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— AT AR (unitized regenerative
fuel cells, URFCs) s — M RRAE BithE5 B #Eh
—FREENREERREE, AEHABL SRR
It Rm=E 2Rt REBEFERERKNAR,
URFCs A] AFE AR B A R (fuel cells, FCs)
MEZHEREPBBAKIER (water electrolysis,
WE) TizfT. WE 1 7R, £ FCs TEIREF,
SREMBRLAERN, ZEIBRERPEEF (H)
FEF (e) 4371 FEFN R B M B PR 3 2
Ak, mMERRHR, E8F. BFE585 (0, B
AL ERKN (ORR) 4 ERE =YK, A
WE #&#XH, ZERBEAT, KEBXERES
MES (EFCMWERX TRERNKFEREN
R (1) A (2) FroR) - BEEEIENE, AETE
Mgt RN BRPNEBERE, £ WE TIEEXTHE
S 4SS AR e B e st — 2P sk

FRERRN; SMMHRN; Pt EBELT;

IE Ptk

EHBABRSEFE Tz, UEANT—FH FCs B
BRSBTS R EER [1-5].
Hfg/K (WE) #&x:

H,0 — H,+1/20, (1)

ARt (FCs) #x:

H,+1/20,—~ H,0 @)
REURFCGCEBU ELEZMR, Ak

URFCs THEXEH, EWEEXTHENER Y

(oxygen evolution reaction, OER) &1 7E FCs 1%
X THEXLREKRK (oxygen reduction reaction ,
ORR) s HZFERELEE. HINERFHNER MRS
T, PAPt&RBIENEAT, ORR & IR RN
KRERFHTEERKRN (hydrogen oxidation
reaction, HOR) M+ A 9 <z— [7]. Altt, AR
URFCs RIIEETE, fEAE8H# K ORR M OER &
M BELTIMEEEXRERE. I, £F URFCs
M— AR, ZELTHEFREEL ORR H
OER [ ZHYIINEE o
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Fig. 1 Schematic diagram of URFC operating process: water electrolysis mode (left) and fuel cell mode (right). Reproduced by

permission of Elsevier[6].

mrNEX 3-6) i, AERENNETF
ORR R Z##| A, JEMEE (associative pathway)
REERINA O, BENSEITTR MIERHA HO,
BRI EEFEWFHE O'. HO*. HOO* =,

*+0,+H,0+e — *OOH + OH" (3)
*OOH +e — *O+OH" 4)
*O+H,0+e — *OH+OH" 5)
*OH+e — OH +* (6)

ELL LR ORR K KANERH, E—F (O,
—*O0OH) =®EWL (*OH — H,0) BEHIAN
ERERHTE, HENREIEAEERET
BEARNHNRREIES. B2ABRTAREE
B ORR R R REER, BeiFgEennlr
RENTNE—TRNIEREBE, HhKEES
ZREBX *OH &5 RERBXIY, MEELLAXT
*OOH & st B X, HABEFTEER T —
BXLEE. RIFERLHTT, £TFORREE—TE
METENTERAENS RN, BIEXTFEXN
*OH R85 M xS F *OOH K ff4ksm, #iEZkR
KT XAE AR EAREMNRREER. BHit,
BIEBARETR (KLEENR) HMREIAE
R ORR EILFIH Rl MR 2A AN, £iEZE
BMER, BFPteBEABETNR, HItER
& Pt ARIEEH ORR AR, X—RBFE—
AYISC MBI E [8].

R, RNETF ORR &K, OFR Kk N2 HF
MEENRN, BEEHEERNRANTEE, Hit
BRERNETERNTHEHEZ OFR BUFHIRITHRNE

ZHBEfR. THEAPEREKBRTELTINEGER
I, ERSBEBEELREVIEMEMLE, B3k
KETDBAENAG, FeeBIRAELEE. B
A, OER & RZ#IA 7 AT DA T A Fh AL 6 52 A :
MR Bt 478 1 %] (adsorbate evolution mechanism,
AEM) MEEE S 541 (lattice-oxygen-mediated
mechanism, LOM) . 5 ORR k RZAIIE4E{L, IEAE
A OER 1L FIFEXF OFR Kk MERELSHXH S E
RE M REREMNEEEE, AEM H1EIAJ OER
RNBTENZEBE (A 7-10) [9,10]:

OH +*—>*OH+e )
*OH+OH — H,O+*O+e” 8)
*O+OH —*OOH +e” )
*OOH+OH — *+0,+H,O+e" (10)

KL REBELHESELRME DL LI, OER
B ORR ¥ R N, BREBEEIERESHHARME
B, OFR iRz @ENLTE (X 8) ) HPE
=(x 9) , Fitt, AGy 5 AGo ZIEIHIZEE (AGo—
AGyo) TJFEOERJEMME AR RF. B *OM
*OH AR EZSBRREMBETER nog W H
OER GEM A ILE (B 2B) AJ41, £iEZEBELY
A, IrO, A RuO, i X AT, XF *O F1 *OH
BEESENIRMEE, 28 NI OER ELFT,
IrO,~ RuO, &5 Pt 454 F 1 URFCs H N I1gE R
L FIAELL OER KR [9, 10]»

