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P 555 1 9 PR AR e AS = B AT P RE RE
ZEEE )L, P E I A BN T . PR, TR R R
s e K AR HRA AR AR 1) ORR A7) 2 B8
PESRRE R A% 0 B

4 & B YL HE 42 ( Metal organic frameworks,
MOFs) J2& Hi 43 J& 1 515 Ay vh o B A A HLIC 14 S %
BRI R — 2 Z AL R R —Fhr i &
LB R, MOFs HAT 45 # n] B3 B R 1 L & T
TR v Lt 258 R0 ) 1 L 3 245 ) 4 R it , L T 5
ORR {4671 )5 IS TAR KAy, Horp, 4
ZIFs 8547 —4ER R A MOFs (145 B 45 5, B —
HERA L FOR 25 # F MOFs H ) 174 L 3 25 #2541
O AR FL A S AR BT 5T 45 2 T R
1, Huo H1 Zheng 25" & i T B FrR A% 72 45 14 1Y
ATER{A ZIF - L-7Zn@ ZIF —L - Co , ¥ R 3K (& ZIF - L -
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14k 7 HM—-Co@ NC( Heteroepitaxially MOFs derived
Co, N co-doped Carbon catalyst) ,HM-Co@ NC 7£ 0. 1
mol/L KOH Hrg 4 v, e A2 P HEL 1653531 2 0. 998 V
F10.905 V., & 75 L Pr/C figfesil, SR, AL
HEZERY ZIFs 174 AL R AT SR A AE — 2] D5
JRAREAL R A BRAR XS 52 A%, Hodh 4 1 205 Bk — 2Bl
A s AL BTG PR L S RIS PEAS i, R A
AN AL 16 PR S — 2D AR o

BT UL 2B I8 AR TOCR L — ik PR T8
HEXU4 8 ZIFs — L { HHTSRE, fr % 0 Co,Zn, -
BMZIFs -L,Co,Zn, - BMZIFs - L HA Co-ZIF-L FlI
Zn~7IF - L {945 L s (Co —ZIF - L 1B AL A4 8L B
A Co-N-C i, Zn ~ZIF ~L vh Zn {45 K AL IR
BREA) o ATSEAR Co,Zn, —BMZIFs - L A f# 15 2 i 1k
#] Co@NC~L~ Co Zn, , AR SCHIFE T HiT 4R Co JT
25 Zn JUR Y HOBI AR TGRS [543
B T AR 35 P 7 55

1 S2EGA 4
1.1 #HE5iEF
NIKEREIREE (44, Zn(NO, ), -6H,0) (75

IKA RS (43 Hr4l, Co(NO, ), -6H,0) I 3K Fif 4if
T2 5 2- SR (347 4l 2-MeIM) g 3% F
PG LR A PR 2 |5 3R 4 B R 2 % ( Nafion
5wt% , D-520, Dupont) .Pt/C 4L (20wt% ) 4T
M B IR TR A BRA 7
L2 RIRMER LTRSS

AR A Co,Zn, —BMZIFs - L {4 7 240 F e
WY E SR S. 2 g 2- U IEBKMEA AR T 100 mL 2B
FARFIE I A; — & it Co(NO, ), -6H,0 Fl
Zn(NO, ), -6H,0 #f# T 100 mL 2585 7/ FP B Jf %
W B,Co™" 5 Zn®" WM R HE4r ) 1:0.6: 1,
3:1,1:1,0: 1, AR ILE |; &R e 15 2-1
DKM P o 1 1 B Ry 10 8 R B G218 4 T T
INZEEW A S RPN 24 by KN 58
B8 VRS IRAE 35 CHIPFEL 2 h 5 B oK VR, 2R
JEAE 10 000 t/min 54 F #EAT B (£ 300 B 0
L, %5 SIGMA 3KI5, i35 g5l (M) A R A
F) , B B RE SR AE 60 °C LA T, A5 B AR [ 1A
itk Co,Zn, —BMZIFs - L, JLrp x Fil y Sk 45 BT SE 40
JEURFHR I Co™* I Zn® ™ f9 49 A S A He 9, Ak
FlE R A 1R

