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Q'@,ﬁ;g@p@lpmggmgﬁwg@pﬁggp@gg‘ée&(Cu/N—C). The as-obtained N-C and Cu/N-C nanoparticles were

successfully used as non-noble eletrocatalysts tested for ORR. Compared with the N-C, the Cu/N-C

showed the high surface area of 607.3 m 2-9'1 with the mean pore size of 2.5 nm and the pore volume of

§%WB%QQQT@6 ﬁﬂfgfiﬁﬂg(tﬂ}glﬁzqﬁ%s free energy change was the rate determining step for ORR process
with the 4e mechanism, where the value of the Cu(111)/N-C(-0.39 eV) was lower than that of the N-

C(-0.26 eV). The Cu/N-C exhibited superior onset and half-wave potentials (0.96 V and 0.84 V,

respectively) in alkaline media(0.1 mol-L” KOH), all of which are much better than those measured for N-
C and commercial Pt/C. Furthermore, the Cu/N-C showed superior methanol crossover avoidance and
oxygen reduction stability.
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HE: 5%4 B4 30 WFELFE KM (ORR)E A4, RN BEHR LB EAAT LT ZHXE, AXUE
RAEAE N — MG A AR TG F W A VIR, AR B8 % R sl il 4 T A5 2R 0 7 204 40 K AL (Cu/N-C) 12
T F 47 R AE B AL 45 ) B A BN-CHY t % B AR K 67.5 m?- g F3470420.14 nm , F 4 FL A FR8.00 m*- g, 5 = A 1,
Cu/N-C . & T 7 3£607.3 m2-g' P74 #2.5 nm , FHILEM 40.40 cn’- ¢!, 1T % Z 2 %2 6 (DFT) 4T it
H& W, Cu(111)/N-CHy B i fEfE IR TN-C, A F| T AL R4 34T, 7£0.1 mol- L' KOHM A, Cu/N-CH Uk
I 5 AL AE A B (] 70.96 VA0.84 V) TT A XA T R P B Mk A e i F HCun %

BREKXF1.6TW%,

KERIR]: Cu/N-C; m B4 & M FORE A7 &R B R ML 308 3%

13 5

TR A ERARRE | 25 005 YR VR R R
PR, BRI B U Se R R T RE TR
£5: NI O VB 779 ST 01 N R s L /9 S 2 R
JE—FhEAL, PRI BRI E | AL RN
(oxygen reduction reaction, ORR ) J& —Fl 2218 (19 )2
INF, TEAPRAE R Y 174 1 FH v b o 28 1 5% o i PR TS,
R, 5 i iR R $2 R ORRPERE A
X, BIHAECY 1L, 54840 (Pt) Hefi AR e i
A RAIORRAEALF , SR, Pt fb 7] A i FHATS AR
FETE—SEANTT 3 G (9 ) L, ) N A 1o e M 22
AR P g, 3 fn] ™ i BR A T ARRE LT Y R
FUBTT AN AL AL, SRy T i S ) j ) 28 5

B T FRAR B AR N = SOR A A AL T Ry Pt
AT AE R A

EHT, A2 25 A 54 J8 M -ML AL 7
(M, M, = Fe,Co, Ni%sid 48 ), WA IR & 41
g AR R AL S A ORREREMT, 14 78 48
AT LLS R or T 45 BT RSS2 A, BEIR
TEALRE AL R B . 20184F , GuanZ5 18R L
L EAPIE L (MOF) FHH “ SMOFZA+ 4k ” 2 SRSk
Tl T 2 LIRSS & 42/ A 1B 242k (FeCo/N-C)
YK, 7£0.1 mol - L' KOHIF K ' , FeCo/N-C {71
H PG S0 A SR AL PR RE , P B HA 350,87 Vi
i v T 7 FHPE/C (20% ) FEL Al . 20194F , Xiong S5 LA
W+ 251 (Prussian blue analogue , PBA ) A Al
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IR £ T Fe-Co X4 J@ 4Kk T, 7£0.1 mol-L!
NaOH HA 4 N 1)U 35 50.85 Vi,
X5 o 0 B HPYCHLE AL T AR S . Yin %8 2100
K HE 25 2256 T i AN 4 Z Lk gl K
£ 4 41 7 Fe-Co & 42 41 K ki ¥ (Fe-Co@PCNF)
Fe-Co@PCNFZE£0.1 mol- L' KOH## 4 #10.5 mol - L
H,SO ¥ W H #4122 B AH 4 F-20wt.% PYCHIORR
HL AL TG, 439194 0.854 Vi 10,739 Vi,

J3—J7 T A TR A R AR, B
T ATH T2 2R il A o) 25 b A Ak Bl ads i
SO PRI L5 AR A TG PR 2 BR T X gk
PEHaE Sl A F oA N RS AR
S B AR E R AR T IARRT , AEIR At
FErh a4 8 SN Z Ak 2E s i r AR B )
RZ ., AL AR AR RE 00 738, IR %
B KRIE S TORRIGM, Z LG & ,Kang%
N M F 2 2K B (polyaniline, PANT) , —Fi Ak FIr J
IR SN S H SR G o) I B, 8 Tl ik 3B ok
il & Cu-NCHEAL ], I H K i PANIAT A= 15 21 1
Cu-NCEAL % F X FORR AL i M, RAEE
FE R AP 5 T4l 1) 4 AR ) >k 2 = ORRM: g L (H
AR K AT 1 AR 2 oA T ORR Y 5 T4 1)
fEALF

