AFE I YT [34,
mW/em? 50 73 £ S UEA 4 A8 S Q) dEYLE ASZ AL Kt =& &
o] &-3}= AEMFC thH] A5o] uf9- we 3ol v HUT S A7) 98 Be ATS0] grUo}s —T—
E2 9t} o]= F& =2 AOR kinetics £ 0.2 & A4 E(KOH) 898 2ol Ao FF3l A%
HA lon, s B dR Yol I2 A0 #d T H2ESh= ATE 3 Foll Uth

KIGAS Vol. 27, No. 3, September, 2023 - 46 -



274 rmviol go] & W

Ty o] Al FRY L ARE AHSH] sl
Fuols 5l ke 5(KOH) 89 &5 oH<
H & A, Alwo] v B o ok 2 S
ZHA ek 5 N A8 E Aol whet Alof A A8
St U2 YRUOFE A AL o =8 g
o] Fofof sl A, 48 F(KOH) &2
B3] Sl B xe] F3-S npdsf ok st
22§ o] AR AL B3| H= A& Ay A ek
Bol A A8E A8l W cathode Zoll A <]
flooding A= A 7HsAdo] AAH, Yo}
ARZHE FIAL F A A, AR A =4
AHE LR QIR BAA Fo] ZAI7F At o] 74
FEf o] FEUoF ] oA A D= HA] Eojxl

= Tl o] Tk [42] WA o] & SESH] 98l 5
AEE(KOH) 89 5 ®lol =2 e 7] 9
g Aot HEo] Yot opd Yot 7] A
A ®E AEMFCO| A &3h= A7 = M= 1 ik

o 4y =2

_uﬁoﬂm
OlﬂELIN
> yE o

32. A L=L{o} AEMFC oi7 S&
A 318N AFT ARG, So]& o
A (AEMFO)ll 2ol ARE FF317] 93]

[€)
mUols % ghmUcl A B AFE

li

Kl
& A &(charge transfer resistance) & Z4:A17]7] 4]
dr Yool AL B (KOH) 98 2o 33
EdTEE T T Fol k. olg @ ATFES
= anodel| 49| kY o} 43} HE-S-(AOR) kinetics S
F7MIANA A RS TN ATES T F9 A
o, 324 02 grr o} 4+ §ES-of {8 g anode
Zuj] &R ol I3+ A, kinetics =S 913 Ao 2}
F25 T, dEYols ¥ F4ksZ-E(KOH) £
FEo WE A s FeF Toll g dFEe] Aok
Lan 52 5ol 23t A5 AR o] A2l vlA
=% S AHE 8o]4& ulE S 2 Nid MnO, 2
Hl A T4 & AR 29 A3 dEYol ds
ZAA ol gt AFE FA3IATh 0152 1 em?] HHS:
HA S Zt= A5AA o £4F I3 W =Y
o<, R Yol 71A| & 338 w o] Ate] W& oCcv
A3l S I-VeurveE MR O 2 Al 5 B 585
gP3FA T} o] = HlEF O 2 6 nm ©| 5 59| U Abo]
Z2]Ni &9]= PRuy/C VBT B =2 Swjd4d &
Zk=the 21E EEskl oH, CPPO-PVA Bl E 5
BEdolA MnO,/Ce CDN/CE Z+Z: cathode
anode S| 2 AMEE A9, A2 2 TG SR
Yol 714l F5 71% 16 mW/em® SHREE HoE
ohar sk Ao [35]
Suzuki 52 Pt/C, Pt-Ru/C, Ru/C 5 37}A] Zujjo

4 % % ok 0 a0
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th3te] A 273 stoll dRYol Z7|AE FF5A S
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Ru/C =22 OCV7} =9ko ) o] OCV thH] dA
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Hj 717kl M N, B NOSH &2 71450 54 dt
3 B3¢l =, o] solubility-diffusion WA UHE
o we}t trY o} A2~ eyt WAEy] wiFolet
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Atk [36]

