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& EAALZECHEAREAERAEFT6RFS, LET AakeBEAN SR LB EATNNTCOFL
R R, I3 R K BHCOF MM RHORBE AR X R HIEE T RE.

KA SRR, PR KR, AR, LCOF L, AW

1 5|5 HOR HL{EAL R & A B AR B i 5 A% 0. 530 1%
HFRZAZ R HIRORRAH X i, FHAKHORI AR, 4

S REBREL U (hydrogen fuel cells)ff 244403 (POfEALFIFE A E N FH 26 T Ol B R 47 003 1t K it

PR ReiR S E, el E PR E R N AHER] B A1 RCHOR HE AL e . BTG IR,
e, HAMBIAL. R BEER NS, M PE, P AL 2R THORYY REW Bl S B, JCHAERR 1
A ZEA AR SRS, P AR R AR 2 Y, B 21107 mAZem?,

HIK, BRI (DR [ 32 A LA e PE . AN ) PR pHL T £ 577 72
2H,+0, — 2H,0 1 wmRQBE)FREE
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Horp, BHAR R A2 5048 )5 2 B (oxygen reduction reaction,
ORR), 1M BHMK & A A A AL B (hydrogen oxidation
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H,+20H — 2H,0+2¢ ?3)

SR, BPEPYCHEALAITE A A AR T B A R
EHOR IR, Sl T-H S F B R, 47 BHAR
FEAT) 32 B8 B T V0 Rk A 1 i & B (K
AR R AR S A B2, SR AT 3 4 B R CO
&Y. PR FIZE SRR FEL B TR IR B R (80°C~
90°C)XF COTEFERR FEHUR™, COTEA AL 7 TH 32 5+,
P G HEHORTE EAL s, S FH MR AL R 2, 38 B
PR 2 S 8795, H,t pmol/mol 2% FICO
e HD S AR P A EE AL A, 4 COF EAUA
10 pmol/molff, Pti#ALF ATHORMAL VG M #l 2 7™ 5 %
M, e T B R AR COTRAL RS, (H 75 B
WAL, TGN 7 =S AR, X U FH = A
BEAS. PRIk, % s COTR 52 1 1 I AR A £ 70 7 JiS .

CO 5 H, 7E Pt A0 77 2 THI 1) 5% 4 W B 1= ZEA7 AR
it CO¥EAR TR IHE e, 8LCO & 45 27 AW
SR PHEER A, COTE R TPUE T_E W bt 5 2%
Al B4 Nk W (linear-bonded) 5 # 2 Wk By
(bridge-bonded)!"”, Hrf IR R K3 S, BI—A4~CO
SFE—ARMPURFHES. MUt 2 —4Cco
PRI 5REPAMNELPUR 7454, Bk #2E5 5
WRFETR, HA EARRERREEEL, &, T hradflFE

W BEARES.
2 AP
P{+CO — Pt —CO,, 4)
M 2 B
2Pt +CO — Pt,"—CO,, )

ZRAQMG) R PIERE, EHEINNEALS G
(hydrogen binding energy, HBE)FIE AL &
(hydroxide binding energy, OHBE) &k EHORJE MEH]
S L R, EE S TR AR T H,,
OH,o S COWS I AR 5255, 59HLCORIMR B RE ), BifE
e COMR Y 5 B 8L T FT BE, H5A B T3 — D4R THHOR
R HICORRUMERE. IR T b S 1 %43 40 3l
Gl AFE R HICOFMLHLEE:  —J& BT &M (electro-
nic effect), BITEPHEEALFFIINILIE 4R o R
Ha A, fdRe oA R, ITEESCOTE 4+
B, — R IhRE RN (bifunctional effect), BI7EPtEE{HE AL
FUIFIINFT e 3 DL AP s 25 5 & S8 F, e ECOo
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Sk, WARAE SRR,

SE BRI R T BH, S COXT 2 /T SRR H
Tt FE AR HOR F AR A0 77 5 >R T /™ R Bk %, an e 75 LR 1UE
HORFHEMEHIHT 2 T 5w IRCOZEAL M, Wit 4% mid
PE. mCOM 32 M =i sE M T HOR HL M 46 571 =2 24
SRERRE L (ORI 7 EE L BRI, & R
FH BT 2008 B T RE N R 2, 2 SE AL BT CO
A OREE. AL 1 AR AU R A A R
Z T BT COBRAL BH R A AL 7R 1) 5 B T 58, LAPtSRE:
AT T, WA SR A2, bR
T 45 MR 4% S Bk R 4% 5 e PR S L ORmE. hab, X
TR R H AR & B AR S AR B & R A
FHNEAT T B4, IR0 R K PTCORE A BH I HORfE 1L
FUFFRIT IR T R EE.

2 HLCOFALMIFHRHORAEAL IR 5T ik

PHEAEALTR th T H AL+ FHORIE M, 2 HATEfE
TOORE Lt FHARRD R G) E ie, AECOTN 32 17 AR 2 1 i
JRZMIWETT. A R R T Bk RS
RN BAR RS, I L7 RN SO T BERN,
IRIICORTILIH, FETHCORMTT RELAREIRCOM #AL
SN, RN, 2T PUSmE SO AR, BT TRAER R AR
PR 14 =i COMR 32 PEAE AL TR T . A7 56 AL 57
2K, E BN PO L ISR FEIT 4R, I T34
AT A AEPLE AL IR Tt FE, AL A ACR M4
R4 I8 S AR St R AL 7.

2.1 BRI

X P AL T REAT & R Jo R B AL B 25 A
FEPRFFHORIEE . $RTHHICOTFALAE I A RORIK. 7]
I, AR T 54 R 4 R AR T 5 5 e 6 s v
HH CSCHE SIS . AN TR T 508 38, WP AL
WERBURIE T 4.

211 EERBRAMMB R

BART BRI I DB AL TR 51
BT RAEAANERE AL, % S 3 B T Peak
AL & R, A BT A3 51N 7 R XL
ThEeRN, BEMLiB e on R ], B
MRLERIR, LIHICORALIERE B AL IR T, Hor
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BRI RDESE R N T, Ao DR E
LB I NRE.

PO 5] N IAb & B e &R, 1@ w2 R I
PR JE R AT AR SE BT80N BIBRE
AT I Ay 43 A R AR AR 4k, 4AdRET RS 5 CO
FRI p LA 15 AE ELAE FHVREY, COTEPLE MR MHE/D, Ptk
TH] SR HOR % 14 457 55,75 LA AR S8 4k S5 N7, COTiRf 52 14 4] 1tk
#8%. Tangs N"#EH,/CO(50 pmol/mol) &1t T %
F O Pd-Pt/CHIPY CHEALFIIEAT T BISIIK, K ILAE
500 mA/cm” N, Pd-Pt/CHH A 71 B Fi s Fi 717 5 7% FRL BELAIG
TPYCI1/2, BIPA-PY/CHEATT FCO, 78 75 2 m KT
Pt/C. LiuZs N % 7 Pt B 5 & 4 (single-atom
alloy, SAAYENFIPCuB &AKBRL, K ILSAAMELLF
HCOMZE & R, PUAJE T 15 CO%5 & A L PHik:
55, R SAARIPE P AL AR 5 H A PO Ak 577 5
HMEMECO i 3, HOR TGP TR, HLCOFALAE Jy1h5i.

