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Table 1 Performance comparison of ammonia synthesis in high-temperature protonic ceramic cells

. Test conditions NHs yield
Type Electrolyte Ammonia electrode References
Feed gas Temperature/ C Voltage /(mol-s7-cm™?)

Perovskite SCYb Pd Dry Hz, No/He 570 4.5x10°° [12]
scy Ag-Pd Wet Hz, Dry N, 480 0.6V 2.84x10-° [48]
BCG Ag-Pd Dry Hp, Dry N, 480 0.6V 3.09x10- [52]
BCY15 Ag-Pd Wet Hp, Dry N 500 0.75 mA 2.1x10°° [55]
BCDy Ag-Pd Wet Hz, Dry N, 530 1.2mA 3.5x10°° [54]
BCC Ag-Pd Wet Hz, Dry N, 480 0.8 mA 2.69x107° [56]
BCY10 LSTR40-BCY10 Ha/Ar, No/Ar 500 1.0V 5.0x107%2 [90]
BCY10 Ni-BCYR10 Ho/H20/Ar, No/H,0 500 0.3V 1.1x10° [92]
BCY10 Ni-BCY10 Hz/H,0, N 500 02V 3.36x1071° [85]

Continued
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Continued Table 1
) Test conditions NHs yield
Type Electrolyte Ammonia electrode References
Feed gas Temperature/ C Voltage /(mol-st-cm?)

BCY10 LSTR40-BCY10 H,/H,O/Ar, N2/H,O 500 10V 3.8x107%2 [91]

BZCY72 Ni-BZCY72 Dry Hz, Ni/H, 620 24V 4.1x10°° [63]

BZCY44 BSTR10 H,/H,0, Dry N, 500 1.2v 1.1x107° [93]

BZCY81 VN-Fe CH,/H;0, Dry N, 600 1.89%x107° [66]

BZCYYb SooTF-BZCYYb Dry Hz, Dry N, 650 06V 6.84x10° [31]

BZCYYb LCuF-BZCYYh Dry Hz, Dry N, 650 04V 5.12x107° [30]

BZCYYb S(TF)Bo.-BZCYYb DryH,, Dry N, 650 04V 6.51x10° [28]

BZCYYb LBiF-BZCYYb Dry Hz, Dry N, 650 04V 4.47x10° [65]

LSGM Ag-Pd Dry H,, Dry N, 550 1 mA-cm™ 2.37x10°° [71]

LBGM Ag-Pd Dry H,, Dry N, 520 1 mA-cm™ 1.89x10°° [72]

LCGM Ag-Pd Dry Hy, Dry N, 520 1 mA-cm2 1.63x107° [73]

Fluorite LDC Ag-Pd Dry Hp, Dry N, 650 06V 7.2x10°° [74]
YDC Ag-Pd Dry Hy, Dry N» 650 06V 7.5%x107° [74]

GDC Ag-Pd Dry Hz, Dry N» 650 06V 7.7x10°° [74]

SDC Ag-Pd Dry Hz, Dry N, 650 06V 8.2x107° [74]

CLC Ag-Pd Dry Hy, Dry N» 650 06V 7.5%x107° [79]

Pyrochlore LCZ Ag-Pd Dry Hp, Dry N, 520 08V 2.0x10°° [75]
LCC Ag-Pd Dry Hy, Dry N» 520 08V 1.3x10° [75]

SCYh: SrCeqg5Ybo0503-5; SCY: SrCengsY00503-5; BCG: BaCesGdy203-5; BCY15: BaCeggsY0.1503-5; BCDy: BaC60_35Dyo_1503a5: BCC: BaCep¢Cag103.;
BCY10: BaCeygY103.5; LSTR40: Lao_ssl‘o_sTio_eRUOAOg: BCYR10: BaCeggYo.1RuUp103.5; BZCY72: BaZry7Cep2Y01029; BZCY44: BaZrgsCep4Y 02033
BSTR10: Bao_5sl‘0_5Ti0_9RUO_103ﬁ5: BZCY81: BaZrpgCer1Y0.103s; BZCYYb: BaZr0_1Ce0_7Yo_1Ybo_1OH; SooTF: Sro_gTio_6F60_403_,)‘: LCuF: LaCug1Feo 9033

