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il W) B SRR W B O, WAl B S W R L 22 L I8
S 7 B s AR A 22 A0 R O, LR e
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55 S0 ST DB A i R T DL R it
PSR M-N-C G P AL sl % B2 R R M | m LR
R T LR I TR K G A R A B 1 iR M-N-C
Ak 5% 4 I i Ak 7 1) S

&)@ A HLE 424k & ¥ (metal-organic frame-
works ,MOFs) J&2—FKmidEEET OS5 ZHAL
e % 3 3 A7 B B 1 ST 4R I 265 22 FL R R R R
BA R AR LA AT 08 S50 A
A R AR U 4R S A HLECAR B s A, T LA
HE— BTy T2 1 b 52 B4 MOFs 1k 2% 41, AL
Bt A | AR 5 ) 5 P K W s L A R T A e A
Hi ,MOFs H & &4 1A HLECAR AT LUE 5 v b
) B HE 2R 25 4 A HLBCAAR T & A 44 5+ (40 NP
E W INTNGEE 7 ¥ i PN & S NS Ve =
b2 KRS, DR T DAY Sk AT g o g s b g
M-N-C 44 K {4k 751 1) BRAE FiT 9K 4K 2 — . Chen %3
i R B B AT AN TR Co/Zn E 1 9 X4 JE MOFs
A e w0 AL I8 1225 m?- g 19 Co-N-C Hi fii 1k
R, FEBMEE RO RIS PYC Ak 1230 19 4
I 5 R R G B 2 A, ] SRR BT
RAFH) Co-N-C HLfEAL T 45 0 P 57 7] i —
v HL AR BRIV T . Li 45 DL Fe 3 MOFs %L
T 5 CRRYAHTIRAAR , FE AR BT R b ) Ak
1FPEZVIRBR/FesC . BRI 5 RAB I A B I6 A 2%
SR GW =M, HohRA B0 B0 0 800
A YA TR T R A 5T 34 3R B AR S 0 4R
RN TG, R LA 40 R 0.79 5 0.88 V
(vs. RHE)™., Z= 3 45 55 i — 20 ffi ] Co/Zn WL 4x )&
MOFs 1E R RTARIR , 38 1 #2605 48 &M Zn 19 & it
PR Co JR 77 s AE2s | LW B, AT f Co
TE &R T AR IE 3RS BA & Co F )5+ 1 2k
(> 4wt%) A 4B J2 Z fLi% , 7€ 0.1 mol - L' KOH i#
W rb B T R PYC Ak 30 1 480 DR
PEUL fe il V5 B F & iR 4510 T MOFs % 5e 4544
() ST 75 R B ) 4 SRALTR S T AR 2 B A
BNk . N5TIE N BB 2 AL B i W5E )=
F S 90K S AE TR R . LS A R A EUB 2Rk Ah
FC A A A AL SRR TS0 Hh RO A LRI A R
L, SiEE A AN R T s S5
FE LA R B B R S R R e, s S5 TE
AR Ry 499 2K BIR 35k 52 107 #4519 Ti) sf 448 46 B 22 198 I 7 3%
A7 05 FF N AR T iE . 45 235 T UL, 3% MOFs £if
Az B BLAE J2 T 25 G K 5 R R A A R 7E R M R e