PUEMEALFA S N SR A & B0 R, W4 (Ru).
Zi(Fe)s Hi(Co)MEAN)EE, FIHIHILB IG5 AR
THREZURE, 1 w38 T 2 5 (OH) M A FY T, fiikCo
EALHCOL MY, 4R B PEEME AL I COTH 2 1 5
HORMEALTE M, Bk N FE R R,

M"+H,0—»M —OH_ +H" +e (6)
M"-OH,+P{ —CO,; —» M +P{ +CO,+H +e~ (7)

R, PRufEALFITEBTCOREL BT 7 5 N H 5N
J7iZ. PtSRulAI B [E1E AT LARRARCOSEAL b, A
O A G AR A A, R PR Ui AL 73 A
B FHICOT 2. ModestovE N iF 5t #6 1, PtRu/C
AT S BT CO AL RE 7 TR 1 3R TH Wt (1) CO
AR, A& B F A (electrochemical CO
oxidation) FlI 7K S5 A # [z W (water-gas  shift reaction)
PR AL TE X, H SR 77 R =23l an R .

CORLAL 28 AL S e

CO+H,0— CO,+2H +2¢" (8)
IR A S
CO+H,0— CO,+H, 9)

TR A e S N B E 180°C~350°C T R AR, I
PRELFEE AT, AR T COM A I & DL L2
AT RES. i THACERS 2, WSantiagoZs

NP % BIPtMo/CHEAL T,  CORI i 32 4 AL I 3y
TRIMMCOR A=A A FE, RN Mof#4k.CO5H,0
HEAT /KA e e B2 F2 38— 2B 3R T T HAiCOo
e ERE, DRI AT AE Hy/CO(100 pmol/mol) FH B
FHARATHORMEAL I, 7 LA 35 1 A/em i HE i bR
JEAL R 100 mV, 22 PYCHEALFA0.415.

BEAh, ik F R H T 28508 R0 R T B AR K
HORMEBEMIPLCOTFALMEALT, 2182 TAEMIRT A
5. 4, ZhangZ NP 2% FLBR (porous carbon,
PO)PRugKMEAL T, BT IE R TPUIRUE 2, [H]
A IETHEALFIHORTE 1 5 COMY 52 P, Hiatb e /110
TR E A T B 208 5 T B S Bk R . P
HRuA&WE, BTN AEP)dER T H 0 R, Pt-Ru
(6] LT AL AL I, AT X HL R CO b R B ES, XA
PEI B HOR AL TG 3G 58, X CORTmY 52 PEHR T,
Horp it £ Ru L1 = A PtRufiE AL FIHBE & AR, [H] I i
TN Re RN, 32 T Ru G 48] 5 O PERuE AL 75 e 95
A, COEMIEHRALRAL, MM{ECOZ B Ak, LT
Pt/PC7EH,/CO(1000 pmol/mol) <57 H, 0.4V vs. RHE
HLA R ST hiE HLIAL S FERRAIC 17 53.1%, IR T Rult
1] = (T PR uffe A5 LA 5 P U B 17 31.4%.

I F B R T 5 R Re S, $E T
POEMEAL A BTCORRLPERE, KT B4R ML
H B TR R R A E . TP
b 45 J8 7T 2= 1 E A9 2 e R A AR AL SR C O 52 1 11 32 22
Bz —, PlIWang2 NG T — RFIPUR T LLAE
6.7%~99.7%] % FiPt-RuM & J@ ML F], KB HRuli
T L 55%I HORYE P . Brouzgoue NP4 i
X004 S B AL 7P P /CRIPE Ir,/Cey=3:1, 1:1)f
s e BrERb e ) S AVESS B g e . Hh Py Pd/C
i 10 550 e L COIMN 52 14 A A6 SR A1, 7EH,/CO
(400 pmol/mol) <4 F M9 h/5CO R 7 T27%[1
e EEEPER T, T PYCHEALFIZEAR [RIFREE N Iike hfs
e diE. MinZe NP4 7 Pt Ruy /CH &AL,
I MR AE ZECO AN 22 55 — & N [A] J5 ITHOR %
PEARILS 2 Ru 5 BT B PE RE L. M COM 1S )5,
Pt,Ru,/CHIHORG M R PE£150%, MPYCHEALTIE €4
i H4COML 30 sfim, PtRu/CHEALFILE K2 H0%
PO g CO N, LT a k2 T AELHOR RE
(Kl1(a)). Pt,Ru,/CIELFIM EEPYCHA EIRHICOLE &
R, HFR I P COM TS 1 3 &, BRI A 5 = i COo
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(@) s s 0 r y g
" — Pt/C CO adsorption 0s ! — Pt/C CO adsorption 5s
4= Pt Ru /C 4= Pt Ru/C 1
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<l Ry 33t oy (e) —PureH,
Z | samHco, 3 | ¢IMHCO, 10 ppm COM
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& | 1mvy' 2 | 1mvs' . — 100 ppm CO/H,
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264 ]
z = HEA NPs/C o E 60 — - 10 ppm COMH,
- F3 = PtRU/C le £ § . — 100 ppm CO/H,
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B 1 (M&ER) (2) FEPYC, PtRu/CHIPLRuy/CHEAFIFEH, HAT]O0.1 mol/L HCIOH 20 ML HICO 0, 5, 158130 s/ HY
HORMAL 12", Copyright©2019, The Authors. (b) HEA SNWs/C, HEA NPs/C, PtRu/CFIPYCHELFITESO mV vs. RHEIL Hi A7
N FROR A 5 B L PR AT TR A LS ). Copyright©2021, The Authors. (¢) HEA SNWs/C, HEA NPs/C, PtRu/CHIPYCHELFI7E
H,/CO(1000 pumol/mol)¥1F1£#10.1 mol/L KOHEWRH7E0.1 V vs. RHEFHLAL R A L - 1] #1281, Copyright©2021, The
Authors. (d) HRP-RuO,/CHEAMFIHCOPEENLILAIH K. Copyright©2021, American Chemical Society. (e) Fi/PY/CHI
Pt-RuO,/CHEALFIFE4EH,, H,/CO(10 pmol/mol)FTH,/CO(100 pmol/mol)8F1 0.1 mol/L HCIO,H1 %35 51600 r/min FTHORM 1k
i 2:*”. Copyright©2021, American Chemical Society

Figure 1 (Color online) (a) HOR polarization curves of commercial Pt/C, Pt;Ru,/C, and Pt,Ru;,/C electrocatalysts adsorbed by CO after 0, 5, 15, and
30 s in H,-saturated 0.1 mol/L HCIO, solution [24]. Copyright©2019, The Authors. (b) Normalized mass activity and specific activity of HEA SNWs/C,
HEA NPs/C, PtRu/C, and Pt/C electrocatalysts at an overpotential of 50 mV vs. RHE [25]. Copyright©2021, The Authors. (c) Relative current-time
curves of HEA SNWs/C, HEA NPs/C, PtRu/C, and Pt/C electrocatalysts in H,/CO (1000 umol/mol)-saturated 0.1 mol/L KOH solution at 0.1 V vs.
RHE potential [25]. Copyright©2021, The Authors. (d) Brief schematic diagram describing the anti-CO poisoning mechanism on PiR/C
electrocatalysts [29]. Copyright©2021, American Chemical Society. (¢) HOR polarization curves of 1600 r/min for commercial Pt/C and PiR/C

electrocatalysts in pure H,, H,/CO (10 umol/mol) and H,/CO (100 pmol/mol) saturated 0.1 mol/L HCIO, solution [29]. Copyright©2021, American
Chemical Society.

i} 52 1.