AT E L, 72 BB (chitosan , CTS) ANV i i3 &
A (6.89% ) ZH AL, T HLik HAT —2emg 5] A AYHs
PR, BN RRs: MR ARG EE , 28] T ok
22 ISR B T A SR MRS B Y R TR
GRS AR B 7, B TRE SRS B C TSI
HEG VS5V 200 48 5 B AR R B AL
REJTBERY, eAh, 5L SR NI ¥ (traditional
heating method, CHM) #H kb , ik i+ 7% (carbon bath
method , CBM) JC 75 Jiti Il 45 &b 1) AP 1 25 < (491 4
NLEAr) B AT SA %) 5 CHMAR LRI RCR: | I ARk e %
TE R AT AR A,

WRIB T E — P T EE SR NG, R Tl A
ORRAY EE MM, 7 FRMEDR L A, 38 FHE
R Tk AR SRR BRI i Cu(NOs), - 3H,0
M AR CuTT R, IS B8 JEmm A RN 7
I PEREMYORR,, AR SCE i — P EGE A BRI 1444 Cu
g oK Wik B oy M S B TR 7 Cu N B 2% ik
(Cu-N-C)_I=, I H AL 1 7 il £ () 40 b4 A A B
PR A H A2 ORRET A

2 X I§
2.1 EHFIEE

JA A 38 Sy o i el o i — 20 il
RIe]fd Y, AR B & e B ST R B (1 g) Al
Cu(NO;),+3H,0(0.64 g) HYIR A 7E200 mLEEHH |
RGP 2 T 573 100 mL & 251
Kb FE212 h RS R 3RS RIS PITES *CHA AL
TR, RIE, wE R TR R AR A S0 mLAY
W IFECA 150 mLAgH IR b, S SH 3 2 ]
BB . AR TE S i 1900 °CAL R h, fiF
T ERE R =R, KRR R B A K1 mol - LY
HCI(200 mL) AL BEE R, I FH R 26 B 1K e TR 2=
Wk, f e, TR TR T T 70 CCAREBR 12/ S
RAFFE R, A i 44 Cu/N-C,

2.2 WL HERERAE

FCu K, 3851 (A = 1.5406 A)#Y Brucker D 8
Advance XTRATHHMC 5 T XRD(X-ray diffracto-
meter , X ST A7) Bl . XSO HL F RE T (X-ray
photoelectron spectroscopy , XPS ) % #i& HH Amicus/
ESCA 3400 FREIELIC 3¢, (i HIJEM-21001% &%
( H A JEOL) i 45 32 5 v 7 . 33U BE (TEM), I 7
Tecnai G2 F201¥ %% (3£ EFED) | i 40 ¥ R %
55 F 2 AH45% (high resolution transmission electron
microscopy, HRTEM) Kl{% . XHF4ii (EDS)/EK]
EIEAELEO 1430 VP STEM{XS (F[E) Filisk ., &
Micromeritics ASAP 246013 &% (3€ [ FRI6 WM 745 78
% 1) i U B - I SRR AR L TH5AL T Brunauer-
Emmett-Teller(BET) flIBarrett-Joyner-Halenda(BJH)
T R AR S ALARFRRE Y fLAR . FIRIICP
(inductive coupled plasma emission spectrometer) H,
JEGEA S5 B OIS A A A T Cudt R 1 i &
i, HR0.0137 ghfdn, E 25 mLIF I, i FER KL
50, MEIACwCER T, UAEEEL0.4238 mg- L, 4t
MRS R R 1.6Twt. %,

2.3 LR,

TECHIT60E FL AL~ T ARl 1 I3 1 BT A R
AOREALTE T . 75 FEIHNLBLOL Y = F A H et | ik
Pz i, R A FE (304341 ) # S mgfE L
BIAR 25 WLZEI5 (5wt.%) F1475 wWLIC/K S SR A
PIE s AR AR i 28 | SR )5 B0 LA Ak R il 25
URIREN TS A B RS B A EAE Dy AR, Ut
Hh , Ag/AgCIFNPEYH 4353 FAE 2 L Ha AR R0 X H AR
MR FE T, #£0.1 mol - L' KOH I AT HaL it
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SEETTAF  RIBARBR  E HA N R AURE I T i 0 4 i R A1) 673 -

Jit, TENLEROAMFNZRAE T LASO mV - s F 4 3 R
HATIEIAR L (CV)INR, ZEOAR AN Z5 4 T A400
r-min” 22500 r-min" { A [F) F AT e M AR
P (LSV)IK, 7E A ORRIMIK | AT LA
DL 28 3K F Koutecky-Levich (K-L) 8] A8 8} 5k
AL A4