., #R¥E Sabatier JRIE, B4 ORR/OER
UM BEN R YR EMBXHE I EERRE
HEERE. SILER, N TARMNKREEYREME
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Fig. 2 (A) Limiting potentials showing the strongly bound *OH region (the solid blue line) and weakly bound *OOH region (the
solid green line) for the four-electron process in ORR[8]. (B) OER activity trends of various metal oxides using adsorption energies
as a descriptor[9]. (C) Scaling relationship plots for the adsorption energies of *OOH, *OH and *O[11]. Reproduced by permission of
American Chemical Society, Wiley Online Library and The Royal Society of Chemistry, respectively.
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—Fh& MR < & (B 2C) , ORR # OER X L&
HEREBEERBTFX—&MEXR, BT ORRM
OER HURIZEZAHE, AmEAXLBNIIRHFAE
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% B oz B 3 B TR 7 A / 52 44 o R SR 258 OOH #Y
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TER BB NI BE R fELTT [6, 17, 18]0
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B LBl 45 & il N ThaE | LT, #HmI NN
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= S-O (S AKREERETF) , #HminkT S-OH K
ERFURRE, REKREFT L Ptir AR EMRBAIN
INREE TR E .
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Ticianelli % [20] & T & B X[ Pt/Ir LLFIAY Pt/
IrO, WINgEEELT, HBE—RFIRIEFENE
ITEBR 4 214 THY OER/ORR &1L A #HITHIR
EIE PYIXO, ELFIFR, HPtEESE LR,
ORR j&EMHiRE, KR, Ir 2 LFR, OER A
MRS, HPTE PYIrO, b Bl 1:9 B WIh Bt F 4
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Fig. 3 ORR (fuel cell modes) and OER (electrolysis modes)
polarization curves of Pt, Pt,sRu,lr,s Pt,Ru,Ir;, PtRu and Ptlr in 0.5
mol-L™" H,SO,[19]. Reproduced by permission of Elsevier.

MHREEM, BREMEFHNNEEEELTIFTRL, 4
EMARIANEHHRERERER 1 F.

NELFHIZE Pt ENThaE EEATRE M,
MRENTX F I R EAT P RENEBHITT
KRR, B, Cherevko % [27] BT RALIES B F
B (IL-TEM) SFRIEFHE, LIE PYIO, &
{LHJ ORR/OER K N iIFEH, [k Pt £BAMISN,
OER [ N i3 72 A1 BT s R AY Ir th X 1b 370 55 1 BT
ROoBEETEEZM. #—H0, BAFEIEM
RIELD, EPt. h €BARRE, HSBBAREA
SIEMMA R ERER ZEATISBHEERR,
Ticianelli % [20] tB#RIE TR UER, BIELTE
MHREARNET Pt Ir EBHAR, LE5HRRA
MR RE, WML SRR E TR,

3. BT Pt RSB TRHIINIIRERAE
3

3.1. EEERELY

REPtERERBEAT SR TIHRIFHNNI
RERELIE, ERAESHHNMMRSHRMNERE
REITHEHHE—SNA, AUARARERR PtE
RN G EME T AEILE. ESEM
HRAETHECERESHNSURBFERS
FRENER, %K ZIANEERRBEESEM
KM {E7 URFCs WINBE R L FIMEIE 1. B
AL ESBAAIHR, $5HRF E (perovskite
oxide) L&A (spinel oxide) EHEMEAEFT
BRENRFTENELNT, SRENFELES,
ZTRENMEECEZERFNR, BRE TRIHE
AUt IE M [28]. SN, XERFPXTFEESEIRL
Y. W B Bk, SBRBTESRME,
SRBENKIEEY), RAKVMHSEEETESRE
MEHE AN sE AL Tt TRE.

3.1.1. §55AF BUE L)

A BRI ABO, (A AL
BRI ERE, BAJERRE) , EEFBRMBAIIN
Thees AR, ERERSBMEMNENIRETRE
18T HH—SHRNA [29 30 ARRRIZIEH, HR
ARMOFRERICE A, REGRY AL
TheE (LB RIEI i1k ABO, H1 B [RFHY e, HUE
BHR. SnmmaRs, dJESRESHEEFH
EBIHEMMEREN B FHEET, E=NERE
SRIMSEH [30, 31]

ERBBIRT ZARE A TTEX ABO, £t
TitfemsEM. MHEF[HLEHEA AA B, BO,
METEY (H A B 2318 A BIMY S —F
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Fig. 4 (A) ORR polarization curves and (B) OER polarization curves of the Pt/IrO, catalysts with varying Pt:Ir ratios at 5 mV-s" and 1600
rpm in 0.5 mol-L™ H,SO,[20]. Reproduced by permission of American Chemical Society.

&1 5 Pt BN REREATISIE .