AT G AR T PR 4 B AL 57, A
I & B TR A ERIFE Re 4R m bt COFALMERE. f£4t
GEEERRT B MRS, iR
{51/ A 42 (high-entropy alloys, HEA)W & LFEA > T5
PR B B & SRR SER G S, mk
EER e =N ST UV AN ST & S AN Y e d e L
X RN, AT AT DA 5 4 4 53 3R 19 B I e e
Ve SHEME S, ZhanZ NP4 5L T PtRuNiCoFeMo
A 4 T 92K 28 (subnanometer nanowires, SNWs)fi
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13, T e 251 T AL HOR. 25 RR B 25 1)
HEA SNWs/CHEALFH AR & Jam dpiE B E S, A
AN 48 2 1) B IR g AL S, (R T RS, H,g
TEAEAT L 25 Ao B PR, OH, JEFEW Y, HBEA!
OHBEZS, ffitE¥ A5 HEA SNWs/C# i 4= sH,0 )
HAAPEAK, HORMEALIEHEIRT, AL LLIE M2 Bl A A
Pt/CHIPtRu/CHEAL T HE i 18, 7R12. 445, T Jod & bL ik 1tk
A EE R 19.8F14. 175 (K 1(b)). FIAHEAMALFITE
H,/CO(1000 umol/mol)" LL0.1 V vs. RHEHAIEAT
2000 s E JEAL N BE 726.4%, RUFLCOFLMERE
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Mo, RN L AP 7R 8 T PYCATPR u/CHE AL 71 (]
1(c)).

AN, A HEERS 2 48 o 2= 12, adH (Mo)-
Hli(Ce) #3(W). 47 (Ru)F185(Sn) & 45 € & & A1k
W), e 2T iR 1R, BRI A 5%
G @i = B4 S E e M. Elezovie N PEPYCHEAL,
71 _F 3l i YUMo O, /il £ Mo O,-Pt/CHE AL 7 £ H,/CO
(100 pmol/mol) A 855,  H T8 22 IMoO, [11i& 1%
A5CO R MAERE T COMI%E ML, KIHORYE M T[4
#/>. Zhang N8| ACelt B M % T Pt-CeO,/C
AT, CeO, i ik X3y BEALHE AR AL TG P 2 [ 4 3 ]
FEHECOMIBLFE. FECO¥E H 5258 1, Pt-CeO,/CHEAL T
CORIH A BALUNO0.65 V, K TPYCIHI0.75V, HE
A AR IR A 5 B 5 1 AU, B CeO,TEIR S5 COMR
B ) RIS 23 (2 ECO LAk, BrkovieZ N P7EPyCHiEAL,
B AWO,, AL T PYC-WO S 7. Hrh4B 4 HwWo,
1ETCCORT AN E2MTHOR M RE, S8 I XU BERLRL, fECO
A7 AE I 2% T W B B OH BB R JECO I 4 4k, Pt5 WO,
V) P B 7~ R0 B A Pt WO, 2 FiTHT PR I PASE A e o 2k %
i, CORIME Bk, Mifiist— BTt 7 HprstEae.
4 @Rush, HAEALIRuO, M B fE A 2 COXT
K EAAER, B1inLeess NP4 Prah K ks 2 iR
I3 ATERUO, R, FITH] 24 [Pt ane-RUO,/CHEALTTI(PIR/C)
WPt BT B PYCHEAL A, (HHORIEMEAHIT. Ru
Ptz e RA B TERS, Pt SAEUES AN, 1CO 2p
HUBERAS 0T, B35 T P-COE; [AlHRuO, XL
IhAeRONAE S E A AP-ORE N, {2k T COEA(E 1(d)),
ECOE & N108100 pmol/mol i HORYE M J - A %2
2 1(e)). fERuE B S HENIL, Sn L H ALY
R FEHLCOTFALMAL IR AL ) i I —Fh & )8
JLE. Frolova® NP4 liffIPY/SnO,-SbO MEAL I, 7E
COAFAERT HORMEALIE VIR AR, AH LL RS MV PtRu/CHiEAL
FHA M (ICOI 52 7. M Takeguchi® AP7EPRu
AL T HE— 25 5] ASnO,, K ILSnO, il i B 1250 4
K T Pt-COfL A B3, f#Pt-Ru/SnO,/CHELFITECO
TEAE I BE AR R B = HORIE M, 7ECO(500, 1000,
150052000 pmol/mol) 15 T Faith B [ 34 &1 T-Pt-Ru/C.
WE, Takeguchi%}\mléliéiﬁﬁ?ﬁSnE‘Jm@ﬁ%%ﬁu
HOR T GEFICOIf 52 14 1520, 43 5l 7E Pt-Ru/CHEAL T
H 5] A SnAlSnO, il % 1 Pt-Ru-Sn/C F1Pt-Ru/SnO,/C
1B, 45 B E B Pt-Ru/SnO,/CIIHORME AL 1% P &= T

Pt-Ru-Sn/C#4LF, Snt5SnO,#8F Bh T-#E m Ak 7% CO
I 32 7, fHSnO, MR B 4F, Pt-Ru/SnO,/C, Pt-Ru-Sn/C
FIPt-Ru/CHEAL 7 I COSE AL ER UG AL 537 290.31, 0.33
F10.39 V. SnO, 8 izt XU B 8 S HLOff 25 HOH, 5Pt
FK I CO S Mg H A NCO,; Rl SnO, il it Hy
TRNATP-CORELE G IR TS, (EMIHAEPL ECOTEZE
Gy AR, TS AL R COTfit 52 1.

2.1.2 AL R 4 AR 4

Bt A RBR ), fEnRIp. $E.
FhBAL R RERE b, Y PO (A4 77 3 1 45 44 T 3 it
TSR BT R R R RO E T
b, SR AN ) 2 T8I 45 #4 R LAS I COTE fE AL 77 2R 1T 1)
Wb ATz IS N S8 COTE PO [ 4 TG L 1 B
TF 70 3R B CO B 25 5 B ZEPt(100) T IR Pt(110)
THI AR MRS FIPE(1 1 1) T ) = EEA7. 8 ME T b, 5%
SEREAGTT P BETT R R A5 M T R A T
Bz —PY e rs g AR, B At el
JEPFEZ R SCPEAE FH B A S MR R, 38 203 Y
HFi2E, REPUR 7 & E 8P E N ES, mTLlek
BRZ R OALE, TR NAZ 72 45 1 1AL
THORYE I 5 a4k e /177, 94w, Zhang®s A 05t
T WEAHZ g ML B COfb g m, & T —
FIRu@PY/CHZ 5% 45 AL, 7EH,/CO(10, 50, 100, 300
5500 pmol/mol) ' FYHORM X FE ], Ru@Pt/CYE
1.0 A/em’ HLFL B R IR 1 b o B A 4K T 75 Wk Pr/C
APtRw/CHEAL T, HHORVEMEH =, FEEAHELFHICO
Mt 524k, Lige NPT T N 4 (Au) B # 52 (plati-
num monolayer, Pty )E{LFIPt /Au/C, 45HEKHAU
8Pty PE A AR IR, (R 3E T Pt-OH, /2 %, B 58 1
H,OMIf# S, #2448 £ OH, i T44bCO. LiangZs A
g4 S0 5% V2 MR PR (density  functional theory,
DFT) i 5, BEFL 7 PLRIPty, /Aufif A I3 W i COAM
OHMILFE, K IMPty, /Auf 4bF1AH Lb A PR A0 77 R TH
W, ERSEH,0W AR, Wi CO%A
e

Pt E LT N A SR TH 1 78 25 AN 2 TR
FVP R R AL 5. DiemantE AP %t 3 1H PR T8
R REAT TIRNIR T, FH R Z AR AT 78 il
A HIAPtRuAAZ 0 70.15~0.95 MLZE 75 & Pl 24 2 4
WFIFRTHD, 5COMFEM it FE. 45 F R IRPUE 5 4K
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B COMELE RESIL, RIS SRR
SR, AT AL SR Ty 222k N R DF T
FFT T Py / WCHEAL T - COMTH & T W B 47 A Bl
PIML7 75 J f e AR, 45 31 B8 7E0.25 ML, Pt-Clal#fE
A AEK, COWLPHREFRAR, Pty /WCHELLFITTERILAE
J1HETE.