S(TF)Boz2 :  Sr(TioeFeos)osBo20ss s LBIiF :  LaggBioiFeOsy s

LSGM :

LagsSro1GagsMgo 2035 ;5 LBGM :  LagoBag1GagsMgo 2035 ; LCGM :

Lag 9Cap1GagsMgo20s-5; LDC: Cegglap20z2-5; YDC: CeogY02025; GDC: CepsGdo20z2-5; SDC: CepgSmp2025;5 CLC: (Cepslan2)os75Ca002502-55

LCZ: La195Cap0sZr07-55 LCC: LayosCao0sCe207-s.
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LaGaOs 44 Wi W14 A A2 S 55 1 34
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SHF LT RAR TS, 5K 2 s dLAE 520 C
FHIFR 7R SR AL 1.4x102 S-.om?, MJERHTFA
RIEWFF T — RIIAFICE (Ca® . Sr?*. Ba?")B
(17 LaGaOs i i Ao 75 i s 20 A i P 110 B 772,
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Table 2 Proton conductivity of some solid electrolyte
materials

Electrolyte Tempfzcrature/ Atmosphere Protor}scir:gylgtivity/ References
SCYb 570 0.19x1072 [12]
BCDy 600 Wet Ho/wet Hp 0.93x102 [54]
BCY10 500 Wet Ho/Ar 0.54x102 [55]
LSGM 520 Ho/Ar 1.40x1072 [73]
GDC 650 Wet Ha/N, 2.60x102 [74]
sDC 650 Wet Ha/N, 2.80x102 [74]
Lcz 600 Wet Hy/N, 6.80x1072 [75]
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REAE il MRS N=N 4§84, SR7M Pd 1% T N
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Ag-Pd X &8 A4 — e R LT UAnH] HER K
A, A RAE A R A BORR SRR RO,
Ab Ag RESE B AR I LT 5 HLpEBSL, 48 Ru R
A Nz G B A R &1, Skodra £6034
W T Ru BAEAGFIER A I PERE, B JarE [ 14
BRIV SR Ag &, REH Ru LR
RUTRALE Ag M 1, DLIG N T AR B A RO RS B P
T SR AR IV A R T A R A
WAL Ru KM, TAE Ag I 45 S BAE He,
23] TR EMRERBGER, At Ru HEE B2
HAERENME. &8 Ni A& RIFNETHRSR
AR AL E M, Shimoda 258504 % 7 Ni-BCY 4
JBF R E A, LS H A1 N2 NJEERL, BT
3.36x 1071 mol-s™t-cm? (W& A H %, 7 15 h {1t
SNENA A 2 A AR e, (HEUE s s
T &SR T HTZNE, &8
Fe &M, HIEES Haber-Bosch £ AR H 4%
J iz A$H . Ouzounidou MRS T Fe JE# AL
R, RIS A A R A
BT & @ A s i S RIS E
fRiR LIRS IR Fe E/ERI SR, HESRE
THER AN N4 J8 E AL 57 o 75 11 5 AL il
X LA A B PR REREAT TREAE, R A
2927 2 Fe HARRET, G MO INIE 80%.
Klinsrisuk 288112 75 Pd B8 Ru #4677 i) S04k 2k 1E
M, AMERE JRTE Hy R T I 8 R I 5,
& JRERAEA RN R E AR AL . BT R
PUE 450 ‘CF Pd &4 1) Fath 1521 5 i (1 24 i ideoR
H4x107° mol-st-cmr2. Pd X &S A W4T HIW B RE 71,
REAE N fif 25 B PR o5 BT P2 A5 B H 38 B X 3k,
et H 5 0Bk 3R T B A A R I B A
NHs. Ru fEALFIRRETEGE T Rk tERe, (AXTEAE



