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Abstract

The development of a highly active and stable bifunctional non-precious metal electrocatalyst for
reversible oxygen precipitation/oxygen reduction reaction (OER/ORR) is crucial for the commercia-
lisation of rechargeable zinc-air batteries. Here, we successfully constructed a potent bifunctional
oxygen electrocatalyst embedded with CoFe alloy N-doped carbon nanotubes (CoFe-NCNTs) by a
simple pyrolysis strategy. The CoFe alloy serves as the most excellent active site in the bifunctional
catalyst, and the N-doped carbon nanotubes are excellent in enhancing the electrical conductivity as
well as tandemly connecting the individual active sites. As a result, CoFe-NCNTs exhibited excellent
oxygen catalysis performance at ORR (E1/z = 0.88 V) and OER (Ej-10 = 324 mV), respectively. In addi-
tion, the aqueous zinc-air batteries based on CoFe-NCNTs exhibited an open-circuit voltage as high
as 1.59 V, a power density as high as 168 mW-cm-2, and a charge/discharge stability of up to 800 h.
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1. 51§

BT H f 7™ H A PR o A0 4 BR A U 75 SR B SRod K, BV AN AT RRSE 1) BRYR R e APt B & ) R e
Sl T AN, AR BT THIB(ZAB) R IRRAS . me etk mRe R A TR A
W AN N H a8 IR 2205 Gl A BRREVR 75 K 1K B A T IR (M BEVR B 2 —[1] [2]. 7 ZABs [T
e, ZABs B SBAMR B T 75 225 S U R R AR LB R R AR 32 B F A e (B 5/ A )
SR, PR S vy D 2 555 B AN e G A R 3R T Th e A 2 R PR3] [4]. (H2 H T 508 [ A Ak S B
(ORR/OER) R N 5] /) 5 2 1811 S B 2 % BEAR . vl PR AN B B I e eIk, A0 9R 2 i R FH ) 32 200
e FEXTTIH, HA M B SR B AR S s T AT 2 0GE 5] Hb st & IR
Pt. Ru FPRE) AL S 1 A A is e Mg vz S, AR AR BRI AR & T A1 22 55 1n) RT3 FELAG 1 3
KIUBREFH  FF H, 51 1 4 J8 JEfh A0 77038 5 AN B[R] B 4k ORR A OER i #2[6]. N 1215 ZABs 1
PERE, (EREILTZ M, FFARET ORR A1 OER [ BCAS R i 25 13 e H A0 77 B B 2 X[ 7]
IR B — S B A AR AR P ) %) T R A 7 Aol o 2 A B AN [ K AR L 2 22 B

A — i BB AR T 7 — M % 5K ORR 5 OER fEALTEPEI R A CoFe &4 N
B AR IRINAKE (CoFe-NCNTs) I DI e AL 71 o SR FHVBAE & R AR R £ o B SRR BB IR . BRI 52k
T5RT — FRBEBK I S 8 A2 B CoFeZn BT IRAARY A, SR 5 FRATTHE3RAF 1) CoFeZn Hif JRAAK) A AN = 2R FUk Ry AR AE
W R RA, URORATIRAE RS C J5A N IR Rk, H4 S8 K brid A CoFeZn-N. #J5
FATHs CoFeZn-N 7EA S MIAA T LA 900°C IR k15 2] CoFe-NCNTs.

2. SLIEESY
2.1. UBEHR
Yy RS T B AL (HITACHI SU70), X SR ATH M1 (D/max2600, HANH LA R]); REHL
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S TAENG(CHI 760E, i /REHIRAT).
22. BRMEE

NIKRE IR B (Co(NOs),6H0, Ll 5 BAL ARG IR AT /KGR EF(Zn(NO3),6H,0, KETH
KRB )y SR E IR IR (Fe(S04),6H,0, g o) BAL A HARF IR AR, =HEN(C;HNg, L
HEPTHL T AR A IR AR HEE(CHLO, [H 258 RBIL 226l A R A )M A H(KOH, Lk
T AR AR A F).

2.3. EAFIBNEE

B SEAE 100 mL FFEEF NN 2 g 19 Co(NOs),6H,0- 2 g 1] Zn(NO;),6H,0 i1 0.2 g Fe(SO4),6H,0 78434
PR RV 1, FLURAE 100 mL FEEAF AN 1.31 g () — FRJEBRMS BIVAM 2, IR0 2 BRs Bl Ay 1
bk 24 h 5 O TR BT AS 2 g ZRANREGTBER M IREH 2K CoFeZn-N. ¥4 CoFeZn-N
PRGN B 2 B 2°C/min FHIR 22 900°C JE 4 T34 R1E 1 M H,SO, iR ¥E 4 h jEHliig it i &,
¥ P54 R 7873 i 545 31 CoFe-N/CNTs.