1] =1/Jx + 1/(Bw") (1)

Horr | JJ27ERDE (rotating disc electrode , ¥4 %
HLA ) B IS Y L | WG S LI T 0 3R
7N AR, BARAIE DL O R

B =0.2FC,DD " )

Hrp nfQRORRER T H1 840,50 F (1 HL 7%
FoB, IR B AR 4 (96485 C-moL™) , oM S ik 1Y)
O, (1.2x10° mol- L), Dy O3 H5Y 22 %0 (1.9%
10° cm?-s) , v HLfR Iz 2R FE (0.0 Tem?-s™) .
2.4 EHIHE

A 5T A 0 45 0 00 AR RN BE T AR 2
VASPEAFALH 58 1Y, R Y A2 F e A6 25 B 2
bR (DFT) J5 ik, M B B AH BAE H 24
BER % (PAW ) P | 3¢ 40 AH OC BE 5t FH Perdew-
Burke-Ernzerhof(PBE) sRE(7E)~ X BRE 18T (GGA)
R EERT FRATT S A1 SENIB AR A1 28 (N-C)
HICu/N-CHY(111)F 1 (Cu(111)/N-C)F 1 T 5x5x
1 Fl4x4x | B HL I, 3K AR L 3x3x LAY A% Sy v
XM (gamma, T) SR A B9 A BLIH X 2547 17 JL
far Al o F 11 0 % 1R BB B o 450 eV, Y fEAE
(vander Waals ) A E A/ 3 i {4 FI DFT-D3 J7 i i
AT T HbRee S T sk G AR AR B A A G = ]
HIAHEAE R B 52 R T B 15 FEGS A
AR, SRR T SRR ot R AY ) R RE i A
H/NF0.05 eV-AFI10% eV,

PRI A & A% (CHE ) B 7 {ii B Norskov
At A TR] 4 H A LU 4efLERAS T N-CHICu(IIn)/
N-CH3 480 7 B (ORR) A B8 19 75 A W 1 Hi fiE

A (AG),
*+0,+ (H +e) —» *OOH AG,
*OHH + (H" + ¢) —» H,0 + *O AG,
*OQ+(H"+e)— *OH AG,
*OH+H'+e —» H,O+ * AG,

£ > ORR A B 9 AG i i AG = AEpy +
AE - TASTEARAS , ORR HL 3 (%) B T 202
G =max[AG,, AG, AGs, AG,], 1% = (G®e) +1.23
V., Hirp  *F7RN-CHICu(II)/N-CH BTE AT, AE

JEN B DFTH A HIE AR RV 82 . AE Al
ASH IR e A IE M E I (T = 298.15 K) Aif
PR AR AL, 3R I R SR AT S AR
CHER AL FHAAH TP HL o322 350 —2F (w(H,) )
Y B X A 22 3 (u(H e ) ) A Cu/N-C K¢
alisc MR AH R A FERTEN-C,

3 BR5ITR

3.1 FIRHHIE

A 3 X R AT B PR LA E B SRR A 2
R AARZER , EIL(A) R T Hl &4 IN-C (R
HiT£8) FICu/N-C (£1 (4 i 28) I XRDIE A . M\XRDi
AT UL, 3 PR 7E~23.6° Fll~44°4b B R
A TEVE, 4y B R T TC T A A 0 A SR kO T
(100) BT HHIE . EA1 , Cu/N-CHE26.5° H FRAR B IG |
U F (002) 177 51 A9 A S5tk (PDF#41-1487) . $&
M, 7ECw/N-CH %A H PR Cuke &2 A AR 17 5
FHA Cudy Bl B AR I ASREAT 3T o

Y 43 HrORRIZ 2 Fh Cu/N-CHLI 1 3 112,
e Ir AL PERE , 38 TEM B LIAFZEN-C Al
Cu/N-CHTEATNEEH N1 (A) FTLLE i R
BEIIN-CZR I B B (B0 T e a1, AL
T, K1 (B) s, Cu/N-CE I H 722 B S AY L .
Pl , Z LA AR R T 2 WG PO,
JHEHE TR s, M3 T E L ORR
TR 3 5 R N-C A Cu/N-C Y 5543 #F R TEM
(HRTEM) Bt — 2081, 4lise Bpsr= A= IIN-C
Z A ML BTl JZ B AR (K 1(C)) , X R,
N-CYE faf B i e R B e e TR &5, At
EH T Cu/N-CHJHRTEMEN £ 41 (EI1(D)),0.21 nm
Y2 BIFE XA FCu®(111) T, DA b3k Se 45 AR5
T Cud JBAFAE T Cu/N-CHE RAFFE TN-CH 4l
FERPRIRT 25 T S A B3 T S n 41 ELAT L €8 1 i A
fhiE .

i i STEM A% A i — 20 98 Cu/N-C I JC 3=
O34 . B 1 (E) B, Cu N CHIOTC E 5] b 438k
TEREM R (CuN-C), BAR Cutr i E NS &,
PR, HE DU AECu/N-CHP A7 AECus & , 1 mol - L' HCI
Ab T 3 A HR BT (O G R AFAE T-Cu/N-CHh

