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Research Progress on Reversible Protonic Ceramic Electrochemical Cell

WANG Zhou'!, ZHOU Xiaoliang'?, LIU Limin', CHEN Hanyu!, QIAN Xinyuan', HE Feifan', SHENG Yang', JIANG Xingzhou!
(1. College of Chemistry and Chemical Engineering, Southwest Petroleum University, Chengdu 610500, China;
2. Tianfu Yongxing Laboratory, Chengdu 610042, China)

Abstract: Reversible protonic ceramic electrochemical cell (R-PCEC) is an emerging and efficient energy conversion device that can
convert chemical energy into electrical energy and electrical energy into chemical energy. The reversible operation of R-PCEC in the
dual mode of fuel cell and electrolytic cell is highly flexible and is one of the most promising ways for efficient energy conversion
and storage. However, for R-PCEC, the electrolyte conductivity, catalytic activity of the cathode and anode, and durability under
actual operating conditions are the main factors restricting its performance. This review introduced the research and development
status of each component of R-PCEC in detail, including electrolyte materials, hydrogen electrodes, and air electrodes, as well as
mainly focused on the latest progress on material requirements, electrode performance and reaction mechanism of air electrodes for
reversible batteries. In addition, the future developments on R-PCEC were also prospected.
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Fig. 1 Relationship between electrical energy, thermal energy
and temperature in the water electrolysis for hydrogen
generation”!
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Fig. 2 Working principle of different types of high temperature electrolytic cells
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Total reaction formula: H,O — %Oz +H, (1)

Fuel electrode: H,0+2¢” — O* +H, )
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HOR is hydrogen oxidation reaction; OER is oxygen reduction reaction; ORR is oxidation-reduction reaction; HER is hydrogen evolution reaction; PCFC is

protonic ceramic fuel cell.
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Fig. 3 Schematic of two operation modes of reversible protonic ceramic electrochemical cell (R-PCEC)
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Orange spheres represent the minimum energy position of protons, which are equivalent due to the symmetry of the crystal.
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Fig. 4 Diagram of proton rotation (step 1) and proton transfer (step 2) pathways
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Table 1 Ionic conductivity of some proton conductor
electrolytes in a humid environment
Electric
. Temperature/ .
Material . conductivity/ Reference
(Sem™)

BaZry1Ce7Y 02055 500 9.0x107° [16]
BaCe7Zr01Y0.1Ybo 1035 550 1.8x107° [17]
BaCe9Ing 055 600 1.8x107° [18]
BaCe9Ybg 1055 600 1.5x107° [18]
BaCe 7Ing>Ybg 1055 600 2.7x107 [19]
BaCe7Inp»2Y 1055 600 2.6x107° [20]
BaZryCeosY0.105 5 600 1.0x107 [21]
BaZryCeos6Nio.04Y0203 5 600 6.3x107 [22]
BaCey1Ing15Tao.05Y0.103 600 2.7x107 [23]
BaZro3Y (2035 600 7.9x107 [24]
BHCCQ_8Y0'2037(5 600 1.0x 1072 [7]
BaCeo_SZr0_3Dyo_203 5 600 1.9x 1072 [25]
BaCeo_7Zno_05Yo_2503 ¥ 600 1.1x 1072 [26]
BaCeo_55Zr0_3Sm0_1503 600 1.6x 104 [27]
BaCeo_SZr0_3Ndo_15O3 ¥ 600 1.2x 1073 [28]
BaCeo_SZr0_3Gdo_15O3 ¥ 600 7.3% 1073 [28]
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Table 2 Main elementary steps for reactions at the air electrodes of proton ceramic fuel cell

Type of reaction

Main elementary step

Molecular oxygen adsorption
Molecular oxygen dissociation of adsorped oxygen from the air

Oxygen reduction at the cathode

Surface diffusion at the electrode/electrolyte/oxygen ion boundary
Bulk diffusion of oxygen throughout the cathode

Proton migration toward the anode

Formation of water at the triple-phase boundary

Evaporation of water

Oug) € O

OZ(ad) « 2Oad

Ougy te =0y

Oy +26 = 20(23;)
O, — O,

(ad) (TPB)

O(;d) - O;TPB)
O(bulk) g OZTPB)
Hrbulk) - ZHITPB)

H:TPB) + O(Z';PB) - OH;TPB)

- +
OH(TPB) + H(TPB) - HZO(TPB)

HZO(TPB, — HZO(g,
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Table 3 Main elementary steps for reactions at the air electrodes of proton conductor electrolytic cell