FSUHE St e EaE

Tab.1 Summary of Pt-based bifunctional electrocatalysts for URFCs in the literature

Electrocatalyst Preparation method Performance Structure feature Ref.
ORR (21.71 m A-mg’l at 0.85 The introduction of Ir into IrO,
P/, (1rOy), Microwave-assisted V), OER 42.35 m A-mg’l at support.m.‘lproves electronic [21]
polyol process 155V conductivity and the overall
’ performance
. - Good dispersion of Pt,
Ir@Pt Impregnation-reduction Higher OBR/ OER activity interaction between Pt and Ir,
p than the mixture of Ir and Pt [22]
nanodendrites method blacks and special morphology of Ir@Pt
nanodendrites
. . ORR: 2.3 times that of Pt/ Sy
Pt/porous-IrO, Microwave-assisted com-IrO,, OER: 28% higher The porous Ir.O2 provides 1nt§Fnal 23]
polyol process than Pt/com-IrO and external sites for Pt deposition
= 2
ORR: mass activity of 373.3  Good dispersion of Pt nanodots on
. mA-mgy ' (2.6 times that of Ir black and the synergistic effect
Ptelr black Galvanic replacement Pt black), OER: comparable between the Pt and underlying Ir (24]
performance with Ir black atoms
ORR stability > Pt nanorods, ~Good dispersion of Ir nanodots on
[r@Pt-nanorods Polyol method OER stability <Ir Pt nanorods [25]
. Formation of PtIr alloy phase,
. Impregnation- Higher ORR and OER highly stable Ti,O, support in
Ptlr/Ti,0, performance than Pt/C and [26]

reduction method

PYTi,O,

an acid medium, and interaction
between catalyst and support

mrymeRE. dESRE) , HEbh A B AAD
mTEYHREESE B) ERS. 8Nt F
HEBMRT ABO, WEBEFEM, #HmARI AT
Re A fEMIEMER B A [30].

Shao-Horn & A [31] &I X550 I E
SRABTFEMSNGREFEH—PHRE, RBE
TRIEEBREFN e, AARIENTBRT BEM

WA, 85T e, HIH T H 5 ORR/OER &
lEEZ EAEM A LB X RE (E5) « RIS
IS, J\ERFLE d BTSN ER
AR A b, BUBRAL R e, BUl. XEHTH
EESAH, Y5RMNZHERER, SR
SR, BUBAEEL, TR o B0 e, BLIES O 2p B
EHEHEEES, AMEEHTEMLASSR
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% | Mr 3 Lan'scan'sco_o:"s i % LaMng 5Nig 504 \t? 7 =
= bk LaMn, .Ni, .0, x b La,Ni O,
LaMn,,Cu, O, | La,_CaFeO,]| . >
g; 16 F { : 1¢ 08 < <>7La”CaU5COOH
= 1> LaMng 5Cuy 504 1Y T
T o N S La,NiO,
bl Lacro, T 0.7 2 |
m La,_ Ca Crb La,_,Ca,FeO,
X X 3 X 3
ST : J) PV [ I I I — ; ‘ :
00 05 1.0 15 20 25 0 1 2
g, electron

B 5 55K E LY OER (A) FIORR (B) HAEMES e, BFHMXR. H A BHYLHRH OER UM 50 nA-cm” TR [31],

B B AFRA ORR L RTE 25 uA-cm™ TR B [32].

Fig. 5 Role of e, electron on the OER (A) and ORR (B) activities of perovskite oxides, defined by the potentials at 50 pA-em™,, of OER
and 25 pA-cm,, of ORR, respectively. Data symbols vary with type of B ions in ABO;[31, 32]. Reproduced by permissions of AAAS and

Springer Nature Limited.

TRB Bz B R B F 3%, Frbl e, BUER 1R
SepEMEmMEEFE~E B R _ERIRK
FH &K F M ORR/OER K N iEHR. ME 5T L,
LEAT REUYH T ESBERET e, BFEEA
18, EBEIXLAETR, NI EELE AR &
ffio Ait, BYARESBEMEARERUNS. B
RESKe, BELBFHERALINTEEZETER
(B) RFF ABO, ##lvh, BRI {EBZEEAH B
SRR E LB ESE#RS. Shao-Horn
SRR TNTFIZALBETSNERT B L,
Ba,sSr)sCoysFe,,0; (BSCF) FREMILEELERE
Te, HEMERRBEEZEZMRIEFE~YES
YRERESRE, HmEmE OFR &AM
HIEMAEM rO, fE IR 10 £ [31].
HEEMZ F, MRENERLSAT Bk
VP ESBRTEM INEAEHE. W, B
RESHRT EUYTIEEE T ¢, BFEH A1
REHMELFEM, Goodenough % [33] Bid#
Zk Fe” 3| LaNiO, 2 1, Fe" R EMN I HHmRaE
7 LaNiO, # Ni(Ill) R FHEFHH (t%) , F48
BZ Fe” JaH LaNiO; # 8 B 25 ORR/OER f#
LiE M, FREARR 2 BFH ORR BT RR K
BN 4 BT, ERAYRK. HEATEESET
Fe HIEREE, Lopez % [34] B H Mn. Fe
5 Co STE 4 B LaNiO, FHINi TE, F15
e, MEARLEIRE, BN B-O BMEMME, F
ZEATNMERBLZEREE TH SRS,
RO B R h s RTESE (B) b,
WAl @R ABO, HHI B ARESERH LT