T 3 S LB Rk i DA — 25 5 I 3R AR 1Y
N-CHICu/N-CHYZEHERE i, R LR, S5 SRpE)
N-CHE AL RIBET R TH AR LR BURSF-2LA2 43 501 R
67.5 m?>-g".0.14 cm’- g' F18.00 nm, Cu/N-CHJBET
R (607.3 m?-g") FIFLARFL(0.40 cm?®-g!) B i
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AN, Cw/N-CFL#242.60 nm, /NTN-C,, 1 HE Ak
AR, AR A AL TE AR AR
THEMAYBETE M AH
3.2 FEHA%HIE
3.2.1 it

P72 T EIWFSE T N-CHICu/N-C i 25
¥4, DFIGUE S fy B SO ik e} i B 17
RURZAbsp BB [0 o PRI BRADRHY A1 s fh
JEE W F DGt B i B 1 U A (1n/16) ™), 8,
I/ TGRS RERH) A7 BB AR B RAIKEY . an[&I2(B)
i 7R, N-CHICw/N-CHEFL 2 1% 11339 em™ (D
BO)M575 e (GIEE) BHEA N5 Hi A4, N-C
B I/ I8 B 12 1.036 , Cu/N-C [ I/ 1618 411,056, 3%

FIAN-CHYBR RS T FCwN-C, ILoh, fi=t
T AR R A AR Y A RRAE B AT
RATHFXHZE . W2 Z 2 A8, WY
PSRRI A A 2D, B SRR S 34 B R
H—E R AR, HCufE—EREE IR T
itk
3.2.2 XHIEICH FRETE /b7

I XA T REIG 3 A A — D IR Z
e m itk 2R, i 2(C)FiR , Cu/N-CHEfL
FIFICu 2p )i 1E931.9 eV HI935.3 eVAb 7R f 4>
W 3 R T CulFI Cu B, F-24% , {H 2  7EN-CRE
TG A B 06, [E12(D) o, o HER Y
N-CHIN 1s XPSHE:iiE7E397.9 eV .400.5 eV f1404.3

cu’
d(111)=0.21 nm

E1 (A) N-CHI(C) Cu/N-CHYTEME% , (B) N-CHI(D) Cw/N-CHYHRTEMIE4 , (E) CWN-C: Cu, N, C, Off)STEM &4 FIEDSIT

RUUHPEIR, (M4

Figure 1 TEM images of (A) N-C and (C) Cu/N-C. HRTEM images of (B) N-C and (D) Cu/N-C. (E)STEM image and EDS ele-

ment mapping images of Cu/N-C: Cu, N, C and O. (color on line)
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#1 N-CHICu/N-CHI4RAE

Surface area/ Pore volume/

Sample Pore size/nm

(m’-g”) (em’-g™)
N-C 67.5 0.14 8.00
CuN-C 607.3 0.40 2.60
e VARG =& 43 3 H I FIEBE-N  IHEg-N

A BN % T Cw/N-CHINLs XPSYGHEF Y ik =
NN BH — N IEWTAICu-N(399.5 eV) I ¥

Cu/N-C

Intensity (a.u.)

Intensity (a.u.)

LR EMFERBARA B Ry DIRREIE SR
Al R ARIESRORRE 4, R, B 38 # XFORRHEA R
UFRMEALTG PR . WNEI2(E) iz, X 4E T R I R A
FW, CW/N-CIY R HERC 1635 C=C(284.4
eV) .C=N(285.4 ¢V) F10-C=0(288.2 eV) = ilés
{EN-CH Bl T C=C (284.3 ¢V) FIC=N (285.2 V)
fIig 354 O-C=0MiE . N-CHYO 1s XPSIE(EI2(F))
532.6 eV 531.3 eVHI1530.2 eV, 4351 KW ffHEO
(Ou) B O (Ouer) Fl 145 O (O , T Cu/N-C H il
Zanis A, AT W A CuOPETE

2D
I,/1,=1.056

2 Theta (degree)

10 20 30 40 50 60 70 80 90

500 1000 1500 2000 2500 3000 3500 4000
Raman shift (cm™)

Intensity (a.u.)

946 944 942 940 938 936 934 932 930
Binding energy (eV )

Cc=C

C1s
E 284.4 eV

0-c=0
288.2 eV
Cu/N-C J

Intensity (a.u.)

Pyrrolic-N Cu-N

400.6eV 399.5eV
'\ ' Pyridinic-N

Pyrric-N Pyriinic-N
400.3.eV

N 1s)

397.9 eV

Intensity (a.u.)

408 406 404 402 400 398 396
Binding energy (eV)

F Olﬂ
5334 eVo,

53I1 dev

O1s

]

1

|

! 1
Cu/N-C :

Intensity (a.u.)