W Pt5E )2 10 2 $ ok i3k — 2 S I HOR % M &
COIi 52 1. 510, Shizs A @id 7EPtCo/C_E & M |2
Pt AL 53, 3R15 T Pty -PtCo/CHEAL T, R F H %
AAAE NI SRR I F . 455K, PORUZ
(1 BN T AZ A ColR T A &L i, A itk
B HR T, Hi%Pty -PtCo/CHEAL T ECOM IR TS, T
FAEL S M 5 COMREL T MM AL A V45 B — D4
T+, Ptya -PtCo/CHEA T AR L TG PE L APYCI2 S, 1E
0.02~0.95V vs. RHEHALIX [EJEIF2500K J5 Pty -
PtCo/CHEALFII T & LG A RE PR RE 8 1%, LLPYCHE
224%. TEJEEF A, Shite N ITEPL g, Co/CHEL
XN T 2 E Pt % T Pt Pt Co/CHA S AL,
HRAELE R B R W H Coli T 15 B4 B H TR
B, BECOJE 125 A i S T, B 5 18 5 U fr ka3,
1E30%~50%HT 15 B, AT Pt o -Pt;o_.Co/CHELL T
HAT B THORE ME AR A I BT CORR AL fig

B TR SEEE A, PR R R R T T 3 3% 2
—FPEIAT R T SE A TR TF B, I S b R
TR, REEEZRMEVEVEAL S, RIPIEIME
FIERE. PALu N TR ARE, A =4k
WRIR £ A PEBIGN KA AL 77, 2R T PLRIRIF 2. JLAH
L )R FLEE M A 15 70 B A LA e v A AL
7% M FH (electrochemical active surface area, ECSA),
T X0 4 JoR P B 3 N P 53 S 8B I 12 PEBI 4N K A 4L
FEA I RICOM 2 1%, HCOEMHAIH0.52V, &
FPYC (0.60 V). LR RIERE, Chen A"
BT B ARAR 5 BUPHR T [ FePtah K A AL (K2(a)
Fby), T B ASREIR AR —4EgK b, BT & R
FePt NSs{ELFAIFIECSAZIAPYCHI2.571%. YK
J T HIPER T LA /N TR 25 43 ), AT 7E AR LT PR T
REVE AL SR AN, IR AE L HOR [ N 2. [H]
I 2 8 7 5 P A 1S PR T dRE AT TP R RE (D 2(0)),
COTEPt_E 45 &k 59 (F2(d)), OHMR B 384 5 {1 1k 25 B
CO(F2(e)), [ERHELLFIPICORE F1HE .

LEAh, FIR A WL PSRRI Z, (R
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SSAL AL, TR R IR RENE, RefgHE mTHORSTICOREL,
ff1RE 71, Narischat& A& a7 )2 — W) 5 AL 71
(R/C)EE SR L4143 5114200, 800K 1000 ) 8] 4 — -
M I T S POR U A KR, Pt Ruy/RCAEALT
SR L B AT R AL, ARy O T
PR, CORIBY BRI T KIS B B, 05
25 2 HORWE AL . L R/CA800F1 100011
Pt,Rus/RCHEMLFIESZCO (100, 500, 10005k
2000 pmol/mol) {1 i FHORIE M2 femii /N, 755
1152000 pmol/mol  COMIIE I TR IR 4F, R/ICH
800 TPt Rus/RCHE AL 7 Ha b L AN B A2 1%, 1 i b
AR B T F 41K 47.3%.  Wang % A OV7E A 26 1 [
EA ML F2,6- - LRI ML IE (DACPy )4 2 H — Fhe
K745, DAcPyIEE P ANP-CHEA—NPt-N# —
WHECAZEPER T, DACPyRESRFIN MH{EPLR T, £S5
COFMR Pt 34 v (4R AL, AT Ik > COMIMR B []
AN T I E IR AR A BE, R T e 2, A
(PR 1T DA fik ROBE RN, 7 -, BT TR
BKMICOSF, W7 T 3 3L [Flk > T COXHEEAL 7
fEALHORFAIA. 7 DACPy &It (75 Mk PY/CRIPtRW/C
TR AL TR AR Ak BRI COT 52 P2 K K42+, #EH,/CO
(100 pumol/mol) <57 H10.1 V vs. RHEHLAL FIARS hfg
HA R AT REORFF8 7%, 1T AR B DACPy &M (1 75 Ml
Pt/CHEA T B LI % FE A AR FF24%.

213 #HMAEwWEE 5EHF

1 IRIB I T SRTHI 45 K6 A 48 SRS 50 A2 B R A 751
LA B, T AERUR OCA F2EA_L, # AR 0 4% Sk B
FE eI 2 HORMEAIE M 5 HCOREALPERE. T RERR &
H A 5% 2 (carbon black, CB)s&PEMEAL & H
FHEAAR, TEF X B B ) e, 38 5 R F AL R A
K. de la FuenteZ A%} 5% BXC-72RFH60%H)
HNO; AT Ab R, 1% 7% P8 A 3R TH0 HE 3080 1 7L % 2
Yok, SR A AL AR, TSR CORE L TT
Ae. BAh, B BPTATA B RE, METN AT S
TAERH R AR B G B AL & Pk A7 #1077
£ JBIURL. FreitasZ A LARhO,/CHE A 1Pt K
PLRhO, A4 T BN HL 7 2B A8 1 Pt 5d R 45
1, SFEPHE R BICORIH TI/D, 155 T Pt-COMLE &
SRAE MM T HALHORFIVE AL S H . MoHIHk
AR LA R AF A e MRS e LERIT 5 A o 4
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B 2 (a) FePt NSsfYHAADF-STEME™. Copyright©2018, American Chemical Society. (b) FePt NSs/#j&kti i &1,
Copyright©2018, American Chemical Society. (¢) DFTTH 545 tH#EFePt NSs# [ AIPLL M _F e i@ B A7 AL, COFIPtEFe
JRF P BN AR A5 B, T BB 2 AR APt JE T dRE A 0™, Copyright©2018, American Chemical Society. (d)
AL B COARN T B 45 & BEAE A R A7 B 19 FePt(111)A1Pe(111) L1045 &85, Copyright©2018, American Chemical So-
ciety. (e) HE1FHIOHMN T HAKES & BELEFePt(11 DATPL(111) LR FIR R B 145 & 88, HWERAAERHE 7, AERREYET.
A RIEAR K B AR A R (R B 82 B . Copyright©2018, American Chemical Society