= (A) UNAEBRFELADS. ¢ HLEREE. B
EREESA, TRSWINEEEMLFEME. Flu,
Grimaud %5 [35] &3, B E#RE—XFEHRT XN
eEEALTIPNBLITR, TUATHEHATESRE
(Co) TTEM e, UEIEFH O p HH OHEN T2
KEERMAI B RIZEE Co-O BAPILM Mk (L E 1
hiEM. EPA, Cho % [36] BIFMA La TR
SYEUR BSCF Y Bas Srts, Fi@iIEH La T
KERENBEEEUMRCERBMES LA E
K, A7 —FhE B La-BSCF MR, B REH
F Pt/C B9 ORR JEMEFF IrO, B OER JEM, £
£33 100 h {9783 5 , H ORR R OER I B 2 (AE,
AE BEE 10 mA-cm™ T OER BHE 5 3 mA-cm™
TORRHEMZEME) M075V EHAF 10V, M
Pt/C HJ AE WM 0.8V EF+E] 1.5 Vo

ERRBFRESHERSE, MRRENES
2NN ELEENEERR, |=MUA
LA I (2 2 R P A AN 4 I B 49 < (8] B BB F R RS DAL
e RHMEEME. B0, Grimaud % [35, 37, 38]
ZIBRE ME PRSI LARRTE tyys e, FHY
d,~ d. d, BUE, EEAN/N\EEEE (O) B
ABO, B HFTZ AW GFHE (C,4M) , 2%
JUTEMR T EFENERENTESBEANS
WA BRBOE R EZMEN N FE B FERE, 3
2™ ORR/OER #1LiEM .

BrA E MBI FIERSN, BIREFB(NT L
W, BIF&ZAEMWNBEAT S AR
SMRARER, REBRBRSES FEWFRE,
WANAZR S NI EEIE R B . BN,
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Zhao % [39] BEMEN A, BUITHRERIRIE
AETIRYH E SRy B2 E LY La,Cay,CoOs0
HEFEREER T EREBHN =Y, AEEKRERIEX,
MmES T BREAELEME. KA, Soares & [40]
B — BT B E LY LaNiO, R F Ni &
B, FIEZAEMININEERELT], ST E
LR EME S . EEECIERES FRHIFE,
Takeguchi % [41] #i& 7 —Fh Ruddlesden-Popper
R 5 BESSAT R LY RP-LaSr,Fe,0,00 HASFTRES
WESECERFNESFRSBRE, #MFES
ZEATATESBERATLFEASHES T HEL OER/
ORR &

3.12. REAHAELY

REBARECYE—LXEEBEIRNEMNRH
ey (LB AUEAEMSM/N\ERLR) , E4E
MAURBAZMHNSHNEeEREEFETSGE, kFEST
RXE RN ABO,, EF AMBBEEDHH +2. +3
NS EERE. SERT HELIEN, LEAE
i/ \EREBANSSIANZEBELNE
MR, AT BFEBARATFREESHNER,
WELABANSELTNEHEREFEXEER.
Xu %5 [42] 22 d OB UNSRT R EE
FEMRBRRFNB AL, RE T8/ \EAAa AR iEE
FHES TN e, BUE S 4EASTE A 52 & A ORR/OER Y
EEHEAT (B6) .

Bt 5, 2 &A R E 0TI R W I ae & IE M4
S5HEEFHER. 2. EUNSEEHSEEY
tHX. BRIAT XSGR BEELTIIERE F R
BASIAF . EHRE. RETBE. HEHIE
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TT7T—REINRZEHTL. B Co0, T EL TR
MBE D AREM S0 7 H ORR 1L 5E M. NIEEGH
WINBEEHELIEN, HREM Co0, MR HBHT
Mn T&, IRSMEXNFES FRH A ORR
EiEM. H—Sih, ZHREAWHMRH Co™ M
Mn™ X WIhEEEBEAEERE SRBE, MU
£l Co/Mn EEBIAE] 3:1 B, WIhaE &8 kM
X E| &£, RDE E@E 5 5 MiX ORR 71 OER K72
FEME 2000 X EIRBI R IEMETRVNT 3%. Li & [44]
ANBIE RSB ER Mn B A E| Co,0O, | &FE
B Co,MnO, EAFIEMS 1rO, Y, BEBRMIR
BHRRFERESBI21MA, XUTIEESEERR
EHRE. EMRIESEELINERYS, R
PREFMNESBENENRFEEEHSH (FSN
K) ZEIAMHKE. RIBFSUN, BERERE
HEAMSTEEERE, 258 d FRENREKHF
wRERE - ENENM. Zhou % [45] RAHR T
ZnFe,Co,,0, (x=0-2.0) X OER KK, &
TSI ABHBEFEMAEKEE, Fe (IBUREHT Zn &
R, EIRTTEMIRERKH, Co3dFO
2p BN Co-O M MBI TR, mXHIFR
FH OER JEMHRAMERRA .