F1 Hl4AETIRIK Co,Zn, —BMZIFs - L [¥)J5UR} L]
Table 1 The preparation of Co,Zn, —BMZIFs -1 diagram on the amount

Co(NO;),+6H,0/g Zn(NO;),-6H,0/¢g

[IEILEN 2-FAJERR IR/ g
Co, Zny —BMZIF - L 5.2000
CogZn, —BMZIF - L 5.2000
CosZn, —-BMZIF - L 5.2000
Co,Zn, —-BMZIF - L 5.2000
CogZn, —BMZIF - L 5.2000

2.304 1 0
1.9749 0.3365
1.728 1 0.588 8
1.152 1 1.1776
0 2.3551

il 2 4L 57] Co@ NC-L - Co, Zn [ J5 3 4T fir
o ¥ FARBIFEETIRAR Co,Zn, —-BMZIFs - L & T
B K (8155 BTF -1400C -111 980, 44
NEFEEBAHARARAF)  LER S N, SRR T
PAFHEH R 5 C/min AR M E 900 °C, F+F
900 C#fiEteft 2 h, R R W 2= IR fF L,
EMEILFNIC A Co@ NC-L~Co, Zn, , Hrh x Fl y &
A RCHTIRIRFURH R Co™ " 1 Zn® " W i) IR LA
1.3 #ERESUK

FH B F 0 s 8% (SEM, JEOL, SU-8020, Ja-
pan, I 10 kV) Rl 5 B 82 3058 (TEM -

IR

osiny 0
/ ORR
itk \
OH-

Co@N(Q-L-Coany

H
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o |/
v
) 2-MeIM¥ Tk
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B 4 rRas i)
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Fig.1 Schematic illustration of preparation

Co@NC-L~Co,Zn_ from Co Zn, -BMZIFs-L
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(EDS) FI T RAEM BB IC R 434l (EDS ~ Mapping ) ;
X-$FRAT 5 (XRD, D/max 2500, Japan ) ] T2 A4
PR ) S AR ZEF 2400, XRD 55 5 ~ 80°, F9 4
B 2° min 'y X B4R % L i3 (XPS, ESCALAB
250XI, Thermo Fisher Scientific, VG Co. Lid) T3
MM TC R AN S AL 22 2 LA, X 2O e
TEICR ] 200 W IR Al -Ka /) B (08 X T2k
Vs P B 1% ( Raman spectroscopy, LabRAM HR E-
volution, HORIBA Scientific, France) [T R AF#1k
BB BB FIAT SRR, B 5 D% A ) Ne —He
YERBOCTE, R BN A iiaion = 532 nm; F] HT
SR M 5 ( Micromeritics ASAP 2460 Physisorption
Analyzer, NOVA3200e and autosorb iQ, USA) Il 5E#f
i I LL R TH AR (BET) ALIARFR ALAR 44 (1 DFT Jy
0 i RS EA T 20 Ar ) 5 P R S B T A - i
ICCSEEZHEAE Agilent 7800 1CP —MS) JI T 46 Il if
IR DAL 0] Hh 4 JB OC R & i, ICP - MS W H1
B3 15 L/min, RF Zh26% 1550 W, 4380 0. 8 +
0.1 amu,
1.4 fEHFBLFEEsEK

WL CV(RZHEIN) Al LSV (LR TR 638 ) ok
DT il 28 AL I ORR PRBE . R = MUK R,
LA A AL 2 T AR 2 (CHI -760e, |1
SRR IR A B £ e B i Ak (RDE, H A
ALS) ##4T CV F LSV M52 55 Lt a8 Ak ) 1Y
Pe AR TAER, DA Pr 22 3% itk , ) Hg/HgO
NS HH (E, 0 =0.098 V)

il TAER R I i R frik . 5250 Z A1, fff
P =48 AR E s X B B R AT AT I AT 56
B8 0 SR OB 7 R T4 o FRIBCS mg (18 AL 711
TELOE T, mH AP RUOMA 270 pl 258 57K 200
L S EE A 30 L f9 Nafion (5wt% ) , 58 75 43 8L
60 min LA FARTFAEAFIA 0B . B 1S . /Y B3k
3 FSCRCT T BT B e 1 B ok P A 3R (AR AT Y
AN 765 pg/em®) , AIRIET 12 h J5 , 74 3 11
U TR