2.4. BARAYEHIE

JITA i 350 SR FH SRS 1 = R v R SRR AT Bk 2 A, % RS CHI 760E Hufb 2z, JHEiA
BEEE A B AR AN AR o TE = HARAR R, 2l A S8 A Hg/HgO HIAR(HLAT 1 M Z A AL B IE Fxd stk
FbRAES LA o 2 SR 7 B3 4% 70 e i 3R [ 5 FE AR (RRDE, A8 E A% 4 mm, [HAL = 0.125 cm)fE
I AR R bo BT i R AE DI B F A7 e 45y ml i S I LA

E(RHE) = E(Hg/HgO) + 0.059PH

# 5 mg ALFIA BB D EUE S 1.5 mL ZFEA1 0.5 mL (IZEENR AW, & mbmmss. 7

ORR RI&H, ¥ 6 ul LML) ST E RRDE [R#_E, BN 0.15 mg-em 2, FF7E =R K T4

25 RASSFESHEMEAR

R AR PV TR R 5 Tk A BUE SR I AL s IR . i AR BRI B A A A B AR, 6 mol L
KOH ¥ AN AR, SR B 2 AL ARG 1S B s it SRR (R 2D B R S gk a3 1 3%
T 20 wt% Pt/C AL K8 2 Rt E X LE

3. RS

I Rk SR T B AEE(SEM, LI 1(a)s & 1(b)A1 X B ATH EIRE(XRD, WL 1(c)RHRE S
TESAMEE R FEAT FRAE . CoFe-NCNTs £ 5 (18] 1(a))H 58 FEAUN LT A9K BIBR K B R 45 B A A KB R
%, XA T NCNTs ) =45 H 2% o [R] I 2T 25 /N EASAH 5] B A K FI0RE 3 50 (1) 73 A AE B oK A
XL R KE BRI R, N HEAFIRR T8 S TEAL 8] FFEHLIX T Co-NCNTs (&l 1(b)),
CoFe-NCNTs ¥ i B 4N K 3 A B 0. (1) 784

F x FRATHE 1(0) M55 CoFe-NCNTs £ bk A7T T RAE « FLHTE 20 1y 25.1° 15 [ AT 5 et Jo
T2k [ NCNTs fA S5 1(002) &P 1T . k53 mla] LLEGIH 5 CoFe & 42(#49-1567)F1 Co(#1-1225)bx
THE PR AT . ()RR U

N JCEHIANS ORR JHTERE A DIMIL0]. Kk, SRR N 1s ik 2)it—L#mR T
CoFe-NCNTs # 4t 1 N FIAELETE . B FERE, HEiE N 1T DAEC A 48 J5 718 5d M-Nx #9F At R H
TE5H, MEnE-N fE7EA R T ORR & H G, MiAF T A FE[10]. CoFe-NCNTs £ i H 5
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Figure 1. (a) TEM images of CoFe-NCNTs catalyst; (b) TEM images of Co-NCNTs catalyst; XRD patterns of CoFe-NCNTs

and Co-NCNTs catalyst
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Figure 2. The XPS patterns of CoFe-NCNTs catalyst
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BT T CoFe-NCNTs £ 1M S AL H Hont A 20U R (OER) I LA IS PR . 14 3(a) B T
CoFe-NCNTs. Co- NCNTS F1 20 wt% PY/C AT LSV ik, H - CoFe-N/CNTs A 5% 324 mV ()it B
AEEITTAF] 10 mA-em 2, KT Co-NCNTs (370 mV)F1 20 wt% Pt/C (430 mV)HEALF.

B RRI R R R R A SRR IR 2 —, P SRIE R 1 s N 3)) 7 25 T R L [ A 70 P [
PE[11]. @it B 3(b)Frzs i Tafel #2545 OER 3 /)37 Fit, HH CoFe-N/CNTs 1] Tafel R} Z{EAHXS T
HoAth P AL 77 B (91 mV-dec™), 8T 20 wt% Pt/C (111 mV-dec " )Hl Co@N-CNTs (173 mV-dec ")
AL, B CoFe-NCNTs fEALFIFERIIZ J 1 Ha A AT S 1 ISR B - it 78, SR T 5l
1AV = () iR 28 12]. BN T il 45 1) CoFe-N/CNTs fi# 4L ] A A {5+ OER 11t RE.