2%8 2&6 2é4

Binding energy (eV)

292 290

282 538 536

534 532 530 528
Binding energy (eV)

B2 (A) N-CFICu/N-CHIXRDiE E FI(B)Fi & Y61 ; (C) Cu/N-CHIE 3 HERXPSTEE ; TLE (D) N 1s . (E) C 1sHI(F) O 1sHIXPSi

K, (RZERRZIA)

Figure 2 (A) XRD patterns and (B) Raman spectra of N-C and Cu/N-C. (C) High resolution XPS spectra of Cu 2p for Cu/N-C. The
fitted XPS spectra results of (D) N 1s, (E) C 1s and (F) O 1s for N-C and Cu/N-C. (color on line)
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3.3 BEtRE

T 5e7E0.1 mol - L' KOHAP , il i3 CVAILS Vil
R Cu/N-CHIN-CHJORRAEALIERE , WEI3(A) FIIR,
Cu/N-CTE0.85 Viyeflh A — A0 Sl A, 7EXT
NP T4 85 YR A SO 8 380 L 9 M 7 P AR 1 0 3
FHHCWN-CEA B EMORRMALIG T, 1EO AN
0.1 mol-L' KOHH, LA1600 r-min™ (5% 3 47
10 mV s PE IR 229% (LSV, KI3(B)) , LA
— LI Cu/N-CHIORRAEALIERE A T LA, i)
iR TN-CHITT & APY/C (20wt.% J.M.) , Cu/N-CHEfL
F AL 4R L 32 (Eo) M 0.96 Vi, I L (E L) N
0.84, LU 1 FH PYCAHE A 751 1) 1E FEL 345 58 (B, = 0.92
VieflE 1, = 0.81 Vi) , 25 5 2951 i 1) SCik
I ZEFAY, L, 7ERMEA i, CwN-CH
A LEPYCH AR AT 1 . TCH Ak 1 ORRIE 7
12 R Culty i v LIS SORRYERE

T 35 7E O S A W Hp AN [ 3 8 38547 Cw/N-C
() RDE AR % I 3 3k 43 #7f ORR 4 2 Hf Cw/N-C H #
W8 12, S5 AR H Ui 2 B Bl A R 3
M (E3(C)), ME3Z(C)E AR TR
AH N Koutecky-Levich &l (13 (D) ) ZEA R 3T 2
N RAFRYZt, R T AR T A MR B
— IR EN 12 BERAT AT E B TR (n) 1Y
AR AT BK-L B, fEE3 (D) El h, 720.25

Vi 0.3 Vigef10.35 Ve FORRIMA H | A4~ 453
F 1 Cu/N-CHIRFE 7% 1 v 400571 3,81, 3.84 411
3.86, KHITECW/N-CHIMEAAE T ORRIELE /U
THERSIRAR, BLAD, BEATRAL i st 1o FH ) =2 2 [ A
R A, i, FATEOMMAAY0.1
mol - L' KOH/K % i Hh XF Cu/N-CHEAT T 1A 22 8%
it APEPEA, . AnE3(E)FTAs , #E 12000 sf , Cu/N-C
P14 19.3% 11 Pt/CH 2 53.4% , 1% 26 WA &g FPY/C i it
AR T Cu/N-CHEAL . PRI, BAT 0 570 P A i
ANER) Cu/N-C & —Fi A AT 9 AE 53 43 J8 ORR ik
I, TR FHPYCAEEH

JORRL Lt 11 55— S S ) AU i PPt 3
LA IN2.0 mol - LH P (FE100FP N ) b4 T Cu/N-C
FIPYCHYAZE SURLN . PYCTETN I B, FL I 26
BAEHEK T 55.1%(K3(F)), MHILZ T ,Cu/N-CTE
HLT % B (84.8%) T IRFFRUE MUHL IR A, R
Cu/N-CHY H it 3z M4l FPuC,
34 BERERNTE

ML A PEREZR W, 5 N-CAH [t , Cu(IIT)/N-C ]
PIEGHEORR B AL TG, b T3R5 KCu(111)
SIAN50RRE) J 242 (B C R YIS IR, AR TAE
W3 DFTHE T N-CHICu(II)/N-C | 51ORRH: B
135 A T R RBAG

WE4PTR e RAGE R H4e LB TORR AL
T A R 2 A 58 (RDS) B H B fig . Cu(IIT)/N-C

2 Cu/N-CHHALE AR B9 RIS VE LR, AT SR A (0.1 mol - L' KOH);
R M 8(0.1 mol - L' HCIO,)
Table 2 Comparison of Cu/N-C with other alloy catalysts on specific surface area and catalytic activity.
Reversible hydrogen electrode (RHE); Alkaline solution (0.1 mol-L! KOH); Acidic solution (0.1 mol-L"' HCIO,)