HEAT AL SR, 3 5 CV J7 5 78 401 Ak A
AT IA R, FETTER 2 R A O, FUAS RS 2 W 5 Ak
LU . TS AL Z S 1l H S b
S3HE A O, 1 N, 25 30 min, 515 HL #5351 O,
TIFRZSFITE O, R4 M3 Y Ha i R BR 4580 0. 1
mol/L KOH (pH = 13) ; CV 3 it 359 4t 34 £ Oy 50

mV/s; LSV Al B S S mV/s, B 73 1] o
2 500.2 000.1 600 .1 200,900,500 r/min, #ffitd 0
(0.2, -1)V,

Jif CV 1 LSV {1 H i i #4#T 3d 3k Nernst 77
DR L A0k FT 5 HL AR HL % (RHE, Reversible
Hydrogen Electrode) , /L2 (1)

Egue = Eyuo +0. 059pH + Egg/HgO (1)
O E e AT S AR LY, V5 By 0 A He/HegO
Z: Eb AR R Y S0 L #, Vs Ef;g/”g() A Hg/HgO
TEZ R T BARERL#,0. 098 V,

B EL s (i - ¢, chronoamperometric Te-
sponse ) S22 14 7] A RS A 1 A PR T 52 P Y o
BB s el B e —MEEE R, 7y
Mreg i B (a] A A2 At 2k o @ — ¢ XAy B0 4 H s
-0.1V, %535 1600 r/min,,

2 #iR5HE
2.1 4% Co@NC-L- Co Zn,§I&1E

Xif T il & 1A Co@ NC — L — Co, Zn FiAH L
HI9K (AR SEM TEM ,HR - TEM , Mapping 3 fif
TSR (& 2 FIE 3) o B 2(a) AT 2(c) ZEHTYR
1k Co,Zn, - BMZIF L ) SEM &1 TEM &, o] LI &
HH S B LR g 1 R 25, AR B L] Co@
NC-L- Co,Zn, ) SEM( & 2(b) ) FI TEM( & 2(d))
WARSRORFEE 2 AR G5 H o (X L BT 3R AA , AH
IO A ) 11 2 T AR A5 RELRE , T LS5 A A7 7 — o R
FIPH , 32 B T AT SR A LE S AR b Zn $E5 PT
1, Pl 3 AR Co,Zn, ~BMZIFs L FLHA
fi#fL7] Co@ NC~L~ Co,Zn fj SEM [, ] LI &
NTRTIRRAR IR AR5 BLRL 11 — 4k FrobR &5 44, AR 7 A
NG5 F A — e R B P PHS X2 T Zn # R D)
Je ZYF - L 7 2 i A0 e 2o 5 o i ek 1) B 4R i 4
gl

T TEM (& 2(e) )l HR-TEM (& 2(f) ) AJ
DL AL Co@ NC -1~ Co, Zn, BAT f1 8546k £
B Co YK IBURL ) 4544 , X B Il AR I 254908 1 T 43
JZZ%AL, 124 R Co AT N JEF 22 AL T &
R 4, Co@ NC-L- CoyZn, [) HR -
TEM (& 2(g)) AT LA ), Co 44K J0RL 1 41 A8 Tl ik
W A N BB Co g4 K JURL AN T4 Bl (1 A
SR ARRRAT 571 H VA BT 1Y) SR A5 8L, 43 B R 2 Co
YK IORL B TAT 0> 577 4548 (fee ) (JCPDS No. : PDF#
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Fig.2 SEM, TEM and Mapping images of Co,Zn,

(a) Co,Zn -BMZIF (b) CogZn -BMZIF

(e) Co@NC-L-Co Zn, (f) Co@NC-L- Co Zn,

15-0806) "2y Co(111) i It A1 A1 #24K C(002) f el
(JCPDS No. ;: PDF#01-0640)'"'. & 2(h) 2} Co@
NC-L- Co,Zn, 1) SAED [ (3 X H1, Ffi1 4, Selected
Area Electron Diffraction) , n] DL F H H B H AR £
ST ER JEW] T Co@ NC - L - Co, Zn, B A £ 4 45
T"J,ﬁﬁ;ﬁ\: Co(111) ,Co(200) Fi1 Co(220) fii 51 #4+5 HR
-TEM(E 2(g)) LA & XRD (& 4 (b)) MH—%, Co

] !