Reaction Smy sSt0.5C003 ;BaZro 3CesY0205 5" Pr; 75B2p.2sNi04.,”")
Water adsorption H,0, <> H,0, H,04, < H,0,
Water dissociation H,0,, & H, + O, H,0,, <> H!, + OH,
Hydroxyl dissociation OH/, <> H}, + 07, OH/y <> +07, i)
Proton incorporation Hy, +0; < OH,
Proton diffusion H, <> Hypp OH,, <> OH[,,
Proton transfer Hipy & HY OH[,, + O}, & Ol +OH,
First charge transfer 0, —e &0, Ozd(.,;gh, —-e & Ogd(h,g,,,
Oxygen surface diffusion Olsctign € Oty
Second charge transfer 0),—e¢ &0, Ol oy =€ >0y
Oxygen association desorption 20,4 € Oy 204 © Oy

ad is adsorption; e is electrolyte; el is electrode; g is gas; high, low means that the material is in a high or low concentration position; int is surface; TPB is

three-phase boundary.
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Fig. 7 Comparison of the performance of high entropy structured electrodes with some reported air electrode materials
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HEMRIH A, F Tk P BEAE X 5% H (XY
IiGe R-PCEC HIBM BRI A : i A AU AL B 0 oK SR
F &1 B R—P BYEGARH™ AU J7 45 G0 AH 2H 1 i 44
KEGHWMARE. FFFEAKBL, R-P AHIER /51
R Re IR A RE ST, AR BURINIE 1 3R 1HI 4 58
PR B S T I, %715 AR R ARR
P 7 LA SR A B A S B
H AT, R-PCEC B ML T 58 A HE B,

AT 1) 2 S H AT AR B D, AR SN e %
TR B A AR R L AR, BRI

[43]

WA TTIEAESVECHRIE . % 4 B4 TH BAR
FNEN R-PCEC 1 it/ F R PR RE
333 W RS AL S Tarutin
CL &8 uE B n] DS — ke 5% iE R-PCEC. fthAl]
FABRSREEN & T EAZESM0E
(NiO-BCZD|PBN-BCZD|BCZD|PBN-BCZD, BCZD=
BaCeysZrg3Dyo203 5, PBN=Pr; 9Bag NiOs5). HI T
BCZD F1 PBN I H 51 FE A AH AR (FE 1350 CTHE
i Sh LA, RN EE IR R 5L
(10.8~13.5 pK"), 24 Bl 78 1] % 3 78 o 1 75 be b
1 K, ERBIMIILLD IR 15 AR R &
45 FELMLLE ) 2% o P2 R E I R AR 7R TARRAST,
SR 2 e A o B AL BB Ni-Pr0,
A PRI HZE 700 CL 1.3V HIRIE TR, H
WA 540 mA/em® [3% (A% H0/H—3%
(R 50 HaO/AIr], TEIR BRI (29 50%, MRARS
HORILLE 2 B AR, IS A2 680 mA/em’.
HL It e BB A R R, 600 CH KIhREEL N
300 mW/cm?.

Wu 257U F 7 PrBay sSto sCos FexOs.s (PBSCF)
RYNIMEL, L=~ A2 B R Tl 7 5
P EL R, B AR B 5 A ) 4 LA . LSRR,
FEHR L R RS R 25 v VIR — RS IR I 430, (E ) 4%
PBSCF P& HESE 2 i st Lk AT /B be, W
—ANi b, REEET bR, 5 EAE S
#% 1) PBSCF HLA )i+ Kl (7E 500 ‘CHI
600 ‘C4> 5124 120 mA/cm® A1 620 mA/cm?)HH, 4]
P12 J7 15 1) 4 0 5 1 A ARt R B B T
RE I35 (FE 500 “CH1 600 “CHF 4354 210 mA/em? H!
880 mA/cm?).