HEl, @B-8NENMEHREIAAZ OR K
NRO#MATZz— BRERFHBEZIN, REAR
489 FB A fL M e th AT LAIE IS A8 25 4 B 18 1 SR 2
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ORR
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Fig. 6 OER (A) and ORR (B) volcano plots with the activity on spinels as a function of e, occupancy of the active element at octahedral

site[42]. Reproduced by permission of Wiley Online Library.



Journal of Electrochemistry, 2023, 29(7), 2205301(8 of 15)

E, o, Chen % [46] EERFZHTH Co™ K
BRHEX MnO, #HITIER, $IETHAEMZTEME
B CoMn, O, #Kkdm (B 7) , FEIZMEELL
FEBIENSRGEEHREZE Co-Mn-O B &
ARKY, WS ELEERERS, FHIRESX
REVTHER, SMZMANNGERELFEESE
kFRANEEESRNERHER. Hff, Y5 KRE
Co-Mn-O R AA SENTFEEENEMRENS
1, EXESFRMTER, ORR fEXEHENR.
R, BF OER AIIAETEORR ¥R N, HE Lt
P97 & EEfk OER R N JEMELESZ 75 M BV E A

ERBARKY N R EIFENERR
J T, Atanassov & [47] 3 — %& %] CuCo,O, N If
BEEATIEMHIT TR, BYIRMITESEEN
TERZDEFPREDSE, O-ORELEET O,
F5 CoCo 5 CoCu RFEMFRMEULI. 5
IZRTFRBAECINRSEMYE, SEIFENFE
ABERETR NI R E PRSI EZMNE
Fo fian, He % [43] FIA#HAAKE (CNT) ZE
BFHNEETRESBEAMRSSE, HMmik
BRI SEERMREM. FHILPL CNT fER A
B 8 1k 57 (C02425Mn0.7504/ CNT) B RrETHHTH

EHE (B, ARKSE) ELFINXThaEREL
iEME. M CNT HiEHBAEEN N TRB A=
MBI FES, fmblSEMEEES. EREMN
Co0,,5Mn,:0,/NCNT TR, XBmALEKR. NiES
RERKNEEGRHE T SRMENIK, BT BAE
Wi, BEFTEAITNNSE, RS TEK
T BE.

BRIALBIF5N, XHEIRIRE T — Lo RARk
YRR T IREHXTh R EAEERIRENE, H
FREB R AR RLF) 2500k 2.

3.2. HtdESmakH

BRI EEBELYZIN, TELE. 58
S8, M. #HEY. LY REEEH
B AENINREEELT. EXZTELEH
i, Co BRATEHNININGESEMEM . Yang &
AN EBEMSFHAMBBERGLEBINES SR
BTHNEAYTHEH & T NiCo A& B LT, HE
0.1 mol-L™ KOH & & E7%H 0.80 V #J ORR # K
B{AIF 1.76 VT 10 mA-cm™ i OER B A E,
ORR/OER B 52 iE M 25 B it T 1E I &/ Pt/C
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Fig. 7 Schematic representations of tetragonal (A) and cubic (B) spinels. Polarization curves of the ORR (C) and OER (D) measured at
different catalyst-modified electrodes[46]. Reproduced by permission of Springer Nature Limited.
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]2 B CHNRIER R R AR ELT

Tab. 2 Various spinel oxides bifunctional electrocatalysts reported in the literature

Electrocatalyst Preparation Performance Structure features Ref.
method
meso-Co,0, Hard template Norr = 623 MV (-3 mA-cm™) and High surface area and gyroid [48]
method Noer =411 mV (10 mA-cm™) network structure in the ordered
mesoporous Co,0,
Co,0, nanochains Cobalt oxalate ORR: E;;; =0.84 V (<Pt/C 20 mV), Surface octahedral Co™ site for [49]
pyrolysis Norg=320 mV (0.5 mA-cm™); OER, Co™ (tetrahedral sites) for
higher ORR stability than Pt/C ORR
NiCo0,0, ultrathin Coprecipitation ~ ORR: E,,~=0.85 V OER: The oxygen vacancies promote the  [50]
nanosheets method Nonse=340 MV; AE, increase of 0.14 V. reactivity of active sites, and the
(after 29 h durability test) ultrathin structure increases the
number of active sites
Dual-Phase Hydrothermal Comparable ORR activity, superior Synergic covalent coupling between  [51]
MnCo,0,/CNTs method OER activity and higher stability nanocarbons and MnCo,0,
with regard to Pt/C facilitating charge transfer
3D hierarchical Hydrothermal ORR: E,;;,(CoFe,O,)<E,;,(Pt/C) ca. 3D hierarchical porous structure [52]
porous CoFe,O,, method 180 mV,, 1ogx= 440 mV (10 mA-cm™);
hollow higher ORR/OER stability than Pt/C
nanospheres