Figure 2 (a) HAADF-STEM image of FePt NSs [44]. Copyright©2018, American Chemical Society. (b) Structural diagram of FePt NSs [44].
Copyright©2018, American Chemical Society. (c) Density of states of adsorbates and Fe or Pt atoms directly bonded to adsorbates at the most stable
adsorption site on the FePt NSs surface and Pt surface, and the d band center of Pt atoms (vertical dashed line) [44]. Copyright©2018, American
Chemical Society. (d) Calculated binding energies for CO on FePt(111) and Pt(111) on various adsorption sites, relative to the lowest binding energy
[44]. Copyright©2018, American Chemical Society. (¢) Calculated binding energies for OH on FePt(111) and Pt(111) on various adsorption sites,
relative to the lowest binding energy. The blue ball represents a Pt atom, and the white ball represents a Fe atom. The different shapes with numbers
represent different adsorption sites [44]. Copyright©2018, American Chemical Society.

fE#AE, ZhangZs NEMo,CHKAS E AP K B
KL, FEURD PR A [N 32 R 1 PO COMITH 32 7E; Lin
25 NPOFIMoCHUR SR BB i, ¥ PR T 43 B 7E a-MoC
EHil#% Pt /a-MoCHEAL ], 313 T HA RIFH A E
PN S Pl M POEMEAL ). PUR T 5 a-MoCAHH EA/EH,
TR 43 HLfRT P F2 Blla-MoC, M T H 55Pt5 COMI 45 4,
1ECOFEPER H 1R B 9355
AR R REARARL, BRI E . TRIKZ

I AURR RS VAR A1 4 55, B EAEA R R T
L S TS RS E 1, fEHICOFLATHOR
WEFE PR3] — 5 7. Yoo NP Pe-RufsikL 43 ) 41
HAKRE. LHFEBKYKE (carbon nanotubes,
CNTs). A BRFE R 90K S A B BB 9K b, BFoE

AN VBB B AR X AL I COME RERUEE M. ZECO S &/
F-100 pmol/molff, HORE 1: i CO FE 1) 384 fin v T B,
BB AR IR E,; T MCOR & N100 pmol/molkT,
BT #AA N BB CNTs (I P-Rufi A7), Hofds ) LAd e
FEAFITHOR FLIA B 2 PR AIK.  TEBRBECNTs I Pt-Rufl
I, CNTs5 Pt-RufUE ] 7 5 (1) 22 S {4 15 H 1
FEZ P _E 5 R A B, Pt-RufE CNTs [T 3 2 [fi F1l
G R TT B R AR AR, AT 51 RS A 27 2R A A
FINFCORIMZ AR TF. BLJG, YooZs NP4k Em 5t A
[ %57 4%:(15~100 nm) AIAS [H] B 2% [H B CNTs L 61 2 Pt-Ru
WKL I PLCOREAL M RETS . L 45 B HCNTs 9 R ~F
XTHEALFIVE REA BOR R, M CNTsE A& 15 nmbf
PtRu/CNTsHE AL I HPLCORE L EE 1 fe k. 5 4h,
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Sebayangi®s N2V I 47 B 4% 99K /T (graphene  nano-
sheets catalyst, GNS)f#Ptiill % T PYGNSHEALF, &
BLPt/GNS I COTMf 3 1 & T Pt/CHEALF, fEH,/CO
(500 pmol/mol) FTHORA R 47 Hit H it 5 B2 LU AE 4l H,
NF%30.6%, 1K TPY/C(53.7%). HFMELE R EI/RPYGNS
AT B A BAE R, MRS T Pt-COBEES &
Al GNSHA K ELR MR, PORORL 7 Bk S 4F, GNS
I ARERUR EE /NI PO 9K B 7% (K13 (a)), 45 S ERUE
PR AR e, DA R PR PR 3L EATPYGNS AL A
H &= ICOTm 52 7.

TEWRE AR Z A, )8 A A B AR 1) S 7 S 56
HRRIE I B A S TH U RGN R BURL T COFRL I PEfE, X
2 H TSR A B E & m PR, 4R
W -F8 AR (8] 7= A= 5 AH FLAF H (strong - metal-support inter-
action, SMSI), 15 H Ak 5 7 FHOR ] A AE L Ao %
R T35 42 I8 5 CONa fh 228 f i i . 33 SMIST
YEH, TEJURI 5 A1 1450 L i & B A 4 )8
B RIEVEAL R, B FOAS A 8 A A AT
BAOURL R 7, BE A% 3E T 5028 S R 2R T % CO Y
W B RE 1, BEARC O B B AT B LA T4 85 10 4 1%
AvgouropoulosFliToannides”™ 4Pt 7 47 476 v P EAL

(a) NormarPt

~--+ Strong

5R(y-ALO;), TIiO,, SiO,, WO,, MoO, MICZE J LA A [R5k
I, TRFCAECOMEAE T A R AR KT HOR S B 38 K (1 5
W, JEH, & COMIH, AR L 4H I H, B HOR J 313 6
FFE10~10%, FICOTEAEFIAAELE T FIHOR 2 B %
PR, /RS K LA R 4 T 1) AL 57X CO Y i
St SRR, XA PYCHELAIIIR, /Ry
&, BICOMZ M2, 1 i 2 EMoO,fITiO, I [Pt
fELFIHOR M AE M PLCOFALRE 1B . Ogihara%s
NP4 7 PLRu KR T, R4 B R T 5 BB
2% 7 SbiISnO, -, 75 %Pt,Rus/CBFIPt,Ru,/Sb-SnO,
A3, I AR R M 45 1F T T HORMEREFIPLCO
thBE 1. SR EIR, 571000 pmol/mol COFJH,I
MEIHCIO,H, 0.02 V vs. RHE T Pt,Ru,/Sb-SnO, #4711
HORJfi & b id P FPt,Ruy,/CB, H.7E1 h)G i & LiE
PRI APLRus/CBREA 265 (EI3(b)), HCOMELH
Ak BT B S B (B13(c)). LiuFilJiang” R 2%
i (PED) V) g A 250t 1 75 7 3 2% B A ES (HEX-WO5)
VENERAR G P K B0k, 4% 7 PY/PEI-HEX-WO, i
17, 45 B BRI CO, AL IE 7R, Pt5SWO,2
[EAFESMSIHER, T MPEI-HEX-WO, [ PtiE 1%

() 20 ————

—
Pt,Ru;/CB]
10

Abnormal Pt
===+ Weak §_ 0
<
GNS (m)
Weak Strong -10
interaction Pt/C interaction Pt/GNS
b -
k) 03 ——Pt,Ruy €B T ' 20
i —— Pt,Ruy/ Sb-Sn0O, 100% H,
o5 0.2 100% H; -
8 feiceiistaisrotosasediesiees ol o
<
X
S 0.1 1000 ppm CO'|
1000 ppm CO
T v Eonset
n 1 " 1 " 1 - 1 1 " 1
00 20 40 60 200 0.2 0.4 0.6 0.8
t/ min E/V vs. RHE

B3 (M%HRFE) (a) PYCHPYGNSHEALT FAIZE SR E™Y. Copyright©2018, The Authors. (b) Pt,Ruy/CBHIPtRuy/Sb-
SnO, HEAk 74> HIE 45 H, FTH,/CO(1000 pmol/mol) I AI[10.1 mol/L HCIO,H17E0.02 V vs. REE 15 & b i P Bt i 1] 251, il 2506,
Copyright©2016, The Authors. (c) Pt,Rus/CBFIPt,Ruy/Sb-SnO, ML FHITEN, HLAN10.1 mol/L HCIO,H413# 520 mV/sHCO¥E
i 2!, Copyright©2016, The Authors