25 53 55 10

T A R TR R A R OB R TR R .+ 3063 -

PRSP ZERTE G
3.2 $5EKH EBAR

PERH M RER A RIF AL TSI, s TR
B RGBSR YERE,  IWAME IR Mg e v
MG A& A IO A, 298 ) ECR B 2 FAl A
BEEESERT R A RIF M A E 1, 2 BORk rith s
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JR T B, XTEE T Ag. Pt Al LagsSro4Coo2FensOss
(LSCRfEramR A& i MERE . 7EH LA H20 F1 N2
NIEEL 550 ‘C R LSCF Al Ag FM A KA o
AN 4.9x10° 1 mol-st-cm 2 F1 8.5x10~1 mol-st-cm2,
SRT Pt AR Z =2/ 1.0x1072 mol-s~t-.cm?, X A&

Useless Ru nanoparticles
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R T IEE LR 2 RuIEPES 5 (B 4a), FEIK T

Active Ru nanoparticles

BCYR LST
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HAE R RE . Nk LR AT, Kosaka S5021i% 1t
7 Ru #%7: 1) BaCeo.oxY01RUO3 (BCYR) K. 7E
0 J5F 254 TR a5 )R FE AE BCYR R M AL
BN Ru 49K Biki. BCYR AL AR T 5 H
TSN, 454 LST Wonm i S Mm%, Wi
LST-BCYR E & MMk, Z&IFLM TR 581
(R E AL S, S Ru GoKORL 78 7 2 5 A SO .
HAL 2R B, LST-BCYR 7E 500 °C & A4 %
WK 1.1x10 mol-st.cm=2, # LSTR-BCY A Hj
BT MAMNER AR 2.0%ETH A 2.2%, E
SE T 5T XU SRR AR ML BRI AL .
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YENR WA R T8 Ho A1 No A2 A A,
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3% TR R

RS R AR A AL i B ) K H T A
FRFs, AT ) Fe AR T SALTE G, LA HL
FE, MERIES R AIE, R E
AR S RIE . Guo FFEBOLG LCuF #58kF™ HAE R+
W e i vl ) B AR, Cu B 2218 5 22 Fe** R4,
AL (OVS) 74 . Fe* Fl OV 33t ik v T4 1k 3¢
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Extended Abstract

As the second largest chemical product globally, ammonia plays a pivotal role in the economy. The conventional Haber-Bosch
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process urgently needs innovation due to its high energy consumption and environmental pollution. The high-temperature
electrochemical ammonia synthesis system based on protonic ceramic cells, which uses electric energy to overcome the
thermodynamic barrier of nitrogen activation and achieves green synthesis under ambient pressure conditions, has attracted much
attention.

Proton-conducting ceramic cells consist of an electrolyte and two electrodes (i.e., ammonia electrode and hydrogen electrode).
The electrolyte must simultaneously fulfill dual functions, i.e., proton conduction and gas isolation. Its material design requires a)
dense microstructure to block gas permeation, b) high proton conductivity and negligible electronic conductivity, ¢) chemical stability
under high-temperature conditions with exposure to H20, CO2, and NHs, and d) thermal expansion coefficient compatibility with
electrode materials to avoid thermomechanical stress-induced damage. This review systematically represents the applications of
perovskite, fluorite, and pyrochlore-type electrolytes in ammonia synthesis. SrCeOz-based oxides are the reported perovskite materials
with a proton conductivity, with their proton transport capacity that is enhanced through ionic doping strategies. Compared to other
perovskite oxides, BaCeOs-based perovskites with a higher conductivity are currently among the most extensively studied
proton-conducting materials. Doping with rare-earth metals is a common strategy to improve the proton conductivity of
BaCeOs-based oxides. Alkaline-earth zirconate oxides (i.e., CaZrOs, SrZrOs, BaZrOs) exhibit lower proton conductivity than
cerium-based oxides but demonstrate superior chemical stability and mechanical strength. LaGaOs-based oxides achieve a nearly pure
proton conductivity in Hz atmospheres, and LaGaOs-based electrolytes doped with Ca?*, Sr?*, or Ba?* demonstrate a good
performance in ammonia synthesis. Beyond perovskites, non-perovskite oxides such as fluorite (i.e., AO2) and pyrochlore (i.e.,
A2B207) also exhibit a notable proton conductivity under high-temperature and hydrogen-containing conditions. Rare-earth-doped
CeO: fluorite-type electrolytes outperform perovskite counterparts in ammonia generation rates. SDC electrolyte achieves a
record-high ammonia formation rate of 8.2x10-° mol-s~*-cm2 at 650 °C as the maximum reported value based on proton-conducting
ceramic. Pyrochlore-structured electrolytes have a proton conductivity comparable to fluorite structures but with enhanced chemical
stability.

