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Abstract

Among the non-precious metal catalysts, 3d transition metal (e.g., Fe, Co, Ni, etc.) catalysts (M-N-
C) with atoms dispersed on nitrogen co-doped porous carbon show great potential, among which
Co-N-C catalysts have become a research hotspot due to their lower Fenton reaction activity and
higher thermodynamic stability. In this study, nitrogen-doped carbon nanotubes (Co/Co@o-
NCNT) bifunctional electrocatalysts with tip-wrapped and surface-loaded Co particles were suc-
cessfully prepared from N-doped graphene oxide by reduction with sodium borohydride and an-
nealing and calcination in a tube furnace in several steps. And it has a high specific surface area.
The half-wave potential E1/2 of Co/Co@0-NCNT-900 catalystin 0.1 M KOH is 0.86 V, which is bet-
ter than that of Pt/C (E1/2 = 0.85 V). In 1 M KOH solution, the catalyst has an OER overpotential of
317 mV at a current density of 10 mA/cm?2, It shows that it has excellent ORR activity and OER
activity.
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2. SCIEERSy
2.1. RAFIF{LEE

AHIEFEFT FH AR A5 A BR B (Co(NO3)2-6H20) « 5 5 (CoHaNy) A A AL #(KOH)  TE /K 2% (C2He0)
S EE(CH0) IRBRER(H2S04) IRBEER(H3POs)y FAREREH (KoMnOy) i H LA (H200)« I H(C3H6O)o
PA RIS o bl  set i R S EEA Y, R R 4lifk

AN T AT A8 F A 38 9 Bruker /A @] D8 Advance X 8 28# KATHHX . 32 E FEI /A F] Tecnai G2 F20 i
WP 7R85 . J5[E Thermo Scientific 23 Thermo Scientific K-Alpha X $ 286 s T AEE . il /R8s
B R 27 CHIG60E HiAk 2 TAF .

2.2. EWFIBY S AR B EAL M RER
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Figure 1. Synthesis process of Co/Co@o-NCNT
& 1. Co/Co@o-NCNT B & mIZE

(1) NGO il %

A EM(GO)E = RENG(RELL 1:3)F TZ81/KF, #7530 min, BOEBRZRIK, HT, 7fEEME
SR EL 5°C/min FHE A 800°C, iR 180 min, HAAKFIR, HidHSLIEIE 752,

(2) Co@-NCNT [ 4%

I 20 mg NGO, 29.1 mg /~/KASERE,, TBA I 10 mL Z&18/K, 2218 i1 10 mL 1w%NaBHa4, fE0K
KRR 20, FXNABRGETE G, HE LEBOEW, LB ER, K EAY R A ST FREL 25 mg
BT — 8, e Ui, MR 2 ¢ SR R RS, EERERET 1 om A4,
AW E FHEE RN 5°C/min, {E 750 CHRHE 2 h BRI EALHIFES, %N Co@NCNT-750.

(3) Co@o-NCNT-750 (1] %

4 Co@NCNT-750 2212 I 15 mL 30% Ho0, 1, FEVK/KMT RN, $itHk 24 N, SINFREA A
B, BEEEC, HZE RIEHREN, 25k EER, BSOS R TE 60°C R BT 12 h 15315 TRk
1674 Co@o-NCNT-750.

(4) Co/Co@o-NCNT [ %

W 1 iR, 20 mg FIRIEFEH] ) Co/Co@o-NCNT-750, #EHE IR A 29.1 mg /S/KIERE: T Hept
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W, IO\ 10 mL Z848/K, 22183 0 10 mL 1w% NaBHy, B KESH, AEVOKB R 2 h, HXHER
HATBOD, P RRSHOBY, BB RN BOEHR B TE 60°C U TR 12h. BRI 25 mg TR
JEHIRES T — &R E R, BRI 2 g TR IR T /NES P, BRI ETR 1 om A4 B
1 B B 5°C/min, £ 900 CHRIE 2 h KA Co/Co@o-NCNT-900.