W R I AT R PYC AR 9 480A 5
T M RO AR RRE PR, R B ST Bt 2 AT
AR - 14 A4 A T 120

TE/NRGFRONAE T, il K 45 44 i 4k 5]
EAE FL B ) A 5 H Ak A SNy Bk R B A ] T A
RUABRH SR RE, DN S SO 10 50 i i Al 27 0%
PET AR/ B AR 22 BRI T i Ak 7 A AE 4 4k
PR RE Y ACHE . BT XT3 —XE A, AR SO H — i 5 T g
F TIREORM S I P . BT R L 5 S Ak
FI BB SR . LA A KR TR - SR A5 W) ZIF-67 (ze-
olitic imidazolate framework-67,ZIF-67) 4Nk i ki
Yy 4 a5 ik -5 R AT SR ) s 55 T R
AR A B A ROK R 1) =4 A b A 2206 (GO) %8
T (P=HIbRiE N ZIF-67@3D GO ) , b i i i 15 i k%
Bt B2 R A0 S B AR A SRR I IR IR S ZIF-67 1)
1R B4 2 fLHk (Co-N-C) 9K 5 A S50 1 Jsi s %
1k, T3R5 Pk Co-N-C 1 =4k A1 585 58 - /R
B (EWRRC N Co-N-C@3D rGO). 1E It 45+
t ZIF-67 fii £ 1) Co-N-C 91K 5 & 45t J2 i Ak 4
S JE N BT P O SRR E I S A SRR
AL G SR TG VEAT R S H e B AT AR A S S
H Ak 27 52 7 3k R e R L Co-N-C 1 M 41 ki
PHLER >4 0 SRy 48030 Dt B I A A SR I a2 A ) 3
B IR PYC AR PTG M, HLARE MR B B B
PEREL T PY/C fELLF.
1 £ I
1.1 KF5UF

VUK G SRS (R0, 43 b4l
TR e (R RS AR T A i Al
PR B (R R Ak 2l T, 23 Br bl ), i R B (R
FER AR =R T, 2 4, Bl PYC (20wt%
Johnson Matthey) , Z & (43 #746) , & < (99.99% ) ,
T (99.99%) W B R (AL mtA T, 70l ), X
K (30% , K K sk 270 ).

il I 3% [E] FEI NOVA NanoSEM 450 3 % §f 1
i - I 7 5% (scanning transmission electron mi-
croscopy,SEM) , 3 [ FEI Tecnai G2 20 % 4 H1 1
W48 (transmission electron microscopy, TEM ) fff
FEREMBE A RAL ;. (1] H A #D D/MAX-2400 X-
I 26 475 34X (X-ray diffractionmeter, XRD) 43 A £
At 25 44 5 4045 5 6 Thermo Fisher ESCALAB 250
A X B2 L T B 1% {X (X-ray photoelectron spec-
troscopy, XPS) B 5¢HF it (14 35 11 £k 27 41 Wi 5 4544



%5 6 3]

BBt v 25 < B T PR R 3B 2 22 Lk — 4 A A 045 G 114 e JAT 2R o A0 D e A A ) AV

i H Mettler Toledo 8510e % #4 & 43 #1 1X (thermal
gravimetric analyzer, TGA) 5 SEM [} i) Oxford
X-Max50 HE i 1X (energy dispersive spectrometer
EDS) W55 A i 1 A2 20 %5 (1 g S BB Y -2000
WS 55 T e B R A AR ) A Vg R 48 CHI
660C U HL A2 T AR sl 47 B fifb AR I s (6
3 [® Micrometrics ASAP 2020 71 W fif A # 17  <
W - 35t Bt 0 3
1.2 fEHFIE & & 5K

1)ZIF-67 HI4 Ik

¥ 25 mL A 3 g VUK G &4k i /K ¥ o
A 25 mL A 11.2 g — B BE Bk me it /K %5 W b 1
PR L) R IR N # 8 10 min. 20 45 95
FH B 55 7K 28 B B 0 TR 3 WA 15 51 55 0, ZIF-67 /i
4,60 °C HE155 H.

2)GO & AL

TEWE TP FE DA 1 g PAb BT I K 155 6 ¢
AR BREP AN 1 g RN A 60 mL ¥R BR IR, Bt £k
IO A A S W I VR % 1 4 250 mL & B K
AR RS I AR R 30% 0 BUEUK H 2
VSRR AR LT (070 S 5 B (0 A5 B ) R0 TR B 0 K
Uk P R R AR AR AT B R GO, TR T JE 45 .