The catalytic activity and stability of the ammonia electrode directly affect the rate of ammonia synthesis. Electrode materials
require superior nitrogen adsorption/dissociation capabilities coupled with a high NHs selectivity. Also, ammonia electrodes must
demonstrate adequate electronic/protonic conductivity and chemical stability. Noble metals are widely used in early-stage
proton-conducting ceramic electrochemical ammonia synthesis due to their high electronic conductivity and catalytic activity. Ag-Pd
bimetallic alloys are the most common electrode materials. Pd exhibits a high catalytic activity for NRR, enabling N=N bond
dissociation at elevated temperatures. However, Pd preferentially adsorbs H atoms over N atoms, leading to dominant HER over NRR.
Ag-Pd alloy partially suppresses HER, while enhancing ammonia production rates and faradaic efficiency. Perovskite materials
become promising alternatives for ammonia electrodes due to their tunable structure, high thermal stability and low cost. Cobalt-based
perovskites possess a superior catalytic activity, and they are extensively studied for electrochemical ammonia synthesis. However,
some challenges such as cobalt reduction/volatilization, high thermal expansion coefficients, and elevated costs restrict their practical
application. Ru-doped perovskites are particularly attractive due to the superior catalytic activity for N2 activation. Iron-containing
perovskites have attracted much attention as cathode materials for protonic ceramic ammonia synthesis. The multivalent
characteristics of Fe confer dual advantages in vacancy regulation and electronic structure optimization.

Summary and prospects High-temperature proton-conducting ceramic ammonia synthesis remains in the fundamental research
stage, requiring further studies in proton source optimization, material development, and reaction mechanism elucidation. For proton
source exploration, previous studies predominantly used high-cost pure Hz as a proton source. Recent research has confirmed the
feasibility of H20 as a proton source, but this imposes stringent requirements on electrode stability under steam exposure. Hydrogen
derived from steam methane reforming or water-gas shift reactions offers an alternative strategy, enabling potential reductions in
energy consumption and CO2 emissions. Future work should systematically evaluate the protonation efficiency of H20, CH4, and
other candidates, establishing a matching mechanism among hydrogen sources, electrolytes, and electrodes. Compared to
conventional metal electrodes, perovskite electrodes exhibit unique advantages in cost-effectiveness and performance tunability.
However, their catalytic activity and long-term operational stability require an enhancement. Strategies such as ionic doping, defect
engineering, in-situ exsolution, and advanced synthesis techniques can optimize crystal structures, enabling electrodes with high
activity and durability. The reaction mechanism of protonic ceramic ammonia synthesis remains unclear. In-depth studies on catalytic
pathways and degradation mechanisms at ammonia electrodes are urgently needed. The density functional theory should be used to
calculate N2 adsorption/activation energy barriers and proton transport pathways, establishing structure-activity relationships between
catalyst electronic structures and NRR performance. In-situ X-ray photoelectron spectroscopy and in-situ transmission electron
microscopy are used to analyze the proton migration process at the hydrogen electrode and N2 activation process at the ammonia
electrode, and the DRT analysis is used to reveal the velocity determination steps under multi-field coupling conditions. These studies
will provide a theoretical support for the construction of efficient and stable proton ceramic ammonia synthesis system.
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