(5) ML ink (romc

JEFREL 3 mg HEALFITRE RS b, NN 180 uL Z.BE. 420 uL ZE487K, 40 uL 5 wt% Nafion %,
AP R ILR AT 50 M 27 wL (AT OKE 510 T HERE LA F M RDE) STERE 3R 4 FRRDE. =, 51
#FHEN 0.5 mg/cm?.
3. ZR5VR
3.1. fEALFIFRAE

SEFIRAR X 3567 (XRD) AT 5 M 0 S5 PR . 805 2 BT, BEMME 44.20°, S151°F0 75.83°
WA B SR AT S04, 4905 Co HI(111) (200)F1(220) 2 J5 THIXT 55 UEBH 1 ##J5 Co /& LA Co 9KAURL 1)
TUAEAERIN1 7). X TTRE R A AR AR R, — 8 AR B U, 4 Co™ 3B R Co 9K UL,
BEAh, 26,51 HIERERIT 7 BB (002) ST, 0 fE BRI TR T T RBE. XRD BT, ST
PERRIR B 500 SR SAARIAEE,  BRDD S T B AR ORE (0 SR A2 A K S S A SRR A I 5
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Figure 2. (a) XRD patterns of Co@o-NCNT-750, Co@o-NCNT-750, Co/Co@o-NCNT
[ 2. (a) Co@o-NCNT-750, Co@o-NCNT-750, Co/Co@o-NCNT A XRD E[E]

sl 3(a)y~(c) i, JIil % i Co/Co@o-NCNT J L AR 43 A1 ¥ 5] i) B SRR K A S50 o AEAIR A5 4L
T SEM BUR BRI IR B R A 25 i QG AE — kS, FEAE A BN EA 1) NGO S5 . 78w {550
SEM &, FTUAE BT B GUKE B4t 5], AR, AR BRI Z5H 5 90K 1 AR AL
AR[18]. K 3(d)~(OFrmES BT BB TEM EE, Box 7T KEZHMK. ERE 502 BEgORE 4
Fo BROUKE BATTREE, RRBEBIRBAAE I IRTEARE19]. 7T AE B F 5 M58 Co 41K
R 5] M R AR B 9K MR GRS (930, I HL AT AT b s L SE B RZ e a5 EERIRZ, KT
" AW HY T 2 K o-NCNT B ELAR S Co ZUKFURL I ELAR AR ILEL( 3(d)), BRANKE 1O ELE A Rt
T Co AUKMBUKL(10~20 nm)FI LA AIATSE, S 1 HEALTTUAE ORR S RE P IARE R, IXUESE 1 TR
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IR 2 DUBE R R O T ) o NI AE KO R s S il SRR TE il N 52 3oy i =2 11
B R E SR AR B UK BRI R T ke, It — D AERR Fe LAl EHESh BE 9K R IZ 5, 7Rtk
R YPORERWER, RATERE MPORESEH . W AEKPEBRBIKRE RS RIT T 400, &
KGR EFHERLN 32.5 nm, BEET Co GUKFUR IR~ 7EE 3(2) i 4 HEiE it i 1 B f e
(HRTEM)[E G4, lhmfo 2 (1 S ks 25 808 BE M 0.205 nm, 5 Co M1 1) 4 TEIARXS B, 1ESE T Co 44K ik
MR ARG 8 S 7 BB (HAADF-TEM) B8 — D 7R T Co )@ I At oL, wT LA
BB E A O AT A YUK E P (] 3(h). XU 8 TR BURL[20], 7T UL HERR T A TE
BRANKAE BT, 7E B FIM R R #8204, UEBA BT i T T A 28 A R T 47 8K Co UKL ARG K
o AL, e X HLGIEHEDXS) BUG it — P IES T N 5 A 1R AR KR GORE R, H—P
YHATERL T N BRIk G0KE