#1 RuO,. Goodenough % A [54] X A 4 /& NiFe
LDH BRI A S ELEH & T 2 E N FLAY NisFeN
HELSR, HAEGSBMRARENEFETFE
WA MRS ENALEH, U8R TEEHNN
FEZERMERER, Ni;FeN BEH RIFH ORR/
OER JEMAFEEM . Chen % A [55] RIE T —Fh4%5
ERBEFIR. REIENB KR CoO, xS
RBETFNBRBEE (CoOysS,1/GN) #F #L,
HEHF 077 VI AE X RFNEIHIZE M. Wang
% N [56] & i 4% 3-5 nm NiFe-LDH & & # Co,
N-CNF #f& £, #4525 AF R OER 1 ORR &
M NiFe-LDH 5 Co, N-CNF fUi8 &, k7
RIEE PYC-IrO, I HHI W INEEE M. EEEM
B, BIHEEEFEREMNRANINGEREKL
FItBRETNH. FI Guo% [57]HRET—MA
EREFERBENAKRE. REBENTALHREEN
CuS/NiS, RE KM, H ORR 1 OER &%
5 Py/C #0 Ir/C #124.

mEfrA, REENINRESEATEMEM L
MALEBEBTKREHE, BEREMTEMNAER
B—miE. ERLBENINERELTIEEEN
TREEBRMREFRLARE, SaiHERER:
EBRMTEHRNANIERSE NI EELT.
Patel & A [58] #]R1E T F 28 Cu,sMn, 0, L
FIAERMEN PRI EELT, RIETH
6000 REIHIFREM. B—FHmE, ATREREES
HEE, BREFELTINEBERFAARMES

XE, HEUEE - & -%E (M-N-C) #&FHA
REFEMREEFELTOEIEERMENE TTREN
Hile GaoF I HRETARuEASEHR LB
Ru-N-C B FEFELT, HEBRENRPRIALN
58 OER ELEM, B, Xiao % [60] thikiE
T ETF MOFs $74 8 Ru-N-C 8 R FELTIERN
SXH ORR fE1L7, XA M-N-C B &k FIER
MIREFRNARBRTEHRES. ERIRNE,
Br 7 B L G T A B TE W IN A (L K AT I e
Z4h, IREREBFEE (high throughput)
W28 3] (machine learning) %>t 8 7534
X W INBE fE (LTI I I R BN T E. Bl
L[| BISEBEERTEZLI T —FTHN
SREWMAY), BRERRAEBHREAENE ORR K
R g1k 5; Gregoire % [62] B BB E LR 534 0H
% T 5000 &2 Ni. Fe. Co. Ce E¥INEZ,
ZIMT OER EMHEMAIMRIK . VEFFE ST
EUFIMRNZIRREERKR, FERKIRE
R, NATsERIRMEATIBETUN [63]. tETFE
IEFEERFERARPIELZ RIS T HREZ N
., BHBATHRAR.

4. FFLENThREHRELT

BRI E S BMEHELTISN, RENEE
FEREMBE AN REATINTURETT T K8
BRER, REMSEHINER 3. AABIFESEMBA,
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BB HIEH C-C 1 C=C XEEH. AJERLE
HFRmMAKE (CNT) MAREERELTINHKR
EREN. REKHELIK, £ URFCs N A,
RSB AERAUEEREENSE
BELT, BEFRAAEGAERAMEMA/NIZE
F (N, S, B, P%) WCNTHAREHR LK
BOMBETHTERZE, AR EHRRERT
SHMERNBEA BERE, EmEmEEE
2ERmMEREEGEATEME [64-66] BLL, Xk
MNARMRHRITREFBERA T —FH&HREES
BXThaEEEALTINER TG %E. EBRHEERETFH
ANBRAKMRZE, B2 CETHBETEHNRZ
FPERHERFRAMEEMEE, FEEEFTH
e | M A EAFEEFO [67]. BT
BEEBRRETFHESD, NETFTEBERWEAM, 7]
BRURSTIE C R FBEREZRE, RENIhEE
FUEMLEMN, RN TEENBEET. b,
N 5 C R FHEENEFR/NMESBRAFRREANR
5o BRBARXZHAEN N BEBRAAKSRH, N
BEBBEEES% LA, BRE THERHNINGEEEL
JEME [68]e HLL, MRAREBIMUERTEE
‘e N BRI R E R REESERHE [69].
toh, MRENDEEER, P TFEHNERENA
BIFEXRAEMLY) (g-CN,) HEERNsEREMED
g 7T KEMR [70].

BRAEITTRLSN, EftoR (8], #, %) e
DA AR, BRURS R RIEI I 6E
FUELEM [71-73]s IRARLIE, B@mFHILE
2R F O] R BRI — 5B
TR E NI RE B TIEM. B, Dai & [74]
¥ N. P B2 ABRAKRD, ATES ORR #
B EALA R 0.85 V i OER #£14 B X F RuO, &
&, HEERFNEIIREE. RBEICITES
R, N\ P EFHBEENHEBR]E B
IR FEAR R E IS E6E, REME
WINGE AL EM. Guo % [75] BT HBIET —
MEBN-PEMNAEHEEME (PNGF) , &3
ZRMB A P-N B ARBREEFM N EF, #
miE SEMBH C EFRUEL OER RN, M
ORR R EH, XEB N REFREI I ErEME
HIERA. EXZMEl#TE—SMKE, RS N-P
BHNMERSECZRE, MRERETHTF PYCH
Ir/C REPHI NN e | IE M. Xia E A [76] £
SZEZEBRETRENBAMNBEFRMOXNRER
FREBEIHHNENZ G, 887 p KTRB L
#J ORR/OER EMSHB IR FHRAMETEFFF S
(EXH @) ZzERXLEFKE (B8) , H#¥
O 1EA p RIT =B 20 ORR/OER JEMHIA R,
Heh N L FER KRR AT A E .