—-BMZIF -L and Co@ NC-L- Co,Zn,

T

(c) Co Zn, -BMZIF (d) Co,Zn -BMZIF

( Co@NC-L-CojZn
3 HiYR{K Co,Zn, ~BMZIFs - L FIfffk7] Co@ NC-L- Co,Zn ] SEM fitt
Fig.3 SEM images of precursor Co,Zn, ~BMZIFs -L and Co@ NC-L~ Co,Zn,

(g) Co@NC-L~ Co Zn,

@ NC-L~- Co,Zn, i) Mapping 55 ([ 2(i ~1) ) T f
— AR T H R 4 Rk 45, H Co N A1 C
JCRIME RS, UL SRR FTSRA T Zn ST
AT LI Co 9 A URLAE P A 3o v 2R 1Y
HR G AL Co 94K UKL A1 8 Al ik f BT 2544
FRITE I, 33K o o Y 25 440 A ) T ORR HEAR T 12 7Y
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BT A3 HiEART] Co@ NC-L - Co, Zn, 1) FhiAZE
FFNZETH JC R AL, #4177 XRD F1 XPS i FAE
(El4), El4(a) AHETIR{E Co,Zn, —BMZIFs — L /1y
XRD %5 5%, 0] LA i 96 4R 1) XRD A7 5 1 5 SC
BRSO 1 A R A B A S i A — B
4(b) FAAR AL XRD &5 7l LB Y, 0 T
26. 3°)g T A 4kmk C(002) 77 5% (JCPDS No. :
PDF#01 - 0640 ) , H: 4 1) = 4~ i1 S 06 57 T 44.2°,
51.4°F175.8°, 43 HIXT R T fee 2544 Co 44 KSR 1Y
Co(111) ,Co(200) il Co(220) {1 ( JCPDS No. :

I 4 | Co Zn -BMZIF-L

5 JLL J/ﬂ,-’jk}b;w’l/IJ‘MM/J‘WIM/VM v f‘«r'\,lv*fun_/\%:\,,
1

_— | CogZn,-BMZIF-L
MM AMAAAA Atmtpan A,
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H]J\
/ U AMAMAAN DA an S
|

H ()
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Lo M f
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o
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< 1 i 1 o.‘
BV -
= P
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Co E3fin, f{k 7] Co@ NC-L - Co,Zn, 1 4: )& Co
AT S i B B I, X — 45 R 51 2 (g) B HR -
TEM F1[& 2(h) iy SAED 45 5 AH—3L,