Lee 52 ¢EUolro trY o} 313HE 5 3l
B R ES ASE sl 45 vl HAEE 59
39, ZH20CV 0.36 V, 032V, At =82 % 0.22
mW/cm?, 0.11 mW/em’ 2 Al 5-& B FA ) [37]

Siddiqui & 1 MY ¢ R ol+E A5 2 FF3}
H R o} A7) 7hEAR] o] LRl mE
B3R A vl B4 T dEYol A48T
o 25 E &¥ dEYolFY 257 2718 A o
XU o} molecular activity 7} 5715+ anode W5 45
E SUAIH, 75 AA| 2= S E 3] cathode©l|
A1) 2ka B ¥k A FUAE = 7] wEol=t
A5 A . [38]

2018 Gottesfeld= ¢FEUo} 4k3} ¥HS(AOR)
kinetics®l] gk B4 & F3hst9om, A3 R o}
AEHA ] 5 SHE 3814 anode ZFoll 3=+
drYoly F5 F71<} HEo] base §A(KOH)Y
HAZE w5 FFol YAFE ATt =8 =
2 25049 o] 2= A graphite 5] 3484 2
A g Aol Badhs Aw3tA A, anodedl] &=
ol d AL E(KOH) 8948 Fgste] &4 &
S 100C oA A EHUEE 420 mW/em? 413 AL

& 38kt ol Tsd e B2l iRl =2 &
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Fig. 4. Solubility of ammonia in water.
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FAHE - E(KOH) £ 2 T5of w2 A5 A A
Foll sl £ & s o] 523 M| =Y o}
ol 1M, 3M, 5M2| KOH &8 Z+7} £3H3te] F-
F3 A A& H2ESN, 1 A3 M| 4
S E(KOH) 8437 o] I8 of 4 EHU=T}
135 mW/em? 2 713 288 82135l¢th. KOH &9
9 B 2S5 E AAFUE 7ol A m-E AOR
kinetics 2} 5+-2 ASR(Area Specific Resistance) = 13|
O £2 A%S BRoF, 58 559 FsldF
(KOH) €98 I vols 1AFEE T3 ol A
=4 Aol AgtE o] AH5o] stEghs BojFo] F
Hsle w59 F4HsPL-E(KOH) 89S 2ol 33
3 T Aol A Aol T 23S gl FUT [40]

Achrai 52 94 3280l AFAE F4tskd
F(KOH) £9& Agstozn dAS & = ~
ol A o] H-2] 2 shunt currents 4| 52 o1
3 FAHsE(KOH) €9 35 flo] dEYolxt
TFste A s HIAEE AT o] 52 4
3} E(KOH) €94 33 glo] A9 Aes =017
3 16 M L5 E YR olFE FFon, Ao 2}
ST YA 120C FEOE Fo LHsch EI
T2 2EE U8 =] B 7|3H A 55 anode
2 cathode 717} 3 barg & 2 barg2] back pressure 71
o| A At A Tk I A¥ 418l E(KOH) €94 &
F 0] 180 mWjem? &2 L EHUEZ A S ¢

AT [41]
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Zhao 52 T Wolrt 44 A= Y baseE AHEFS
A A Qe A8 Aed] B34 5 A
317] el FAFELE(KOH) 898 FF3A &=
z30 FI7IE, dRYokrt obd R Yol 7]A] A
B2 ARSI A s HAEES £35tgnh ¢ Ry
o= Fig. 49} 2o] Eoll A &al=l=EAS 2 )
of, gty o2 AZ AR YA ALEsH= 7 %

H ¢l W &2 (bubbler)EFY 9] 715718 AM83H 7145
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2525 95C oA A &2 FF glo] 75 mW/em?
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FABZFKOH) &9 55 5o the As 23
E A A ZE5L= 110C oA 7 M2] Ry ol
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21 © 2 | 248k cathode | Al A7) &4 Al As 48
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