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Abstract: Driven by global energy transition and carbon neutrality goals, proton-conducting solid oxide fuel cells
(P-SOFCs) have become a research hotspot in clean energy technology due to their advantages of efficient
medium-to-low temperature power generation (400-600 C), excellent fuel compatibility, and high energy

conversion efficiency. This review analyzes the development prospects of hydrogen-containing fuel P-SOFCs.

Addressing key technological bottlenecks, this review focuses on three core dimensions including material design,
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reaction mechanisms, and characterization techniques to summarize research progress and technical challenges in

hydrocarbon-fueled and ammonia-fueled P-SOFC systems. For hydrocarbon-fueled P-SOFCs, the carbon deposition

issue is thoroughly examined. Their formation mechanisms, characterization methods and influencing factors on

carbon deposition are discussed in depth. Advanced improvement strategies are highlighted, including modification

of reforming catalysts, optimization of proton-conducting electrolytes, and novel design of electrodes. Regarding

direct ammonia fuel cells (DAFCs), challenges related to insufficient anode durability are addressed. Critical

influencing factors are identified as catalyst activity, support types, nitridation corrosion mechanisms, hydrogen

partial pressure, ammonia flow rate, and anode microstructure. Based on cutting-edge research, novel improvement

strategies, such as anode modification, optimization of anode catalytic layers and innovative cell structure designs,

are summarized. This review outlines future development directions to advance the commercialization of

hydrogen-containing fuel P-SOFCs.

K ey wor ds: solid oxide fuel cell; proton conductor; hydrocarbon fuel; ammonia; review
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Fig. 1

Comparison of P-SOFCs and O-SOFCs!'%

(a) Performances comparison of P-SOFCs and O-SOFCs; (b) Schematic illustration of ionic transport mechanism of O-SOFCs and P-SOFCs
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Fig. 2 P-SOFCs performance across a range of fuels

[33]

(a) Current density versus voltage (j—V) and current density versus power density (j—P) curves of P-SOFCs under a range of fuels;

(b) Peak power densities, lifetime and degradation rates of P-SOFCs on 12 different fuel streams at 600 C
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Fig. 3 Schematics of single chamber SOFCs

[39]

(a) Single chamber SOFCs with coplanar electrodes; (b) Single chamber SOFCs with fully porous electrolyte in flow-by
configuration; (c) Single chamber SOFCs with fully porous electrolyte in flow-through configuration
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Fig. 4 Common characterization methods for carbon deposition on SOFCs anodes

[54, 56, 59, 61, 67]

(a) SEM images and EDS carbon elemental mappings of the spent cell. (A-I, A-II and A-III: spent cell without catalyst;
B-1, B-II and B-III: spent cell with catalyst)!*Y; (b) XRD patterns of different SOFCs anode materials (A: GDC;

B: Au-Mo-Ni/GDC; C: Ni/GDC; D: Au-Ni/GDC)"); (c) HR-TEM images of formation of the graphitic layer in NiO (A) and
MgO-modified NiO (B)™”); (d) TPO results of the carbon deposits (A: weight loss curves and derivative plots; B: yields of
different types of carbons deposits at different pyrolysis temperatures)®’; (¢) Time-resolved normal Raman and SERS analysis of coking
and carbon removal on nickel surface (carbon deposition on (A) blank Ni and (B) Ag@SiO, loaded Ni, and (C) integrated intensity of
the carbon D-band; removal of carbon deposition on (D) blank Ni and (E) Ag@SiO, loaded Ni,
and (F) integrated intensity of the carbon D-band)”!
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CARENE L
135 hEHiE

$I 2 AN — PRI E AT EOR, R
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iy, a I ko =P b ik 25 SR W AT A S | B TR
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FpE BEBR BRI 161060 cm ™ )R B HBL5 T8 0K, I 52
T*OH N FIMBRHERHLHI(*C—~*CO5> —COyPY, ix
T T SERS )52 B M 775 SOFCs 18471 #2 ik
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Ni-Fe & @kl 4E% B PR iR kT 90%). BAREE
B EIRTHUR BRI BE(NI-Cu T APEIR T 300%), 1H
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BHAAEER . IR R E SR I — 2 B K
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A ARG N R SERL T 83% M) e AL K
RN RM, HPrHakae /1R T CeO, B 2
A AL BN A A LG, AR T R S E Ak,
I8 RS I SR T AU A A R B T R AT IR
KA, Guo AR (K Ni-Mo/ALO; L7 7E
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Murphy % U7 3@ i 51 N Hf 5k 2 Jt
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AT E I RE, FH R R R T R, PR AR R A AL
THRREE S, 4T ETE COyH IR &AM Eialr
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Fig. 5 Physicochemical properties of BaZry4Ceo4Y.1Ybo 10;_s electrolyte