Figure 3 (Color online) (a) Interface diagram of Pt/C and Pt/GNS electrocatalysts [53]. Copyright©2018, The Authors. (b) Mass specific activity
curve at 0.02 V vs. RHE of Pt,Ru;/CB and Pt,Ru;/Sb-SnO, electrocatalysts in pure H, and H,/CO (1000 pmol/mol) saturated 0.1 mol/L HCIO, solution
[56]. Copyright©2016, The Authors. (¢) CO-stripping curves of 20 mV/s in N,-saturated 0.1 mol/L HCIO, solution of Pt,Ru;/CB and Pt,Ru;/Sb-SnO,
electrocatalysts [56]. Copyright©2016, The Authors.
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#, PR T d¥LIE 7 25 N, CO4Fd4UE [ P51
HR I, COEPUEMEAL S 45 A kTS, [FIR,
HIL A IR, WO, 5] & I ATl e 2% S5 Pt/PET-HE X -
WO, AL FIPEE T I CO T 25 5 e AL i B, i3k —
oAk T AL FICOMI TR 2 7. Wang2s AU i
W 1504029 K ki (nanocable, NC)AIIE 7 AL A7 5245
(reduced graphene oxide, rGO)ZH AR IR & WI1E NARAA
P, 45 T Pt/CW 30,4 NCs-rGOfEAL 7). H T SMSI
YEH], PYCW,40,4 NCs-rGOH ENZAPUAN TPyCH
PSS A REIE L /27402 eV, PEETI S AP 2, H
FIT4E4LCO, HCOHAIEME AL AR T PY/CHAE
0.079 V. Kurdin N 040 40 BUR BB 74 1 4% 1
Pt-H MoO; LT, SAZPti) 2 i 7T Peak & X AL 5]
COTif 5Z sz . 45 R Pt-Mo St {2 #ECO%F AL A
CO, i #2 mHLCORE 11, HAE AP & L 75 1 v, {2
PURIEF A0 ) 5 B2 2L 4 B T2 1) 23S ST

22 HAWHBR SR AL

B d )z B B P AL AL, AR 4 R
(platinum group metals, PGM)REHORE M [ 5Pt
FZ2PR AL 5 R 5E R, Pd, Rh, Ir) LR 4 & 2404
TSR, HA BURIS ST POk L7, SR B4
R SR EF B, P BT BRI RN
DAY 55 COWR P 17 55 384 5 CO AL Ak 7T g

Ru/E 4| & B PLCOFLPUE & &L i E
MBIt R, KA BAWENPICO®BEE . W
Zhao®: Nk % 7 —FhIEAL Bi T 02 37 )7 (face-centered
cubic, fee)ET B0 7 A T HEALBR M 2644 THOR. i&
T BN AR e s ) 4 1 fee-Ru/C U HOR T 7 EL i 1 A1l
Jo3 & LUV M3 1 T /N O B 45 i (hexagonal - closest
packed, hcp)Ru/C, ikl fec-Ru/CH T E&E LM
WAL SRR R IE, R S RE R HECOm AL
b, BA EIFRIHCOTBBER. Zhouss N #% T 78
AR TIO, fm A% H I RuHT E (Ru@TiO ) fEAL R, HAE
g VEFOBE M & A T ESE B HORE 1, 768
1000 pmol/mol COMJH, 3SR 1B FEMEMELHOR, 1ETH
P2 HH,/CO(1000 pmol/mol)¥ £ F0.1 V vs. RHEH
A TR 230 min/m Ru@TiO, 44 71 (A % B RAY R
F%12.4%, T7E25 min A PY/Cik C 58 42 2 EHORIE .
HECOI 32 P JE R TE Ty TiO, & 4% A2 K I Ru A 7%,
Hor I T Ru-Titk 2242, BHIE T CORIR .

Pd 2 i 4 55 A EG B0 5S4 A0 50 BE S I C O 32
P HPAEMFE th A AR LEPCE 32, R N T
A BE TP A AL 45 TT LASH S ST CO
AL FHOR ML I IE FEVE I, 75 R UFHOR M BE 5 Pi 8
PEPEREMIRTIR T, R R P Bk — 5 AR 1 AT fE.
TarasevichZ A4 5 T30 wi%HIPAAWCHEALF(P: Au=
1:1, 3:1), 45 RFEWPIAWCHEFIFE250 pmol/mol 1CO
ARG CONT 327, H4Pd:Au=3:1R1Pd & & H
1 B B B AR 52 COFEAL 2. 7EH,/CO(220 umol/mol)H
MR hfFPd;Aw/CHLL FE R B 2171%, T PYCHI IR
HRE N FERN44%.  Homin 32 v R A T PAAuH Pt
K EARMCOEA T LA, KT & I PdAu/C i
TR CORIAEAE AU, {HHHORIE R AP
B2, T BRI Sk . ZhangZ NP4
MIr@PdiZ e g5 M AR, FIHPA b B3 H 1)y
PE, & 155 R EIPd-HEESRSE, ST ML ARR e A
5 FTHORYEVE. 10 H FH AMU e ) SE A VDT BURR 5, 1
IR THOH, JE HR b, (EdECO% k. FHH, r40%@Pd
AL COAAIE AR T & IR IR Pafi AL 7, B
& BIFIHCORMERE. Liugs A4 Pd i J5i 1 7 4%
EHFNAISE 22 FLAk L, & BHIPdsA/N,S-OPCE
B 5 HORIEE SR i, HAS e da i =5
FELPYCH10f5 LA L, #£0.1 V vs. RHE Fillik45 hj5 1/
REPRFF82.7% M L B, T PY/CAE30 hm HLL % L 5t
NR&IL50%. HHEAIAE0.2V vs. RHER 5] AH,/CO
(200 pmol/mol)Y <57 )5, Pdga/N,S-OPCHEAL 71 5 M ) Hi
T BE R B, AR T R L PYCHEA .

Rh/Z# N LB T (I HORE 1 5 — 52 COIMN 32
PEI 4 JEFIZE. Avgouropoulos NPT 9t Kk IR 1 48
AN FEEAMA EFIPURIRh G R A FITECOR RAFES T
[ LT B A B FHORMERE. Suchorskiss A THT 4t
AN [E FIRhZR TH COEAL AL IEPE, R IR R/
i ks A o A S o 1) 35 PR S o 5 il 4 £ 770 X CO TRTf 52
PE. 45 RPN TE /N B 5 A AR BRI 1B B IR R
A FIRF COREAL IR 52 14 58 47 (1€14).  Zhangs N1 ]
RhHISb& B " Rh,SbZ 44K 3 (nanobranches, NBs)
AT A T AL I PE 2544 T FTHOR. Rh,Sb NBs/Cfi#
AT T AN AR S AT HOR TG 14 3 5, THIAR LUV
PRI o LS M 43 73l /& PYC 4.2 F13.7 1%, /&Rh NBs/C
f19.9f110.11%. [FAK Rh,Sb NBs/C#H,/CO
(100 pmol/mol) * . B8 PR EFELIF THORIE P FIHTCO R
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2.01 low activity

Peo (X106 mbar)

0.5 :
4 s 2
high activity -

Rh
“.. “annealed

225 2335 245 255
1000/T (1/K)

B 4 (MECEE)ARPIRET - HCORMSN 1%
K Copyright©2019, The Authors

Figure 4 (Color online) Comparison of the kinetic phase diagrams for
CO oxidation on different Rh surfaces [67]. Copyright©2019, The
Authors.

e tERE, HAECOAFES AT BA AR (1 16 550 i
AME.