ME4(c) AL iTSKIA CoyZn, —BMZIF -L
(1) XPS 3 [ i 7t 5 A~ B I A Rp AR, 43 ) J2& Cls
(284.83 eV) N1s(399.15 eV) .01s(531.90 eV) .
Co2p(781.28 eV) Zn2p (1 021. 96 eV ) FFfE 04, {8
f£#] Co@ NC-L- Co,Zn, .Co@ NC-L—- Co,Zn, NC—
CoyZn, 1] XPS % W/~ H Cls Nls,01s,Co2p iX 4
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Fig.4 Physical characterizations of different catalysts
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AR, FiTAKAAR CoyZn, - BMZIF - L H1 Zn JURAE
frpad bR 2. HET Ao S AR A
AN 2 M 3 R, XPS 1y HER Cls K3
(K 4(d)) BoRFFTE =R &5 1 2R RUR R ALY , 23931
i C—C(284.87 eV) .C—0(285.61 eV) ,C—N&C
=0(288.93 eV) "', #4rHE Cls i C—C 11
PUE IR R, TE R T AR A A A S A B 19 7 2
B il C—C BRI C—N B 2540 25 s
JiF - L TE R A R AT . K 4 (e)
ATRAF ), XPS (i 50 B NLs RS IEBE-N it g -N
T SR AE-N JEAT 1005 20 W, 23 0 T 398.25 eV,
399.78 eV .401. 82 eV [, i H A MALEE-N F1 41
SBAL-N RESR LIS 70 p a1 N A
s AE-N X RN SR N daA /2 ORR HEAL ) A
TR PERLE . 1B 4() 2 Co@ NC-L- Co,
Zny Fl Co@ NC-L~- Co,Zn, {570 HE% Co2p KL, H
BT LA T BRI Co® Co2p,, .Co—N, ,Co2p,, Fll
TEWE, 737 TF 778.22 eV . 781.21 eV ,786.22 eV,
796.41 eV 803. 11 eV [T, 1M ORR 4L B
PEA S Co—ORR g Co2p,,, .Co=N, . Co2p, 0
F2Jmad XPS AT AT IR K
AR PR SR (T A7)
Table 2 Atom ratio of various catalysts from

XPS test( atomic percent, absolutely) — %

TR A K A4 57 Cls  Ols Nls Co2p Zn2p
CosZn, -BMZIF-L  70.38 16.43 8.78 2.96 1.45

Co@NC-L-Co;Zn, 84.92 11.38 2.97 0.74 —

Co@NC-L-Co3Zn; 90.90 6.13 2.23 0.75 —
NC-L- CoyZn, 82.24 14.18 3.58 — —
400
350F @~ Co@NC-L-Co Zn, S, =191.48 m? gt
. | =0 Co@NC-L-CoZn, S,,,=215.03 m*g! i
T 300F =—=NC-L-CoZn, $,,=22735m>g" R

B 250
S
200}

W B (ST
Z

50 i
0 £
0
HEXF R J3(PIP,)
() N W P4 TR 2%

H 2L 3 M B A AR 9 L R AR A 22 AL
S5K, S AE T 7T KO R N, W B R A IR 4o
ME5(a) i LIFEH,Co@ NC-L- Co,Zn, . Co@ NC -

R3S ICP - MS I 3075 2 A Aif 3K 14 K
AR E BT R SR (A2 )
Table 3 The metal element content of precursors

and catalysts from ICP-MS test

(' mass percent) %
L/ ] Co Zn
CoyZn, —BMZIF - L 15.2 5.3
Co@ NC-L- Co,Zn, 20.3 0
Co@ NC L~ CoyZn, 38.7 0
NC-L= CoyZn, 0 0

L. — CoyZn, Fll NC—L— Co,Zn, [ W BfF 15 BFF 45 7 i 2%
HR L IS BRIV TR B LA A £L 4G
¥y, M4 v LIEH,Co@NC-L- Co,Zn, ,Co@ NC -
L-Co;Zn, I NC-L- CoyZn, &5 SBET( B Hﬁ%@ﬁ*ﬂ) 7
MR 191,48 m* g7 215.03 m* g ' F1227.35m’ g 7',
JL4E Co@ NC—L— CoyZn, [ Sy MK T NC—L - Co,
Zn, AHAFLHREF(S,,., =210. 10 m* g~") FIF-
BIfLA2 (9. 36 nm) BER ., H T FLESHE B 5800 24 67
ORR HEAL 1 VA A5, I S8 ) A (I = O = OH #
« OOH) 1% i BE ), 321 Co@ NC -L - Co,Zn, 7]
AEHA RUFRY ORR fifLifitE. 18 5(b) i’y Co@
NC-L - Co, Zn,,Co@ NC - L — Co, Zn, fl NC - L -
CooZn, FLAZ I3, S HE—BIER] 1 H 2 A A fL 45
o LA EEE R, Co@ NC~L~ CoyZn, HFL4S
FRAE A F] T ORR HEALTE PER 3R 5 o

1.61
—o—=Co@NC-L-Co Zn,
=0=Co@NC-L-CoZn,
12 —=NC-1-CoZn,

dV/(cm?+ g™ nm™)