100nm

Figure 3. SEM images of (a)~(c) Co/Co@o-NCNT, TEM images of (d) Co@ NCNT-750, (e-f) Co/Co@o-NCNT, (g)
HRTEM images ofCo/Co@o-NCNT. (h) Element (Co, C and N) mapping images of Co/Co@o-NCNT

[& 3. (a)~(c) Co/Co@o-NCNT HJ SEM [&, (d) Co@ NCNT-750 B TEM [&, (e)~(f) Co/Co@o-NCNT B TEM [&],
(g) Co/Co@o-NCNT B HRTEM [El, (h) Co/Co@o-NCNT HJ HRTEM B} Co. N #1 C JtZEAY EDS mapping

UEAh, AT T30 52 B iR B B s e, B MBS IR FE IR TR, Co AR BIURL I RST 1K, A R B iR
FEIRB|—EFRE T, FT SRR B T B SR W7 22 k7 B R OK UKL b, 368 3 48 90 R RORE 1 f A A 8K
EAW AR, BN & 4a)~) iR, HEEK Co@NCNT-600 JoiksL 9K E A= . T
&, Co@NCNT-900 fEALFFIH Co GKURL 2 FIHUIR, G538 Co YRR FHZE 10 i PEAL i, BEAS T
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fiEAL ) ORR TERE.

Figure 4. (a)~(c) TEM of precursor CoO@NCNT prepared at different temperatures (600°C; 750°C; 900°C)
[& 4. (a)~(c)EAREEE(600°C; 750°C; 900°C)HZAIBIIEIA Co@NCNT B TEM

X Bt T REIR(XPS) ] H TR A AR I T s AL R SR 254 . W& 5(a)FR,
XPS 45 1E W Co/Co@o-NCNT-900 F777E C. N. O ll Co 7t & . & 5(b)H Co/Co@o-NCNT-900 [f] C
1 s AEEHE AT LA IEFLA DY N, 3305 8T C-Cy C-N. C-O. C=0. C 1 s #' C-N 14(285.9 eV)I17
£, WEBH N S 7458 BB i, Rt 2 (Co@C) 5 A5 Ak b 5L A4 (1 B 5] 41 FH A RACH ) Bl 4 K ORE 14) 4
WERE, $#RIHEMTERFGENM . XN 1 s kst T G, Son B R T itnE%((398.8 eV). Co-N
(399.7eV). MEIEZE(401 eV). f52%5(402.2 eV)FIEALE(404.7 eV FLANE(E] 5(c)), Horr, MEREZ(& L
)5 M-N R FRIVE B2 A A 2 808 T & R (ORR) AT 48 B (OER) ) S B G PR A 21, BEREAR
S A R P AR e 22, (RBE TR RS AR, MMHE ORR MUMEALIEME, WUR % iR A @A
IAVENBIRSETH AR N &, [ I AR DU A Bl R R TH . % Co-N Rz £544[22] [23]. 1 Co2p
3 HEE (1] 5(d))s Co2psn 5 Co2pin FWEFHNLT 779.0eV Fl 794.8 eV, 4ierH T AIE(787.3eV. 803.8
eV), ESE4BHi(Co) N EBIFAER N [24]. B4k, 780.6 eV AMHIBLIIGHIE ] T JE N Co-N FLfrgity, #*
BB R RORL 5 5 45 J R R TR A7 A2 s B T A ELAE [ 17] [25].

(2)[Co/Co@o-NCNT-900 15| ®)[Co/Co@o-NCNT-900 Cls
& &
Iy £
£ £
%) )
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Figure 5. (a) High-resolution XPS survey spectra of Co/Co@o-NCNT-900, High-resolution XPS spectra of Co/Co@o-NCNT-
900 (b) C1s;(c)N 1s;(d)Co2p
[& 5. (a) Co/Co@0o-NCNT-900 8557 # XPS 2it, Co/Co@o-NCNT-900 HIE 5 #% XPS &Ei(b)C 1s; (c)N1s; (d)Co2p
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3.2. BRALFEMEERIR