Catalyst Suzfizc-egz_ilr)ea/ Electrolyte OI\I/SFJS? (;g;éi)al/ Half;;sga/;/'eé)l(;t;l tial/ Ref.
PtNi/C 489 Alkaline 0.88 [12]
PtFe alloy Alkaline 0.95 0.88 [13]
Fey3Coy/NC 52 Alkaline 0.98 0.88 [18]
CoFe alloy 745 Alkaline 0.89 [19]
FeCo@NC-750 42 Alkaline 0.94 0.80 [16]
FeNi@NCNTs 104 Alkaline 0.95 0.77 [17]
DBD- FeCo@NC Alkaline 0.96 0.88 [21]
FeCo@PCNF-800 304.98 Alkaline/acidic 0.94/0.84 0.85/0.74 [20]
FeNi-NC 1864 Alkaline 0.98 0.83 [23]
Cu/N-C 607.3 Alkaline 0.96 0.84 This work
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Figure 3 (A) CV curves of Cu/N-C in 0.1 mol-L" KOH electrolyte at a scan rate of 50 mV -s™. (B) LSV curves for N-C, Cu/N-C and
20wt.% Pt/C in Op-saturated 0.1 mol-L"' KOH with a rotating speed of 1600 r-min™. (C) RDE voltammograms of Cu/N-C at various
rotation speeds. (D) Corresponding K-L plots and the electron transfer numbers (the inset) of Cu/N-C. (E) Long-term stability curves

and (F) tolerance to methanol poisoning curves of Cu/N-C and Pt/C via the ORR cathodic current-time (i-t) method. (color on line)
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atoms, respectively. (color on line)

Cu-NAL[RIMGE T Cw/N-CHY b itk fE , 7E0.1
mol - L KOHH' Cu/N-CA 4k 751 2 28 H AL 5+ 1 ORR
PERE B AU 4R L 3 (Ey) 50.96 Vi, 2 9% L H
(E\n) M0.84 Vi, BISTIE LB, 51 ACun] PARK
P2 = Cu/N-CHYORRAEAL IE M, X3 T4 Ry il ad —
AR I ) R A e T TR ) S e A R R
TEENES

2 % 3L HR (References):

[1] Lu X F, Xia B Y, Zang S Q, Lou X W. Metal-organic
frameworks based electrocatalysts for the oxygen reduction
reaction[J]. Angew. Chem. Int. Ed., 2019, 59(12): 4634-
4650.

[2] Mamtani K, Jain D, Dogu D, Gustin V, Gunduz S, Co A
C, Ozkan U S. Insights into oxygen reduction reaction
(ORR) and oxygen evolution reaction (OER) active sites for
nitrogen-doped carbon nanostructures (CN,) in acidic me-
dia[J]. Appl. Catal. B - Environ., 2018, 220: 88-97.

[3] Jia QY, Zhao Z P, Cao L, Li J K, Ghoshal S, Davies V,
Stavitski E, Attenkofer K, Liu Z Y, Li M F, Duan X F,

(4]

(]

(6]

(7]

Mukerjee S, Mueller T, Huang Y. Roles of Mo surface
dopants in enhancing the ORR performance of octahedral
PtNi nanoparticles[J]. Nano Lett., 2018, 18(2): 798-804.
Wang Y Q, Yu F, Zhu M Y, Ma C H, Zhao D, Wang C,
Zhou A M, Dai B, JiJ Y, Guo X H. 3 N-Doping of plasma
exfoliated graphene oxide via dielectric barrier discharge
plasma treatment for the oxygen reduction reaction[J]. J.
Mater. Chem. A, 2018, 6(5): 2011-2017.

Wang X Q,LiZJ,QuY T, Yuan T W, Wang WY, WuY,
Li Y D. Review of metal catalysts for oxygen reduction
reaction: from nanoscale engineering to atomic design[J].
Chem, 2019, 5(6): 1486-1511.

Sun X, Atiyeh H K, Li M X, Chen Y. Biochar facilitated
bioprocessing and biorefinery for productions of biofuel
and chemicals: A review[J]. Bioresource Technol., 2020,
295:122252.

Kim C, Dionigi F, Beermann V, Wang X L, Moller T,
Strasser P. Alloy nanocatalysts for the electrochemical
oxygen reduction (ORR) and the direct electrochemical car-
bon dioxide reduction reaction (CO, RR)[J]. Adv. Mater.,
2018, 31(SI): 1805617.



5 6 3]

SEETTAF  RIBARBR  E HA N R AURE I T i 0 4 i R A1)

<679 -

[8] Chen M J, Hwang S, Li J Z, Karakalos S, Chen K, He Y
H, Mukherjee S, Su D, Wu G. Pt alloy nanoparticles deco-
rated on large-size nitrogen-doped graphene tubes for high-
ly stable oxygen-reduction catalysts[J]. Nanoscale, 2018, 10
(36): 17318-17326.

[9] Wei Q L, Zhang G X, Yang X H, Chenitz R, Barham D,
Yang L J, Ye S'Y, Knights S, Sun S H. 3D porous Fe/N/C
spherical nanostructures as high-performance electrocata-
lysts for oxygen reduction in both alkaline and acidic me-
dia[J]. ACS Appl Mater. Inter., 2017, 9(42): 36944-36954.

[10] Asset T, Chattot R, Fontana M, Mercier-Guyon B, Job N,
Dubau L, Maillard F. A review on recent developments
and prospects for the oxygen reduction reaction on hol-
low Pt-alloy nanoparticles[J]. ChemPhysChem, 2018, 19
(13):1552-1567.