Ak, IrfEHLCOFFALHORMEAL B 78 Hh 32 31—
SESRVE. B, Lige N % 10 COTR 32 1 i Tr-V-
Mo/CHEALF, KR T RIFMPICORMBIR. HAE
H,/CO(10 pmol/mol) 1 {) HL Ak i &5 R 7w, 1E
500 mA/cm* 30 minJ5 Ir-V-Mo/C Hijth B8 AY T[4
13 mV, KT MPYCHEAFI30 mV). Ir-V-Mo/CHEL
FICOTif 52 1 M Pt/CHIHE 42 13 25 T WD e R 1)
fEH: BITH,07EMo b fi# 542 liMo-OH,q, 5" F7EIr-V
FICO, AT IR B, WA RCO,; [FIRFEEAR AL
T, MoK [ H iIOH, % 2 (i 3 W B 75 Tr- Vg PR A
[ICO% AL, MoSTr-VIal [ A1 F 3458 T Tr-V-Mo/C
HAFIICOTRiT 2. WangZ NV T R e
JRF-2H I TrRu-N-CHE AL, RuAFIIr 5 R 1 2 [8] R L
SR KBS NOH, FHELCOS ORI B f SAfk, 2%
fift 7 RIECOTHINE.

IR G R AT A DG SR B T PR AL
FZAMAPTCOFE L HORMEAM AR R, B LIERE
5, (B EARHORE M 5 PHIAEAE 20, Nz $h 4@ i)
A e, BRI S AT A O IR . SR T IR TG 3R AE
P {4 751 HP R B i 45 2 AN 2R — B A 20 S o
e, HBaRtbwl, 7 REREVES T — P RITRE,
ELRIFHORVEMEIATIZ T, FREMPIHEERES
B E ICOTAL I fE.
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2.3 dEsreim kAL

DLt — B R oi &8 28 B, 2Bk
HORFUEFAMEAL AR A T b, T I —fik DA At
LR NFERAE R SR EARE ST R, MR
WS T —E At SongZe NV % 1 F4 UK (cobalt
foam, CF){E#{AICo,N/Co/CFi#4LF, 1EH,/CO(2%)
A, 0.09 V vs. RHEFIIHA AL 2614, PYCFHELL
FI L B N % T 57%, 1 Co,N/Co/CF#EAL 71 I 25
JEAL R BE4.3% (B 5(a)), HEMFFZBEM6hE
Co,N/Co/ CFHEAL I HLIAL % & 2 PYCFAREAL T I 5 fF
(E5(b)), e~ H Co,N/Co/CFAELL IR SR COTM 52 1. 4
P RAELE T TR, Co,N/Co ) F i 7 41 AT LI 33 /K (1)
W B AN AR, T HOR B AL AT CO M &AL #E AR R
TR .

R T Code )&, Nisgah—Fhi o FH T & HORfi
e iR S 4 2, (BN S H, 1] (5 45 &1 3
W2 T HORVE 14 7= A f i s, D] N -8 P 5 2 =5
T Ao, Wang@ N PIZENI 5 2Nl & T NiNg¥
KR, NSNS T Ni-HE2E, #9987 HORE M, H.
HPYCHHELIEIE AN COJG L% B T L% 4k, BATR
T HICONM 3Z 1. Duan2s N4 H T MoNi, FIWNi, XL
&R EALFI(E5(c)), Ni5Mo, WK [F{# 1544k 774 1R
FTHORYE M. HHMoNi 3R 7 7 2 " FOH 1T A5 )
T-CO%E ML, fECOMKE Fi%20000 pmol/mol i 15 H 75§
i ITHORFYE, T PYC B 4 535 (1815(d)). Qin% A
% 7 = JGNis ,WCu, , & &AL, FTUEH, R & A
20000 pmol/mol  COMJEH AL T ATS BE LR AL i THOR I
PE(ES(e)), BAEREMPICOHAEE S, Fmf B
CORGAAMF N YRR A I (B ITHOR G 1, R T
IR E . A — B R Cud BT LA
&, FLHL T R A O, BT 4% PN ,WCu, , &
SHEACFIA ELPY/CURES T XTCORIMRL B, R 8
CO 2 4R A Ak AL IR 2R 5 4 i CO S Ak s 1
(EI5(D)), AR F5 FIHTCORFAL T fE.

SCRA A LR HTCOFHL AR 52 5 R AL 771 25
& TMESSE, AT RIS T BRI EE 1 )5
TR SRR L R FLCOFAL I AE Bt & B A AL, 24
R HTCOEE AL FTHORPH AR AF 51 42 J& {14 77 LA Co 5 Nk
AL AR, AR AR I AL P AN R PEATS S5 Pt
S — o 200, DR 7 A O T R AR AR
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B 5 (Hé%ﬁ)i A3)) (@) Co,N/Co/CFAPY/CFEALTI 43 A EH, 5 H,/COQR%) B AI0.1 mol/L KOHAW H1#£0.09 V vs. RHEHL{L
TIHORM:BE L4, Copyright©2019, American Chemical Society. (b) Co,N/Co/CFFIPY/CFAYFIZEH,/CO(2%) A1)
0.1 mol/L KOHEWH17£0.09 V vs. RHEHLAL T RN B 287", Copyright©2019, American Chemical Society. (c) MoNi,
WNi, &4 [FISTEM-EDX 7t £ B, HdR: 500 nm (L 77)#1100 nm (F 7). Copyright©2020, The Authors. (d) MoNi fIPt/C
AL 43 B 7EH, 5H,/CO(20000 pmol/molY /L AIf#10.1 mol/L KOHA K 1 ITHORKZAL #1257, Copyright©2020, The Authors. (e)
Nis , WCu, , FIPYCHEALFIZEH (S48 ) 5 H,/CO(20000 pmol/mol)(KE 28 HIATf#10.1 mol/L  KOHVA WK ' FTHORMAL HIZR™. Copy-
right©2021, The Authors. () Nis,W, Nis,WCu, ,FIPYCHELLFIFE At 1)0.1 mol/L KOHIE W 1 A3 20 mV/s#%3# 1600 r/min
frICO¥s Hh 2™, Copyright©2021, The Authors