s[58]
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Table 4 Solid oxide fuel cell/electrolytic cell (SOFC/SOEC) performance of R-PCEC
Material Electrolyte Temperature/'C C — Performance - — D;alr;ﬁ;ﬁ?tes/h Reference
ell model/(W-cm ™) Electrolytic model/(A-cm™) ul Y
PBCFN BZCYYb 650 1.05 2.15 200 [49]
PLNBSCC BZCYYb 600 121 1.95 18 (550 °C) [43]
PBCC-BCO BZCYYb 600 1.06 1.51 210 [44]
BGPC-GCO BZCYYb 600 0.58 132 100 [46]
BC1.5MN BZCYYb 650 1.17 2.04 220 [47]
LSCF-BCO BZCYYb 600 1.16 1.80 72 [45]
BCFN BZCYYb 600 1.70 2.80 240 [50]
BSCFP0.05 BZCYYb 600 0.84 1.00 240 [51]
BCFZYM BZCYYb 600 0.85 1.20 110 [40]
PNC55 BZCYYb 600 0.61 1.18 [52]
3D-PNC73 BZCYYb 600 1.62 242 (53]
PNOF BZCYYb 650 0.58 2.00 [54]
BB-OPS BZCYYb 650 1.13 1.53 [55]
SCFN BZCYYb 600 0.53 0.36 120 (550°C) (48]
LSCN BZCYYb 600 0.65 0.68 [41]
GCCCO BZCYYb 600 1.16 2.00 [42]
PBCC BZCYYb 600 0.54 0.72 160 [56]
PLNCMn BZCY 600 0.52 0.69 [57]

Hydrogen contains about 3% (in volume) H,O in battery mode; In the electrolysis mode, the applied voltage is 1.3V, and the side of the air electrode is air
containing about 3% (in volume) H,O. PrBaCo; ¢Feg2Nbg,0s.s (PBCFN), Prisla;sNdieBaisSrisCaicCoOs-—s (PLNBSCC), PrBagsCag»Co0,0s:5 (PBCC),
BaCoOs_5(BCO), BaysGd gPro.4C0,0s:5(BGPC), GdCoO; 5(GCO), Ba;Coi.sM0p.25Nbg2506-5(BC1.5MN), Lag 6Sr0.4C00.2Fe.803-s (LSCF), BaggCog 7Feq2Nby.103 5
(BCFN), Bay5Sro.5(Cog.sFeq.2)0.95P0.0s03-5 (BSCFP0.05), Ba(Coo.4FeoaZro.1Yo.1)095Mg0.0s03-s (BCFZYM), BaZrgiCeo7Y0.1Ybo.103-5 (BZCYYD), PrNigsCoosOs s
(PNCS5), PrNig7Co0303-5 (PNC73), PraNiOsg:5F0.1 (PNOF), BagsSrosCoosFe 203 s-BaZryCeo.7Y0.1Ybo.103-5 (BB-OPS), Sro9Ceo iFeosNig203 5 (SCEN),
Lay §S19.2C01-xNixO3-5 (LSCN), Gdp 5Caz 7C03 52Cup.1509-5 (GCCCO), (PrBag sCag 2)0.05C0206-5 (PBCC), (Pro9Lao.1)19(Nig.7Cuo3)09Mng.104:5 (PLNCMn)).

Liu 25CNFF % 7 —Flogr B B4 B Ni-Bagos
(Ceo66Z10.1Y02Nig04)O3s, M EHE myilh I R AL
(1) Ni KO AE PR T R I H B s i vE e, fifl
SEFHPTR B NI QKR (1) Vs se e (2 ik rE A 7 7%
A SRS 5. [FII Zhang £519Uf FR %
il AR SR b Se et T AR TRt =R oY P Y (NE Y
FH T R RV 0 5 21 B F VB T R AR — I, 38 R 5 T
EA Fe-Ni E&E G, Cadd s — G
PESTONEN 1 F B AIER], Fe-Ni GUKRORL I 3 7]
RUNLREMS KBS s RS 2 S A o i, D&
(1) Fe I 3L BE 1S 58 Ni B A0 AR € 1% . 78 700 °C,
SRR RIhREELN 2 Wiem®, E/SER K
KL 1.4 Wiem®, WA T 7 SR8
BB M RE R T SRS, 3B R SN AR TR
JIHIER

SPSRYE, LR A R ) AR A SR R E T DA
33K —RBDRELIR. SR I
K2R FHR PR 2 fth, 75 OR S K B A
R BE LR BT — o SR — 2B R 45 1 77 ik ] LA b
pestintia], fAfbfiRe, Bl LR A AR b Ls e,
il AR AR I . 0 R AR I 2 S A . A5

Rk b 2 U B B AR (R R b3, T AEbe St T
PR AR BB BERRINRCE MG, B ER
FERE )P HT LIRS, PEREAIHLARGR S = 22 8] ) 2K
Ao IEARGE, HBRARE R K BER PR,
B 1E 7K 7y HERRPEAS B REHEAT o =2 il 46 & A 9K
RLIE A B POKRBURLR AR, AL TR
oS TR AT AR UL S, B AR B4,
BH IR DU B S A RO B & ik, 90K
FUREL 55 AR 8] B B R BRI S A S
fil r R PEREAS B3 — D 3R T

4 G5B
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