HIRFA T3 — S5 T CoFe-NCNTs 7E O, A1 0.1 M Z A AR PEA Bl 44 i 19 ORR FELfi
HIEPE(E 3(c)). S5REKM, CoFe-NCNTs HEALFIN By = 0.88 V ST T 20 wt% Pt/C (0.825 V)FH
Co-NCNTs (0.830 V)AL, FF H CoFe-NCNTs #4554 35 L 75 HI AL 4 HL AT (Egnsec = 1.01 V) FIHR PR HL 3025
FE(JL =4.78 mA/em ). 3 H AN 3(d)fi7r, CoFe-NCNTs ] Tafel #1444 105 mV-dec ', B AT 20 wt%
Pt/C (111 mV-dec™")Fl Co-NCNTs (102 mV-dec L7, 455K B, CoFe-NCNTs HA i[5 [{1[E 4 ORR
VRN S [ BB F154(13]

(a) (b)
100 1.72
':"; ——Pt/C(20%) 1.701 —m—Pt/C(20%)
S 801 CoFe-NCNT 51.68{ —@— CoFe-NCNT 1.73 mV/dec
E Co-NCNT Z 1.661 —A— CO'EIQ,I\H’I".’.
Z 907 ¢ 1.64]
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o =]
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Figure 3. (a, b) OER performance plots and Tafel plots of CoFe-NCNTs and Co-NCNTs and Pt/C (20%) catalysts in 1
mol-L™' KOH; (c, d) ORR performance plots and Tafel plots of CoFe-NCNTs and Co-NCNTs and Pt/C (20%) catalysts in
0.1 mol'L™' KOH

[#] 3. (a, b) CoFe-NCNTs F1 Co-NCNTs LA Pt/C (20%)HELFIZE 1 mol- L™ KOH &Y OER 1H&EEIA K, Tafel Bl; (c, d)
CoFe-NCNTs F1 Co-NCNTs MK Pt/C (20%)HE4LFI7E 0.1 mol-L™' KOH HAY ORR 1HREE AR Tafel
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1T CoFe-N/CNTs HA t iU Th REME AL 15 M A R AF i fase v, FRATE— DT 1 Bt shRefifk
TR RME B 2 S AL T B 51 ZABs, 5 E MG UE T AR 500 SERR N 7. HE T
CoFe-NCNTs F1J: T 20 wt% PY/C [1) ZABs [P EE HL K70 5108 1.59 V M 1.47 V, iX F 252 H T H B A ik
f) ORR & A B AL 6 RE fE F1[14]. DL 20 wt% Pt/C NIEEREH) ZABs HIIEE BUE IR Z N 67.6
mW-cm 2, AHELZ FH:T CoFe-NCNTs ] ZABs [ K L IR 2 5 9 168 mW-cm 2.
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Figure 4. Zinc-air batteries based on CoFe-NCNTs and Pt/C (20%) catalysts (a) open-circuit voltage plot; (b) discharge
power plot; (c) charge/discharge cycling profile

4. T CoFe-NCNTs F Pt/C (20%) L FIHISE SHEti(a) FFIREBERE]; (b) MEINRE; (c) FTMEBEFBIFHLEE

WP 4(c) iR T AT & st i FE i AR AL B 28, HY CoFe-NCNTs 22511 ZABs 7o il H HL I A Fit B 55
KT 1 20 wt% PYC, on T BAFHIFE B—TBCRIEIARE ST 76 5.0 mA-cm > il 800 h, HI4f HL R AT AN
0.94 V, FELLE/FEH 200 h J5, FET CoFe-NCNTs ) ZABs HiJE [AI BRI A B 1(0.02 V), S /78 HY
800 h J5, #ET CoFe-N/CNTs [] ZABs HLE[HIBR 2L A N 0.945 V. SATIHET 20 wi% Pt/C ] ZABs
PEIRIAAN R RREHE— B /N RS, 75— B /NS HUR TR B A MRS I, REVR R0 1) 35 T B
4. &g

25 ERTR, SR —Fh & ST AT (0 7 1L BT 45 1) CoFe-NCNTs AL 71 5 3 & 15 2 2 FLES R 1S 55
HH T % BV A R B RAFI PR RIS R, DA KRR SEH(N BRI K ), CoFe-NCNTs i
AT FLA AR50 R B AR 5 (1) ORR Al OER XU AEfEALERE, 7E ORR Ji1fi CoFe-NCNTs &7
(123 HLAT (B, o = 0.88 V)R PR R ZE FE(JL = 4.78 mA-em ). 7E OER J7 [IiL HLAL(E 1) 324 mV. 1Y
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anitk, e P A R XU REAA R ) 2 A AE B RO AT S HL ZABs % h SEBIL 17 e R T B L L A
IR, PGB IORRE M. BRI, AR TR AR & A MBI I 1K) ORR A1 OER WU fE
EACATRL, FTOT 7 —ANB R v s PERE AL AT = A% TR AP T, RIS AL TR (B4R & i 7
s R RIS AE P2 (9 77, AR RAT Je 4% Pl BE IR e AT 17120 B A 3 BRI 35t

E&UH

ORI AR K2R AL H (202110231068; S202210231010).
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