Figure 5 (Color online) (a) Comparison of HOR performance of Co,N/Co/CF and Pt/CF electrocatalysts in H, and H,/CO (2%) saturated 0.1 mol/L
KOH solution at 0.09 V vs. RHE [71]. Copyright©2019, American Chemical Society. (b) Chronoamperometry curves of Co,N/Co/CF and Pt/CF in
H,/CO(2%)-saturated 0.1 mol/L KOH at 0.09 V vs. RHE [71]. Copyright©2019, American Chemical Society. (c) STEM-EDX elemental mappings of
MoNi, and WNi, alloys, scale bars: 500 nm (up) and 100 nm (down) [74]. Copyright©2020, The Authors. (d) HOR polarization curves of MoNi, and
Pt/C electrocatalysts in H, and H,/CO (20000 pmol/mol) saturated 0.1 mol/L KOH solution [74]. Copyright©2020, The Authors. (¢) HOR polarization
curves of Nis,WCu,, and Pt/C electrocatalysts in 0.1 mol/L KOH solution saturated with H, (solid line) and H,/CO (20000 pmol/mol) (dotted line)
[75]. Copyright©2021, The Authors. (f) CO-stripping curves of Nis, W, Nis ,WCu, ,, and Pt/C electrocatalysts in Ar-saturated 0.1 mol/L KOH solution
at 1600 r/min with speed of 20 mV/s [75] . Copyright©2021, The Authors.
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Table 1 HOR performances of anti-CO poisoning electrocatalysts
Pt/C 0.1 mol/L KOH 50 0.48 mA/cm’ 0.34 A/mgp, 1000 - [25]
Pt/C 0.1 mol/L KOH 50 1.42 mA/em’ 0.665 A/mgp, 200 - [66]
Pt/C 0.1 mol/L KOH 50 0.84 mA/cm’p, 0.887 A/mgp, 100 - [68]
Pt/C 0.1 mol/L KOH 50 0.0043 mA/cmzcm_ 22.4 mA/mgp, 20000 - [75]
PY/XC72 0.5 mol/L H,SO, 100 - 4.5 A/mg,,qm 150 0.633 A/mgp, [64]
Pt/defect-free CNTs 1 mol/L HCIO, 50 - 1.1 A/mgp, 100 0.03 A/mgp, [51]
Pt/defective CNTs 1 mol/L HCIO,4 50 - 1.0 A/mgp, 100 0.004 A/mgp, [51]
PtRu/C 0.1 mol/L KOH 50 3.77 mA/em’ 1.65 A/mgpypy 1000 - [25]
PtRu/C .y, 0.1 mol/L HCIO, 20 - 0.3 A/mgp e 1000 - [61]
PtRU/Cypy 0.1 mol/L KOH 20 - 0.244 A/mg, 1000 - [61]
Pt-Ru/defect-free CNTs 1 mol/L HCIO, 50 - 1.8 A/mgp, 100 1.0 A/mgp, [51]
Pt-Ru/defective CNTs 1 mol/L HCIO, 50 - 1.5 A/mgp, 100 0.54 A/mgp, [51]
Pt-Ru/fish bone-type CNTs 1 mol/L HCIO, 50 - 0.92 A/mgp, 100 0.32 A/mgp, [51]
Pt-Ru/XC72 1 mol/L HCIO,4 50 - 2.1 A/mgy, 100 0.57 A/mgp, [51]
PtMo(3:1)/XC72 0.5 mol/L H,SO, 100 - 2.024 A/mgpeal 150 1.016 A/mgpea  [64]
MoO,-Pt/C 0.5 mol/L HCIO, 30 10.41 mA/em’p, 7.7 A/mgp, 100 - [26]
HEA NPs/C 0.1 mol/L KOH 50 3.47 mA/em’ 2.37 A/mgpyp, 1000 - [25]
HEA SNWs/C 0.1 mol/L KOH 50 8.96 mA/cm’ 6.75 A/mgpyipy, 1000 - [25]
Rh NBs 0.1 mol/L KOH 50 0.361 mA/em’pgy  0.321 A/mgpgy 100 - [68]
Rh,Sb NBs 0.1 mol/L KOH 50 3.568 mA/cmipgy  3.254 A/mgpy 100 - [68]
Ru@TiO, 0.1 mol/L HCIO, 20 - 0.38 A/mgg, 1000 - [61]
Ru@TiO, 0.1 mol/L KOH 20 - 0.282 A/mgp, 1000 - [61]
Pdgs/N,S-OPC 0.1 mol/L KOH 50 2.01 mA/em’ 27.719 A/mgpy 200 - [66]
Pdyp/N,S-OPC 0.1 mol/L KOH 50 1.09 mA/cm’ 0.27 A/mgpy 200 - [66]
Ni 0.1 mol/L KOH 50 0.32 mA/cm2geo - 20000 - [74]
Ni 0.1 mol/L KOH 50 0.0023 mA/cm’,,, 0.25 mA/mgy; 20000 - [75]
WNi, 0.1 mol/L KOH 50 8.31 mA/cm2geo - 20000 - [74]
MoNiy 0.1 mol/L KOH 50 33.8 mA/cnge‘, - 20000 - [74]
Ni;W; 0.1 mol/L KOH 50 0.0103 mA/em’y,, 0.93 mA/mgy; 20000 - [75]
Nis,WCu,, 0.1 mol/L KOH 50 0.014 mA/cm’y,, 2.55 mA/mgy; 20000 - [75]
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Progress and perspectives on the development of anti-CO poisoning
electrocatalysts in hydrogen fuel cells

WU ZhaoYing', LUO XiaShuang', LUO LiuXuan', GUO YangGe', SHEN ShuiYun'’ &
ZHANG JunLiang"”

" Institute of Fuel Cells, School of Mechanical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China;
> MOE Key Laboratory of Power & Machinery Engineering, Shanghai Jiao Tong University, Shanghai 200240, China

Platinum (Pt) is usually used to catalyze the hydrogen oxidation reaction (HOR) on the anode side of hydrogen fuel cells. However,
current industrially-produced hydrogen (H,) as the main source of anode feed gas inevitably contains a small amount of carbon
monoxide (CO) as the main impurity, leading to the reduced activity of Pt electrocatalysts due to CO poisoning. Therefore, improving
the anti-CO poisoning ability of anode electrocatalysts is now a major challenge in the field of HOR studies. This review first focuses
on the current status of the most prevalent Pt-based HOR electrocatalysts with regard to the three main synthetic strategies for
improving the anti-CO poisoning ability. Via metal doping or promoted CO oxidation via oxide doping, doping Pt-based
electrocatalysts with transition metals or metal oxides usually leads to reduced CO adsorption. Surface modification of catalysts,
including the construction of core-shell structures, the design of special surface morphologies, and the addition of surface-regulated
organic molecules, can usually enhance the activity and selectivity toward HOR while inhibiting the poisoning process on the surface.
Support modification or selection, including carbon black modification and support replacement with other types of carbon or metal
oxides, normally makes use of the interaction between supports and metal particles to reduce the influence of CO poisoning with
similar or even improved HOR activities. All these applied strategies aim to introduce an electronic or bifunctional effect to either
weaken the CO adsorption or facilitate the CO oxidation and are also adopted to guide the development of other types of HOR
electrocatalysts. Then, progress related to other types of non-Pt HOR electrocatalysts, including other platinum group metal (PGM)
electrocatalysts and non-noble metal electrocatalysts, has been introduced successively. Other PGM electrocatalysts have stable
chemical properties, and some of them even have better anti-CO poisoning abilities. The investigation of the origin of their intrinsic
anti-CO poisoning abilities will definitely help improve the Pt-based electrocatalysts, as other PGM metals may have lower HOR
activities and higher costs than Pt. The main motivation for non-noble metal electrocatalysts is to drastically reduce the anode cost.
Some progress has been made, but there is still a long way to go before non-noble metal electrocatalysts can replace Pt-based
electrocatalysts. In the end, perspectives for the future development of anti-CO poisoning electrocatalysts for HOR have been
proposed. The ultimate goal for developing HOR electrocatalysts is to achieve high HOR activity with good CO tolerance, high
stability, and low cost on the premise of ensuring HOR activity and overcoming the influence of CO poisoning. Nowadays, it is not
enough to use just a single strategy to improve both the HOR performance and the anti-CO poisoning ability. Future studies will focus
on multiple synthetic strategies to maximize the influence of the electronic effect and the bifunctional effect at the same time to
explore better Pt-based electrocatalysts and also seek the possibilities of the real application of non-Pt electrocatalysts.
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