[11] Yang H, Ko Y, Lee W, Zuttel A, Kim W. Nitrogen-doped
carbon black supported Pt-M (M = Pd, Fe, Ni) alloy cata-
lysts for oxygen reduction reaction in proton exchange
membrane fuel cell[J]. Mater. Today Energy, 2019, 13: 374-
381.

[12] Zhang G R, Wollner S. Hollowed structured PtNi bifunc-
tional electrocatalyst with record low total overpotential
for oxygen reduction and oxygen evolution reactions [J].
Appl. Catal. B - Environ., 2018, 222: 26-34.

[13] Wang NN, Li Y Q, Guo ZL, Li H, Hayase S, Ma T L.
Minute quantities of hexagonal nanoplates PtFe alloy
with facile operating conditions enhanced electrocatalytic
activity and durability for oxygen reduction reaction[J]. J.
Alloy. Compd., 2018, 752: 23-31.

[14] YuF, LiuM C,Ma CH, Di L B, Dai B, Zhang L L. A re-
view on the promising plasma-assisted preparation of
Electrocatalysts[J]. Nanomaterials, 2019, 9(10): 1436.

[15] Martinez U, Babu S K, Holby E F, Chung H T, Yin X,
Zelenay P. Progress in the development of Fe-based
PGM-free electrocatalysts for the oxygen reduction reac-
tion[J]. Adv., Mater., 2019, 31(SI): 1806545.

[16] Cai P W, Ci S Q, Zhang E H, Shao P, Cao C S, Wen Z H.
FeCo alloy nanoparticles confined in carbon layers as
high-activity and robust cathode catalyst for Zn-Air bat-
tery[J]. Electrochim. Acta, 2016, 220: 354-362.

[17] Zhao X T, Abbas S C, Huang Y Y, LvJ Q, Wu M X,
Wang Y B. Robust and highly active FeNi@NCNT
nanowire arrays as integrated air electrode for flexible
solid-state rechargeable Zn-Air batteries[J]. Adv. Mater.,
Interfaces, 2018, 5(9): 1701448.

[18] GuanB Y, Lu Y, Wang Y, Wu M H, Lou X W. Porous
iron-cobalt alloy/nitrogen-doped carbon cages synthe-

sized via pyrolysis of complex metal-organic framework

hybrids for oxygen reduction[J]. Adv. Funct. Mater., 2018,
28(10): 1706738.

[19] Xiong Y, Yang Y, DiSalvo F J, Abruna H D. Metal-or-
ganic-framework-derived Co-Fe bimetallic oxygen reduc-
tion electrocatalysts for alkaline fuel cells[J]. J. Am. Chem.
Soc., 2019, 141(27): 10744-10750.

[20] Yin D D, Han C, Bo X J, Liu J, Guo L P. Prussian blue
analogues derived iron-cobalt alloy embedded in nitro-
gen-doped porous carbon nanofibers for efficient oxygen
reduction reaction in both alkaline and acidic solutions
[J]. J. Colloid Interface Sci., 2019, 533: 578-587.

[21] Yan X Y, Tong X L, Zhang Y F, Han X D, Wang Y Y,
Jin G Q, Qin Y, Guo X Y. Cuprous oxide nanoparticles
dispersed on reduced graphene oxide as an efficient elec-
trocatalyst for oxygen reduction reaction[J]. Chem. Com-
mun., 2012, 48(13): 1892-1894.

[22] Cracknell J A, Vincent K A, Armstrong F A. Enzymes as
working or inspirational electrocatalysts for fuel cells and
electrolysis[J]. Chem. Rev., 2008, 108(7): 2439-2461.

[23] Solomon E I, Sundaram U M, Machonkin T E. Multicop-
per oxidases and oxygenases[J]. Chem. Rev., 1996, 96(7):
2563-2605.

[24] Zhao Y Y, Chu Y, Ju X P, Zhao J S, Kong L Q, Zhang Y,
Carbon-supported copper-based nitrogen-containing sup-
ramolecule as an efficient oxygen reduction reaction cat-
alyst in neutral medium[J]. Catalysts, 2018, 8(2): 53.

[25] Pan Z F, An L, Zhao T S, Tang Z K. Advances and chal-
lenges in alkaline anion exchange membrane fuel cells
[J]. Prog. Energy Combust. Sci., 2018, 66: 141-175.

[26] Kumar M N V R. A review of chitin and chitosan appli-
cations[J]. React. Funct. Polym., 2000, 46(1): 1-27.

[27] QuJ, Hu Q L, Shen K, Zhang K, Li Y L, Li H, Zhang Q
R, Wang J Q, Quan W Q. The preparation and characteri-
zation of chitosan rods modified with Fe* by a chelation
mechanism[J]. Carbohyd. Res., 2011, 346(6): 822-827.

[28] Wang L, Liu M C, Wang G, Dai B, Yu F, Zhang J L. An
ultralight nitrogen-doped carbon aerogel anchored by
Ni-NiO nanoparticles for enhanced microwave adsorp-
tion performance[J]. J. Alloy. Compd., 2019, 776: 43-51.