(1) Bt 254 N ORR PERE M

HAERIL T AFERREE(700°C . 800°C \ 900°C )X HoA Ak 14 REffI5Zm . Wil 6 7R, Co/Co@o-NCNT-900
JEILH B BAL T Co/Co@o-NCNT-800 (0.85 V)1 Co/Co@o-NCNT-700 (0.84 V)] ORR 1EAE, IE5E 900°C
il 2 HRE S LA B EE Y ORR LM RE

Co/Co@o-NCNT-900

2. Co/Co@o-NCNT-800
—— Co/Co@o-NCNT-700

0.2 0.4 0.6 0.8 1.0
Potential(V vs. RHE)

Figure 6. ORR polarization curve with a sweep rate of 5 mV-s™! at different temperatures

E 6. EAERE THEHER 5 mV-s™ #) ORR RILHILZE

£ No Fil O 1A 0.1 M KOH Hidid 78 e % [5 £t i Al (RDE) i 5 Fr il #& i fR AL 75 ORR R AL
fito JEEREXTEE Ny FiT Oy M AT HLA T Co/Co@o-NCNT-900CV E (14 7(a)), KIN Co/Co@o-NCNT-900 7£
O 1A PR — AN BRI BIME JE I, R 0.78 V, FEIE SR PYC 19 0.81 V. il 2k EFH# Ik %
BR(LSV)X X B8 £ 1 A4 REEAT 3HE— 25 1 7818 7(b))» Co/Co@o-NCNT-900 ] ORR i HELAZ(Eq2 = 0.860
VYRGB (Bo = 1.11 V)#EE T Co@o-NCNT-750 (0.77 V, 0.86 V)Fil Co@NCNT-750 (0.76 V, 0.85 V),
FE2TF 20 wt%[1] PY/C (0.85 V, 0.99 V), UEHIRIH 8 _fb AT — Bk, #2m Co-N & &, AT
LT+ ORR PERE . [HAERZ, Co/Co@o-NCNT-900 F I H! ] ORR Tafel %A 90.0 mV-dec™ (4] 7(c))-
XAMEALT PYC (118.1 mV-dec™), B Co/Co@o-NCNT fJ ORR E.A H R M5 115% . X IHE T 52
WK 454 T AU T2 A Co KBRS F 8 1) Co-N-C EAGTEVERL 21, A B THE = 4655 ORR
PERE.

T Hi5E Co/Co@o-NCNT-900 AL L7 F2 4, fEAFEFHE T T LSV #hiZk(& 7(d)). 7
400~2025 rpm FEIE X [H] N ) LSV LR Bon, M FERIEM, HREEHE LI, X—BHAanT e
AR T AR T B AR N TR SR s . B 7(e) B, 1R 0.2 & 0.6 V ALK,
Co/Co@o-NCNT-900 [ K-L HliZk 2LV ¢ R, R HIENE— G B3 )% #2 . iid Koutecky-Levich
T R SEAEARTR G B F8 B(n), Co/Co@o-NCNT-900 FI°F-4) i F#5F5 50N 3.98, I EE R [ HE i
T =4), ERFMEMFITE ORR KM H I Z YT RIF IR, toh, KI5 % (RRDE)
%} Co/Co@o-NCNT-900 7£ ORR {1k izt #2 7 i S AL A (H20,) 77 2 A0 HEL T 5 B B (n) 3047 1 Il 5E (B 7(1)),
7E 0.2~0.7 V PHETEE N, Co/Co@o-NCNT-900 [H FHEREHLILT 4, FRRIGUEENE I B Fi8i&
12 B4k, Co/Co@o-NCNT-900 (1) HoO, 7= HAE 1% FLAL X [8] Y AR FFIE 7% LA, 23K T PY/C, & W] Co/Co@o-
NCNT-900 E A 5 = 1) ORR fEALEFENE, BEWE A ZEMH] Ho00 Ak