=3 BHESBEBIEEEATINHE SEL

Tab. 3 Typical metal-free bifunctional electrocatalyst reported in the literature

Preparation

Electrocatalyst
ectrocatalys method

Performance

Structure features Ref.

Multifunctional
template method

P-doped carbon
nanosheets (2D-PPCN)

Comparable ORR and OER
activities to those of Pt/C and Ir/C,
respectively; superior durability to

20-35-nm-thick 2D [72]
morphology, P-doping,
and porosity tunability

that of Pt/C+Ir/C

BN Co-doped graphene  One-pot
frameworks (PNGF) hydrothermal
method

Defect-enriched and In situ exfoliating

AE=705 mV (Pt/C+Ir/C:769
mV); almost zero change in
overpotential after 5000 cycles

Comparable ORR and OER

Intensifying the P-N sites [75]
for OER and N-doped sites
for ORR

Abundant defective sites [77]

pyridinic-N dominated
graphene nanosheets
(DN-CP@G)

3D PS co-doped carbon
nitride sponges
(B,S-CNS)

Carbon fiber@ porous
carbon cloth (0-CC-H,)

graphene from carbon
paper and PN dopants

Polymerization
and pyrolysis of
aminoguanidine

High-temperature H,
etching method

activities to those of Pt/C and Ir/C,
respectively; superior durability to
that of Pt/C+Ir/C

and active PN dopants,
interconnected graphitic
carbon fiber core

ORR: E,...= 0.97 V, superior to Pt/ 3D P,S co-doped carbon [78]
C, OER: E=1.56 V (10 mA-cm™), nitride and efficient mass/
comparable to RuO,; good ORR/ charge transfer

OER stability within 210 h

OER: E= 1.618 V (10 mA-cm™®), Carbon fibers coated by [79]

ORR peak potential is 0.565 V;
good ORR/OER stability after 900
cycles (9 h)

defects enriched porous
graphene nanosheet skin.
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035 T
04 +

045 +.J..0

0.5 H

0.55

Minimum overpotential (V)

Descriptor, ®

B8 BREAETEAREH ORR/OER R/ NIBASHRF © =
BHXFE .

Fig. 8 Minimum overpotential of ORR/OER versus the descriptor
@ for graphene doped with different elements[76]. ®@ = (Ex/Ec)
x (Ax/Ac), where E is the electronegativity and A represents the
electron affinity. Reproduced by permission of Wiley Online
Library.

BrREBRAARM B R BEECRERFUIN, B
TIRGK ML R EHRBA B B O ik R FHEfR th AT UK
FAEBEFRETEY, WFLASNIhERENL
SEMER B [80]. HAABBEMEFZE, Tang & [81]
FABANFEVIERATBENES T, UFEKA
ERL, A MgO AR, 67T —MZI, &Gk
PRI R EME GM. i, mEREEFRMA=
REREARE, S8BT EUSEME NGM (B
9A-B) . HHIEFEMFT EZERAN B AME NG
GM 1 NGM B Ih g | E ERIRIR A FH B
FTENSRABESEME (BC) . HERAES
RERBHRGEMHTITE, £8E8RHE, £
3R TE A9 18 2% 30N AR B X U Ih BE A L TR
REERATNBL. EFREWHNASEME
(GM) i, RIEBISITEER, EFHEUEStE
MM EZEMA GM 1k OER A ORR FrH L
HARK.

5. ZIESRE

AT BERE A (URFCs) #, B
R EFT&R4ER ORR/OER R V18, FEIREKR R
WINREFHEL FI N B R E 1L ORR/OER & K PARIE
URFCs IE% TE. ARSXMIINRE BT =
AEMNERLER, 2REET BRARENR
ThRE | TIA K. HE—2, MThae | L
MURELEL, BT X FRERFMEILTE

FHIAR
EEBRIFTIREMNNINERELT P, PtE2E
MR BEZEEMERERTHN ORR EME, BEEL
OER R K iz Pt ZEM BN ALY NS BH
OER fEEMERE. Fik Pt E5AHF RS OER
BN rO,/RuO, FHA ERAXEATE
AMINGER UM, NMAT URFCs o XFiZ
REAFEEN A TRIM MR R ERBR I
B, REBGFTNERITAFEREI. REZIEMH
BE MBI R ELEEMBES, EPt Ir
FEBIMBRMERS TIZEATME—SHNA.
BRET Pt Ir EHAE S RAINTNREE LTI,
BATEEBALDWEKT LY, REASR
SRR TSR BESENXN T OER/
ORR R N HE =M RABELNEGE, WRETRE
TOUBRINThRE AR . RENEEREN
TR B AR RS RAEETRAMR AR EHO
EREETEN, BMMNEEA, FAEMNEEES
BESZMTEE—DIRE. SHEUNE, B
BABAHETR (AN P.S) , BEERTS
EREM R EREREEAERETHNATEITNE B
A OB R TR TEE, MR E
MR, S ER R &R TR B TR
BRI, BFRZENIM ORR/OER K132

g 0.10 M KOH
< 151 —nNom
= —GM
= 404 —NG
= —PUC
2 5 —r/C
3
=]
T 01
g —_——
s =
3 5
0.4 0.8 1.2 1.6