3)ZIF-67@3D GO 5 Co-N-C@3D rGO )&
A

¥ ZIF-67 5 GO R & 43 WUTE & B v I 1l A
77 W (ZIF-67 ¥ JE 0 1.3 mg-mL",GO ¥ £ 4 0.43
mg-mL"). A N, MR, FUEFRE L, 50 mL-h!
F1R) T 38 i A TS 3L B2 O 200 °C Y Mg 25 T i 2
AT AN AR B ZIF-67@3D GO ;K — % 5 1)
ZIF-67@3D GO & AJK-F-E X, LA N, AR
SR TR EIRE (T=700,800,900 °C) F A4 2 h
33 Co-N-C@3D rGO, 7 A [ K5 be i B T 3R 15 1
P FRiC A Co-N-C@3D rGO-T.

4)ZIF-67 fii £ 1) Co-N-C B 5 1L

i — 5 1Y) ZIF-67 B A K&, LN,
KRS, TE 800 °C R KT 4R 2 h, 3R A5 1 7= 4 )
& Co-N-C.

5)Co-N-C 5 A B IR AW (hrid  Co-N-C/
rGO) 1A %

¥ ZIF-67 5 GO 1B & 4r 8 1E & B B il
7% W (ZIF-67 ¥ ¥ R 1.3 mg-mL",GO ¥ £l 0.43
mg-mL"). BTG B R1S iIR & W B A K
A, DN, AR, 7E 800 °C T kEhe 2

h, A = 12 Co-N-C/rGO.
1.3 AR BE B9 5 A i

1)XRD 43 #7

X SO IE R Cu K, HFEME R 5°< 20
<90°, H#H %K 10°-min™.

2)XPS 7 #r

XM AR AR & R AT XPS K, A Al K,
(1486.6 V) i &I, BRAED 3 Ry 23.2 W A il &
FL75 B < 10° Pa. 3045 B9 A8 3% B4l 6 C 1s 3%
(284.6 eV)HFIE.

3)SEM ZHr

PRSP S o B QB TR R T
A e RS R ARG AR R £ AT I

4)TEM 43 #F

H4 0 AL SR S BOTE SRR, 3 T A T b
T T L.

5)TGA 453t

M A5 1 28 AU (OxN=1:4) | i B i
hE R & 800 °C, T # %k 10 °C - min.

6) FL Ak 23y ik

it FH A5 o 7 = LA IR R A R A7 L
FEL f# VN B I AT Y 0.1 mol - L' KOH % k. T.1EH
e thl % J7 B0 F . K 4 mg B I RE S 44 A 2 oL
0.5 mL Z B 0.485 mL £ & 7K F1 0.015 mL 5%
Nafion HJE KRB S W, MR AR 10 pL
PR TR A VRO TR R P B LA b, AR
PR AT G, AR5 0.2 mg-em™
SRR N Pt A (1 em x 1 em), 2 F B b 78 3 181
I KCI 19 Ag/AgCl L. TG R R % (cyclic voltam-
metry, CV) 5 £ P H 4 1k % (linear sweep voltam-
metry ) I3 F 2 [ PINE Jig %% [57 48 H1 % (RDE ) 8§,
e L (RRDE) #47. RDE Bk £ 4% 5
mm, 1 3 FH 10 mV-s, LB 8 05 ok il
B 4 1600 r-min™, JT 45 1 $4i a 2 X E (vs.
RHE) = E(vs. Ag/AgCl) + 0.059 pH + 0.196 %% 1k K
Al S L 3 (RHE). 78 0 I S by 3k 78 v, 7 4801
A 0.1 mol-L"' KOH ¥ # ' (100 mL) " /mA 3
mol - L F (14 mL ) DA A Ak 50 08 Bt FR 1 o 23
PERE.
2 BRE5ITR
21 MRS