0 10 20 30 40 50
fLAE/mm
(b) fLAES3 i

B S AR N, LRl A

Fig.5 N, sorption isotherms and pore size distribution of different catalysts
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Table 4 Specific surface area and porous structure parameter of different catalysts
] WRERY,  HALRERER?, LRI/ LR/ WAL/ TR

o (m?- g ") (m*- g™ 1) (m*-g™") (em’-g™") (em’-g™") nm
Co@NC-L-Co,Zn, 191. 48 0 191. 48 0. 564 0 1.18
Co@NC-L-CosZn, 215.03 4.93 210. 10 0.503 0. 001 9.36
NC-L-CoyZn, 227.35 24.31 203. 04 0.432 0.010 7. 60

T : O RImAGER BET J7id4fift; @ LRI B -plot 7188 ;@ M LRI AUE L Sy, = Sper — Swier 132 @ FUAEFUN P/Py =

0. 99 i AYFLIREL,

$ir & ST AT () R Ay SR AR B 1 T
BB A T A AR AR L 200 a1 6 B
TRo FE 1380 cm 'BIEAI 1590 em B E4T A Co
@NC-L-Co,Zn B #H D i H1 G 42 D i H G
o R A ) 1 ke B 25 A A A Ss A 5l . d
B ELE D A G R (A R B L (1,/1) SR PEAN
MBHERFEREEE . ATl LIE ), B HTSKAK Zn
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Table 6 Comparison with the activity of ORR catalysts reported in the literature

ORR 45 Ep o’V Ji/(mA-em™?) Ei»n/V CiN T FHHE/ (mVes™') B30
Fe-NC-1% 0.937 5.512 0. 897 0. 1 mol/L. KOH 10 [24]
Co/N-GO 0.920 4.5 0. 788 0. 1 mol/L. KOH 10 [25]
BM, -C4-50" 0.910 5.26 0. 84 0. 1 mol/L. KOH 10 [26]
Co,N-PCL 0.910 5.22 0. 846 0. 1 mol/L. KOH 10 [27]
D-ZIF 0. 860 2.31 0. 60 0. 1 mol/L. KOH 5 [28]
20wt% P/C 0.954 5.437 0. 866 0. 1 mol/I, KOH 5 AT
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Preparation and performance of two-dimensional Co-based
catalysts for oxygen reduction in alkaline fuel cells
LAN Gongjia, YANG Tao, HAN Zhicheng, WEN Guosheng, ZHANG Cheng, LI Yanping, YAN Dazhou
( China ENFI Engineering Corporation, Beijing 100038, China)
Abstract: Alkaline fuel cells have attracted much attention in recent years due to their high energy conversion
efficiency, relatively low operating temperature, and green green environment-friendly advantages. However, the
sluggish kinetics of oxygen reduction reaction ( ORR) at the cathode is a key limiting factor for alkaline fuel cells.
It is of great significance to develop ORR catalysts with high activity, stability and low cost. In this study, a novel
cobalt-based catalyst with two-dimensional leaf structure, denoted as Co@ NC~L~-Co,Zn , was prepared by direct
pyrolysis of precursors with different proportions of Cobalt-Zinc bimetallic as metal sources. The morphology and
structure of the catalysts were characterized by SEM, TEM, SAED, EDS—-Mapping, XRD, XPS, BET, ICP-MS,
and Raman. The electrochemical performance of Co@ NC~1.—Co,Zn, was tested in an alkaline environment. The
results show that Co@ NC - L — Co; Zn, exhibits a leaf-like structure with excellent electrocatalytic activity and
stability. The E_ ., and E,, in 0. 1 mol/L KOH electrolyte are 0. 918 V and 0. 853 V, respectively. After running

for 10 000 s by chronoamperometry (i —¢), 87.3% of the initial current is maintained, and its performance is

on-set

comparable to that of commercial catalytic material 20wt% Pt/C.
Key words: metal-organic frameworks; two-dimensional leaf structure; alkaline fuel cells; Co-based catalysts;

oxygen reduction reaction