[76]

(a) XRD patterns before and after exposure to 100% CO, at 500 C; (b) Thermogravimetric analysis profile on exposure to 60% CO,
(balance Ny) at 500 C; (c) Conductivity under humidified N, atmosphere (py,0=3.1x10° Pa) compared to that of
BaZr;3Y,0;.5 (BZY20) sintered under similar conditions; (d) SEM image of the as-sintered surface morphology

R T B —AEMA R ERIG . THEMEL A
NHE— 5 I AR BT, Luo 25UV o i & i vk
RAFH B F R LR BB BaSng 1Ceg7Ybo 2055,
Sn 5 4 BT I XU A5 B R 08E S ] T CO,
TEER B, D AR SR PR R AL (L 17 38T SRS

FE B B A B 75 T, Cheng 25 POR [ AH
IS 51 %% Nig oCug1-BCZY P EBH I, Cu B2 FRMK T
Ni ff1 d #Hpoty, $0H] AR A SR IR AR, AW
B E A AR . X488 & 44k (W Ni-Co.
Ni-Fe) 0] 5 2 BH W i 5 56 4 @I OB, S0 L b A J
Wt EiET.

[EINF, TR AT H A AR ) 46 B 5 R 28 4 Ak 7 L
A R A AT = B R BURL DA K 4R - B A
s A B AE SRR SR 1, 38 v R A A 1 A
A FIT BN DA S G4 K FRABCSUSIR T T A k) Fa A
e F rH AR B AR5, Hong 25 E BZCY'YD B
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THBEHE P-SOFCs MKIEEM S5F e . Wang
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& 1 MPa(2/<7 70 MPa), filfEzE it A o] B L)
40%. ZAVEJTTH, QAT PRTG I AE, A KRS 2
ERTESR BEERE, 08K, ok, B
R B 2 EAL PR AR B SRK, AR T
CO, S FIHEBU &, 15 5 2 BN SEEL R
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A1 b i B AR 4R

DAFCs JEid — 5 fifb F A R BB
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B, AL ST, ZURAE PR AT B R iR A
T2 B B NO,, fAEMEE A . 17 P-SOFCs At
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T - 22 R I F B R PR B e 2 5 K i e e
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211 E&EEAFINEGE
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B RRTE SR AR R T 52 0 I A6 45 - NH;
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IR B AS), RSB FA N 4560 Ny 35 58 R
o e Forb N, iP5 BRI e 22 d i, EE N RN
YRR 6T Rh. Ir S5 40 8, NH; MRS
59, N—H W o v BT, o3 4 g L)
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Ak RE .

B R A 1 5 U B K S R - e
(AE(M-N) 8L K B 2852 &R, 47 (Ru) & #4657
TEREE T2 P 464 R RO T B4R R I
TEE G A AE Y. MG B AL R LA Ak
IS 55 2 P R R v MR AL A, AT DL R S SR T
fE. Wu ZPlgE &5 — PRI 5 00 1 3h J1 A,
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SR EE o HAZ U AR v A 005 25 0 o <5
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VA B 7EE
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1334 T AL A R R

540 5

Nb20s5
NaNbO3

Ly

KNbO3
Al2O3
LaAlO3
SmAIO3
GdAIO3
MnO2
CaMnO3
SrMnO3
BaMnO3
TiO2
CaTiO3
SrTiO3
BaTiOs
ZrO2
CazrOs3
SrzZrO3
BazZrO3

Support
P N I I N I N I I A

|

0 20 40 60 80 100
NHs conversion at 550 °C / %

Bl 6 1E 550 C N[ 4 AR B R M A 7 1 U A 2 )

Fig. 6 Ammonia conversions at 550 C for ammonia decom-
[93]

positions on nickel-based catalysts with different supports
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Fig. 7 Electrochemical impedance spectra at OCV and 600 C
of DA-SOFCs supplied with various fuels®”



512 W

HETHF, 5 ZEMOBL T 3 [ R R A IR B T 1335

i, #E—Dm st Pk A . 5 LRI, BH R4S i)
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[109-110]

(a) Test schematic diagram of tubular catalyst embedded P-SOFCs!'"); (b) Illustration

of the cell anode preparation using the grid-assisted phase transformation method

[110]
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