K 1A J& ZIF-67@3D GO ) SEM Hd A, W %
FEHEIY ZIF-67 99K RS GO MR A ik W i 75 ik
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TR I B DX 8 (200 °C) i, Herb (9 9 50 1) AR S
(i) PR 3 2 K 7™ AE A I R PN R A B AR O il
ZIF-67 9Kk 5 GO H & 414 ¥ 1l % i HLKS (1)
FRERIRBORL. 7€ 800 °C k5585 , ZIF-67 40 K WUk 8
it — R I R -5 i i B Ak Co-N-C B &
ghiky, R GO #k JF R if J5 A B8 0, {H 4%
Co-N-C@3D rGO # #} #& 44 F AT 847 b 4 +F 1
A IIZEERIRIES (K 1B). TEM 43#r % B R 258
H YK Co-N-C & A 45/ 355 47 BUAE — 4k A1 B
W TE P, TE TR b i R v A & A T R s O
55 = Y BRI 8 W ) AR B R ST 20 BUOROK ) A R
SR SR (K 1C). = 4 BER TEM 43 Hr 3= W
ZIF-67 fii 4= 1 Co-N-C & & 454 rh 34 5] 4y B0CA =
B Co K pikr, HISFAE 10 ~20nm A4,
MR DR A B AER 2. T2 Co 4 K ik H
A RIFR AR, AR T ARG 7 1) A
A 0.2 nm 2247, 557754 Co fi 4 (JCPDS
No. 15-0806,d,,; = 0.204 nm) ¥ (111) & ifi [a] # A
V. X R REIR B I 2R W] . 7E 700 ~ 800 °C LI K
Al LIRS 3 5) 20 WU RSE Co 90K UKL 1Y ZIF-67

T4 Co-N-C & G454 ; I &R EE (41 900 °C)
F,Co-N-C Z & 45 h Co 4K PURLEESS 1 B
RS 7E 50~200 nm AN S5 ) ORL. %) Co-N-C@3D
rGO-800 # it 1Y) EDS 43 #1 3R AL b 8 5] 0 A A7
C.Co N JCE (Kl 1E). 2 W B - M Bk i 3 2 W 7 itk
T ARAT R St R R - RO B 45 i 4 5L A B 7R
IV B AR AR AR (& 2). FEMREIX (PIPy < 0.1) N
W Bt ) b T, R B MR S L A A
= R X (PIPy > 0.4) f£ 76 B (R i 5 4, 22 B o op
TEAE & A FLESH . B i FL R &5 4 19 R U5 3=
PA ) A B E T, Co-N-CH K E G 45t
ZBIFEAE A RUBE 25 i 4540 5 2) ZIF-67 A i b &
o, A HUTC AR 4 SR R Y B L 5 A FLES .
F & 1 25 B 45 F T Co-N-C@3D rGO-800 #1 %}
250 m?- g 1Y K M T A (AR 48 Brunauer-Emmett-
Teller J7ikiH5), A R T M BHE AL TG P67 800 78
532 15 5 AR SN Bl 7 2 N
22 MRHEESEEK

%F Co-N-C@3D rGO-800 HJ XRD 43 #r Il &l
3A. WEFE B, 800 °C & i ik ke J5 , ZIF-67 1Y 4

~100.nm

K1 (A)ZIF-67@3D GO #1(B)Co-N-C@3D rGO-800 414 fi - W i 52 18 i 5 (C) Co-N-C@3D rGO-800 (1435 5 it ¥ . 13k
B IR A5 (D) Co-N-C@3D rGO-800 1 Co 44 K UKL 4 w55 43 B 3 3% S b 7 WU IR A 5 (E) 5 (F) 43 5128 Co-N-C@3D
rGO-700 5 Co-N-C@3D rGO-900 )14 i, F B3 5 # /1 5 (G) Co-N-C@3D rGO-800 1) It % 4317 [].

Fig. 1 SEM images of (A) ZIF-67@3D GO and (B) Co-N-C@3D rGO-800; (C) TEM image of Co-N-C@3D rGO-800; (D) HRTEM

image of a Co nanoparticle in Co-N-C@3D rGO-800; (E) and (F) are SEM images of Co-N-C@3D rGO-700 and Co-N-C@
3D rGO-900, respectively; (G) Elemental mapping showing the presences and uniform distributions of C, Co and N ele-

ments in Co-N-C@3D rGO-800.
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2 Co-N-C@3D rGO-800 1 N, M Bt -}t B 45 i £k (A) Rl 4 734 <1 (B)
Fig. 2 N, adsorption-desorption isotherm (A) and pore size distribution curve(B) of Co-N-C@3D rGO-800 sample