FH B 52 14 SR B an 14 7(g) s, 72 FLAR RN R S, Co/Co@o-NCNT-900 (1] i-t 4k JL T A48
b, o BA RS F R 2. MR, Bk PYC MR R ERT, R\ HEBERLS
T U R P E E LRI I T Co/Co@o-NCNT-900 [ Fa e M o R 4L MR 8 h J&, Co/Co@o-NCNT-
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900 ) HLI % A BEAK 7 3.9%, 1M1 PY/C 11 HLIR 2 LA DR FRAEWI AR 1) 83%, F W] Co/Co@o-NCNT-900
AT R A T 7 R (& 7(h). B G FRE M S2 58— P30 Co/Co@o-NCNT-900 s e M.
TFR, 23t 5000 FBEIRR 2(CVYIIRJE, Co/Co@o-NCNT-900 [ HLAL(E ) ) LF 54 280 (4)
N 2mV), B Co/Co@o-NCNT-900 H.AT AR 7 i A 1 o

(a)s J—Co/Co@o-NCNT-900 _ (c)11 e ColCo@oNCNT-900
// Co@NCNT-750
2 ] Co@NCNT-750 S 1.0 , —s— Co@o-NCNT-750
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Figure 7. (a) CV curves, (b) ORR polarization curves (5 mV-s™!), (c) Tafel slopes, (d) LSV curves at different speeds, (e) K-
L diagrams, (f) peroxide yield (H202%) measured and Electron transfer number by RRDE, (g) Methanol toxicity experiment
and (h) Chronoamperometric curves of Co/Co@o-NCNT-900 and Pt/C under 0.1 M KOH conditions, (i) The polarization
curves before and after 5000 cycles of Co/Co@o-NCNT-900

7.(a) 7£ O248F189 0.1 M KOH ##9 CV BiZk, (b) 7£3IFH 5 mV-s' #Y ORR MR{LENZk, (C) Tafel K, (d) FE
R THILSV Bhk, (o) K-L &, () A RRDEENE T SR MBFHEHY, () PEEMNMFMNIK, (h) Co/Co@o-
NCNT #1 PyC 4L ORR FREMMIX, () 7£ 0.1 M KOH £ 5000 B CV EIFFREMMIXETEF LSV xitt,
Co/Co@o-NCNT-900 F1 Pt/C 7£ 0.1 MKOH £ T (g) FREFSHUSLIM(h) THATERELZ, (1) Co/Co@o-NCNT-900 j#
1T 5000 R EIMAT/E AR ML HRZ

(2) Bl ZAF N OER M REMA

7E N WA 1.0 M KOH ™, B S mVes™! 2 T vPAh 17T OER W& M. B RIRTT 7 AR
TR HAE LRI RE M . Wi 8(a)FTw, TESE 900°C il & HIFE il B A S £ OER fALPERE. Wil 8(b)
Fi7R, 1£10 mA-em2 |, Co/Co@o-NCNT-900 i LA K% 317 mV, T Co@o-NCNT-750 (350 mV)
H1 CoO@NCNT-750 (352 mV), HIfER d HUs M ik 1 x5 rb B A s B/ e B o g, B 282t 7 OER Jx
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o K Tafel SKPEAL 2 vk e D BB 712 . Tafel RHERIELE 40~60 mV-dec ' JEFEIN, I8 R M
A3 BLAT B T 2R T S NG o 8] 8(c) iz, Co/Co@o-NCNT-900 1] Tafel £ K 90.5 mV-dec™, & E1K
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Figure 8. (a) OER polarization curves of Co/Co@o-NCNT at different temperatures with a sweep rate of 5 mV-s~!, (b) ORR
polarization curves at scanning rate of 5 mV-s™! for Co/Co@o0-NCNT-900; Co@o-NCNT-750 and Co@NCNT-750, (c) Tafel
slopes, (d) Nyquist plots. CV curves with different scan rates (10~50 mV-s™") (e) Co/Co@o-NCNT-900, (f) Co@o-NCNT-
750 and Co@NCNT-750, (h) Ca obtained by cyclic voltammetry at different scan rates
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