[29] Liu M C, Guo X H, Hu L B, Yuan H F, Wang G, Dai B,
Zhang L L, Yu F. Fe;0,/Fe;C@nitrogen-doped carbon for
enhancing oxygen reduction reaction[J]. ChemNanoMat,
2018, 5(2): 187-193.

[30] Yu H Y, Fisher A, Cheng D J, Cao D P. Cu,N-codoped
hierarchical porous carbons as electrocatalysts for oxygen
reduction reaction[J]. ACS Appl. Mater. Inter., 2016, 8(33):
21431-21439.

[31] Nie Y, Li L, Wei Z D. Recent advancements in Pt and



+ 680 -

W,

1

2

2021 4F

[32]

[33]

[35]

[36]

Pt-free catalysts for oxygen reduction reaction[J]. Chem.
Soc. Rev., 2015, 44(8): 2168-2201.

Guo D H, Shibuya R, Akiba C, Saji S, Kondo T, Naka-
mura J. Active sites of nitrogen-doped carbon materials
for oxygen reduction reaction clarified using model cata-
lysts[J]. Science, 2016, 351(6271): 361-365.

Borghei M, Lehtonen J, Liu L, Rojas O J. Advanced bio-
mass-derived electrocatalysts for the oxygen reduction
reaction[J]. Adv. Mater., 2018, 30(24): 1703691.

Yang L, Zeng X F, Wang D, Cao D P. Biomass-derived
FeNi alloy and nitrogen-codoped porous carbons as high-
ly efficient oxygen reduction and evolution bifunctional
electrocatalysts for rechargeable Zn-air battery[J]. Energy
Stor. Mater., 2018, 12: 277-283.

Rinaudo M. Chitin and chitosan: Properties and applica-
tions[J]. Prog. Polym. Sci., 2006, 31(7): 603-632.

Huang C L, Zhang H'Y, Sun Z Y, Liu Z M. Chitosan-me-

[39]

diated synthesis of mesoporous a-Fe,O; nanoparticles
and their applications in catalyzing selective oxidation of
cyclohexane[J]. Sci. China. Chem., 2010, 53(7): 1502-
1508.

Guibal E. Heterogeneous catalysis on chitosan-based ma-
terials: a review[J]. Prog. Polym. Sci., 2005, 30(1): 71-109.
Huang J Y, Liang Y R, Hu H, Liu S M, Cai Y J, Dong H
W, Zheng M T, Xiao Y, Liu Y L. Ultrahigh-surface-area
hierarchical porous carbon from chitosan: acetic acid me-
diated efficient synthesis and its application in superior su-
percapacitors[J]. J. Mater. Chem. A, 2017, 5(47): 24775-
24781.

Hu L B, Wei Z X, Yu F, Yuan H F, Liu M C, Wang G,
Peng B H, Dai B, Ma J M. Defective ZnS nanoparticles
anchored in situ on N-doped carbon as a superior oxygen
reduction reaction catalyst[J] J. Energy. Chem., 2019, 39:
152-159.

Copper Nanoparticles In-Situ Anchored on
Nitrogen-Doped Carbon for
High-Efficiency Oxygen Reduction Reaction Electrocatalyst

Hui-Fang Yuan", Yue Zhang'", Xing-Wu Zhai’, Li-Bing Hu', Gui-Xian Ge?,
Gang Wang', Feng Yu'*", Bin Dai"

(. Key Laboratory of Green Chemical Process of Xinjiang Corps, College of Chemistry and Chemical
Engineering, Shihezi University, Shihezi 832003, Xinjiang, China; 2. School of Science,

Shihezi University, Shihezi 832003, Xinjiang, China; 3. Shihezi University Bingtuan Industrial Technology

Research Institute Clean Energy Conversion and Storage Research Group, Shihezi 832003, Xinjiang, China)

Abstract: Compared with noble metal platinum (Pt)-based catalysts, inexpensive non-noble metal electrocatalysts have attracted

extensive attention for oxygen reduction reaction (ORR). Herein, chitosan as a kind of biomass resource rich in nitrogen and carbon

was used to prepare nitrogen-doped carbon (N-C) and N-C in-situ anchored by copper nanoparticles (Cu/N-C). The as-obtained N-C
and Cu/N-C nanoparticles were successfully used as non-noble eletrocatalysts tested for ORR. Compared with the N-C, the Cu/N-C

showed the high surface area of 607.3 m?- g with the mean pore size of 2.5 nm and the pore volume of 0.40 cm?*-g". The most posi-

tive Gibbs free energy change was the rate determining step for ORR process with the 4e mechanism, where the value of the Cu
(111)/N-C(-0.39 eV) was lower than that of the N-C(-0.26 eV). The Cu/N-C exhibited superior onset and half-wave potentials
(0.96 V and 0.84 V, respectively) in alkaline media (0.1 mol-L"' KOH), all of which are much better than those measured for N-C and

commercial Pt/C. Furthermore, the Cu/N-C showed superior methanol crossover avoidance and oxygen reduction stability.

Key words: Cu/N-C; chitosan; biomass resource; electrochemical catalyst; oxygen reduction reaction; carbon-bath method
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