Ja& T JEL - T 28 A AR - SR O R TR B A Co 4
KR, HE(111) ,(200) F1(220) i fii (a = 3.545 A,
JCPDS No. 15-0806)%} 1 T XRD % &l i fi; F 44°
52° K% 76°4b AT 1 . 7E 4 T Co 40K FURLIE Bl it
R ZIF-67 T iy A HLBCARTE G 8 Co By AL A1 2
ARONE 7 T 6] A0 e Ak ol AR A TP 1 A B Ak 45
FiAE XRD R & 7= Az L 262k Hf s B AT 5 9 U
PRtz Ah A HAb AL 5 Y1 an Co 1Y 4846 %5 1Y AT
SPugE R L. ORISR S Co i i, RIS
KA T HAT TGA 43 #r (Bl 3B). 154k 8 2y
61wt%, UL iHH AT HIIL Co & & 29 28wt%. &l
3C /& 700,800 & 900 °C % ke i B T K A5 FE i 1
Raman 63 &, B i AT WLAE 1590 12 1346 cm™ 4b i
A VO E A= 4 s 7l DO VAR R s et (3 o ]
SR R IR BN (G B ) 5 T T Rl 4 R B 5 1 A 1 iR
Sl (D ). ERARIRE T (4N 700 °C) K45 B R i =
D 15 G B LY (In/l6) 113, R W Horp %
WEM A B R 2 W T T Bk 5 25 be
TR T 2 800 ~ 900 °C, i P Bk 45 ¥4 ) A1 B Ak
FREEZ WG, W BRI 116 {H HAS W]
ik — 2 58 Co-N-C@3D rGO-800 #4 %} i) 2 Ifif
27 2 S A5 6 H AT T XPS 43 A, XPS 421
I3 Hr W Co-N-C@3D rGO-800 "1 &4 C N.O #i
Co JL% , 5 XRD 5 EDS 4 4 1 — 2 (K] 4A).
Horfr O JTER ME 5 I i TR il 2 18 W% B S A7 7
B S8R W20 R Co 2p XPS &, 1E45 4 fiE
777.8 F1792.8 eV AbAFTE WA FEAE U4 | 4350 %t 1 T
E A Co 2p #iB /3 248 W1 2p** Fil 2p'2 1 (A
4B)PY EF4r PR N 1s XPS i 50 M1 42 B FE 5 i A7 16

ML N IERE N B/ Bafb N = Fp 2RI N 7
H 455 RE 7 WAL T 400.9 eV, 398.5 eV K 401.8 eV
Ab (& 4C)22), XPS 5 o AT R IR S H N L&
MR F T 5 el 5.28%. N T B9 & B 4tk — 7
T AT LA 7E B 45 A6 22 18T 5 1 A BOUR 1 I Bl B 8 1 46
F— ikl 5 Co & C JFF 2 )] i fie A 4
FH 5 7 3R B RN 7= A v R ) Jm B T A
7T A ) 1 8 v A A 700 1 A D e A 3
2.3 Co-N-C@3D rGO E/FIB B L F1ERE
W, raldE O, 5 Ar M F1AY 0.1 mol -L!
KOH ¥ i ' % %% Co-N-C@3D rGO-800 151 i
SR SR IE T H CV T4 WKL 5AL 7E O, Hfu ATy 0.1
mol -L"' KOH & # # ,Co-N-C@3D rGO-800 4t 1k
FUTE 0.72 V b H BB 5 1438 S0 I 78 Ar AR AT
FL i Y T O TG B 0 A A O T L X — &5
WA K UE T Co-N-C@3D rGO-800 i 1L 7 E. A 4
W JE AR AR TS PR AR B Al 125 R T OR [ R IR
(700 °C ,800 °C ,900 °C) il & ) Co-N-C@3D rGO #
i SRR AL T, H LSV B4R UL SB. 7E O, 10
A 0.1 mol- L' KOH ¥ T Co-N-C@3DrGO-700,
Co-N-C@3D rGO-800 & Co-N-C@3D rGO-900 1
R0 0T S0 R 1) A TR LAV 430 0.87 V,0.92
V K 0.88 VP HLAL (E™) 43518 078 V.0.82 V K&
0.77 V. Al JLYE =3 1 ,Co-N-C@3D rGO-800 f# 1k
BTG P B A, HLk i 25 5 mT A 45 F R R R R X
R AR 2548 1 52 M) - BRI (4 700 °C) T B i ik
AR B2 B (] 3C) , DT A AR T M 5 F - i
18 B8 77 5k v v I U B4 S UKL e 45 141 2R (1A
1F), AL Is M7 5. N 28 = Yk B TE Y
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&l 3 Co-N-C@3D rGO-800 Y (A)XRD i |5l F1 (B) TGA i £k ;(C)700,800 % 900 °C % ¢ 4% 14 T 4454 1) Co-N-C@3D rGO