Potential vs RHE (V)

B9 (A) NGM MHERREE; (B) ZILARBANE W
R TEM E (GEREZARKELEN) ; (C) NGM. GM. NGl
B F Pt/C, Ir/C #KHE 0.1 mol- L™ KOH J&/R RN E L 7E
MHE, Hf NGM BT B A XThRE LT [81].

Fig. 9 (A) Schematic of the structure for NGM materials; (B)
High-resolution TEM image of the porous graphene sheets;
(C) ORR and OER polarization curves of NGM, GM, NG, and
commercial Pt/C, and Ir/C catalysts in 0.1 mol-L™ KOH[81].
Reproduced by permission of Wiley Online Library.
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B%, BYEAEMAMNEFEMUREMRIRR
NFRELZBEHEXHAE Y (ORR ) OH*
OOH*; OER 1§ OH*. O%) & E&RE, H4E4S
BEREIAKLEMTR R AR ESREEEE. A
REWNIMGEEEAEENERN, SANGEEHE
R FHB I [82-88] FAPHB F=AL[89-91]. 4
MM IIE [92-96) &%, EEFIEME, RE
SCHR IS T & 25N RE FLAE 1L FE MOtk TSk T
TREWRE, BREESERXHNFE =Y
ARRGEEEANEMXR, RE TEMAEMENE
—SRE.

RHREERNTBBMERNELIERE, IR
FENEFEAFMENTE, RETEZSHR:
(1) BRI EEHE. MENRKALSRZEAR
SCELXS T4 P B PR R BRI, AT XS
AREMEF N, (2) FAXREEEER-
SINRFRMA/HAESERE, BHHREREXN TR
EFEFIEERMEELMXR; (3) FAM
BEIMEBEETES H RITRERE LTI
B, FENREEECRNBETRTEMRN RN
BT, R, U EEZHREMRALFTRDRL
FEIME, BFTHRAREZIUSHITEZH
AARR
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Abstract

Unitized regenerative fuel cells (URFCs), which oxidize hydrogen to water to generate electrical power under the fuel
cells (FCs) mode and electrolyze water to hydrogen under the water electrolysis (WE) mode for recycling, are known as
clean and sustainable energy conversion devices. In contrast to the hydrogen oxidation reaction (HOR) and hydrogen
evolution reaction (HER) on the hydrogen electrode side, the sluggish kinetics of oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER) on the oxygen electrode side requires highly efficient bifunctional oxygen catalysts.
Conventional precious metal catalysts combine Pt and IrO, with excellent ORR and OER activities to achieve bifunctional
electrocatalysis performance, but the scarcity and high cost of precious metals have restricted their applications.
Although platinum group metal (PGM)-free bifunctional catalysts circumvent the problems of high price and scarce
resources, they suffer from insufficient activity and poor stability. Therefore, much attention has been paid by researchers
on developing efficient, durable and low-cost bifunctional oxygen catalysts. In this review, we mainly introduce the
recent advances in bifunctional oxygen catalysts for URFCs focusing on the catalyst design, activity, and durability. First
of all, the fundamental understanding of the ORR and OER mechanisms is essential prior to discussing the development
of bifunctional oxygen catalysts. Starting from activity descriptor-based approaches in the identification of catalyst
activity, this review summarizes the alternative catalyst design strategies confronted with the unfavorable scaling
relationship existing among the binding energies of different oxygen-containing reaction intermediates during ORR and
OER. Subsequently, in addition to introducing the design strategies of conventional PGM-based bifunctional catalysts,
the recent progress of PGM-free bifunctional catalysts, including perovskite oxides, spinel oxides, other transition metal
compounds, and carbon-based (non-metal) catalysts, is presented in terms of their structure-property relationship.
Various strategies have been developed by researchers to optimize the performance of PGM-free bifunctional catalysts,
such as nanostructuring, defects engineering, heteroatom doping, phase and composition modulation, support coupling
and morphology engineering, etc. Some PGM-free bifunctional catalysts reported in the literature show promising ORR
and OER activities superior to Pt+IrO, in an alkaline environment. In general, although great progress has been made on
PGM-free bifunctional electrocatalysts, their cycling durability is still far from that of precious metal catalysts, and few
of them have been applied in acidic environments. Therefore, much more efforts are needed to improve the stability of
PGM-free bifunctional catalysts. Lastly, the challenge and future development of designing optimal bifunctional oxygen
catalysts are discussed.

Key words: Unitized regenerative fuel cell; Bifunctional electrocatalyst; Oxygen reduction reaction; Oxygen evolution
reaction; Pt-based electrocatalyst; Non-Pt group electrocatalyst