Y Raman J¢ 1% &l

Fig. 3 (A) XRD pattern and (B) TGA curve of Co-N-C@3D rGO-800 sample; (C) Raman spectra of Co-N-C@3D rGO obtained

at 700, 800 and 900 °C
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Fig. 5 (A) CVs of Co-N-C@3D rGO-800 electrocatalyst in 0.1 mol- L' KOH solutions saturated by Ar or O, at a scan rate of 10
mV-s"; (B) LSVs and (C) Tafel plots of Co-N-C@3D rGO-700.Co-N-C@3D rGO-800 ,Co-N-C@3D rGO-900.Co-N-C-800,
Co-N-C/rGO-800 and Pt/C catalysts in O,-saturated 0.1 mol-L" KOH solution at a scan rate of 10 mV -s™; (D) LSVs of
Co-N-C@3D rGO-800 at different rotation rates (400, 800, 1200, 1600 and 2000 r-min™) in O,-saturated 0.1 mol-L*' KOH
solution at a scan rate of 10 mV -s™; (E) K-L plots of Co-N-C@3D rGO-800 and Pt/C catalysts at various potentials; (F) The
extent of H,O, production and the corresponding electron transfer number for ORR over Co-N-C@3D rGO-800 and Pt/C

catalysts, which were obtained based on the disk and ring currents in RRDE measurements (ring potential: 1.50 V).
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Caging Porous Co-N-C Nanocomposites in 3D Graphene as
Active and Aggregation-Resistant Electrocatalyst for
Oxygen Reduction Reaction

XIU Lu-yang, YU Meng-zhou, YANG Peng-ju, WANG Zhi-yu’, QIU Jie-shan’
(State Key Lab of Fine Chemicals, Liaoning Key Lab for Energy Materials and Chemical Engineering,
Carbon Research Laboratory, Dalian University of Technology, Dalian 116024, China)

Abstract: Oxygen reduction reaction (ORR) is the cornerstone reaction of many renewable energy technologies such as fuel cells
and rechargeable metal-air batteries. The Pt-based electrocatalysts exhibit the highest activity toward ORR, but their large
implementation is greatly prohibiting by unaffordable cost and inferior durability. During electrode manufacturing and
electrochemical reaction, severe aggregation of catalyst nanoparticles induced by size effect further limits the operational
performance of electrocatalysts. We report a new strategy for fabrication of active and aggregation-resistant ORR electrocatalyst by
caging metal-organic frameworks derived Co-N-C nanocomposites in permeable and porous 3D graphene cages via sprayed drying
the mixed colloids of ZIF-67 nanoparticles and graphene oxide, followed by annealing. The 3D graphene cages around Co-N-C
nanocomposites not only provide a continuous conductive network for charge transfer, but also prevent the active phase from
aggregation during electrode manufacturing and electrochemical reactions. When evaluated as an ORR electrocatalyst, the material

exhibited comparable activity but superior stability to commercial Pt/C catalyst in an alkaline electrolyte.

Key words: oxygen reduction reaction; electrocatalyst; 3D graphene; metal-nitrogen-carbon; spray pyrolysis



	Caging Porous Co-N-C Nanocomposites in 3D Graphene as Active and Aggregation-Resistant electrocatalyst for Oxygen Reduction Reaction
	Recommended Citation

	tmp.1678199043.pdf.fJQIp

