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Abstract: As a representative of transition metal oxides, NiO has the advantages of high energy density and low cost, and
thus has attracted extensive attention in the application of lithium-ion batteries anode materials. Porous nanoscale NiO/C
composites with low cost are prepared by a simple self-cross-link reaction of sodium alginate with metal ions and following
carbonation and oxidation process. In the resultant composites, NiO nanoparticles coated by graphitic layers are uniformly
embedded into porous carbon frameworks. The porous carbon frameworks not only enhance the electrical conductivity, but al-
so inhibit the volume expansion of NiO nanoparticles during electrochemical reactions. Applying these in the anodes of lithi-
um-ion batteries, these structural features enable the NiO/C composites to deliver high specific capacity of 608.2 and
307.2 mAh/g at the current density of 0. 1 and 1 A/g, respectively, and the composites still maintain the specific capacity
of 448 mAh/g after 100 cycles under the current density of 0. 1 A/g, showing such excellent cycle stability. Such well elec-
trochemical performance demonstrates the potential of NiO/C composites in anodes for lithium-ion batteries.

Key words: alginate; self-cross-link; NiO; porous structure; lithium-ion batteries

Vol.39 No.!1

=
=]

1 Bl

UTARR, B P e Al AT MR B TSR A P 3 A Y
PRIE TG Y S A R0 B9 H A5 R, TS s A RE PR AR

s B
E&mA:

2019-01-06 f&EIHHA: 2019-01-20

ER ARRHF A RBITH (51572169) 5 H K& S0
BRI E (2017YFB1201005) 5 L ifE i RIZRAaBFT
T H (18JC1410500, 17ZR1441400)

XUESC, Lo, 1995 44, i+

XURTE, Y, 197944, DFRst, HHARm,
Email; liuginglei@ sjtu. edu. cn

10. 7502/j. issn. 1674-3962. 201901007

E—1EE:
BIRAESE:

DOI.

ARSI FE A5 R T R A o — R e
Em ., AR GG AERERR I, TR TiRA . RA
SR RN RR T [ 1991 FEEE T
R TET T Dk, A B R R A S b e 2
ARBREA R TREE, (AL ERHEEARRY, Hit,
R IEI R ELA A e A R S T R B MR
HL 3t 67 RRR LI A

T4 R E ALY (MO, M=Mn, Fe, Ni, Co, Sn
25 ) DL ARG | il e 2 0 v A R T A 2 Y
SR, X3 I 4 J S A A 7 b/ 00 17 o e v A R A
K, 755 SECOMARURTE , I im5 e f AR S
SiAb, i A R A AR S R R R A 25 O T BR X



54 Hh A i

539 %

FAPEH AT MK T 32 5 S i vk, SR R 7 vk
A ARG T U 4 R AR R S S
RLUAFARR LR R A1 P Huang %5 DL 2 B A Bk U
4 CIEA NiO 4K Bk Y28 B il 45 T Nio/C 9k E G
FORES ) S R T, (HE AR ARG IR L R e Y
IR RAE ABR %, Bk, JFRMCRA, &S, A
R R i) ek U 4 R AR/ B A R R 5 — 1R
WAt ) ek

TERTIIRTIE Y, VR IR 2 S PR T 0 5 B Vi o8
FRENTT DL H &5 4 8 B 1 A AR sC BRRON, B AE S 1T LA
1B HA ZALE5 M I 9 oK G 1 4 T8 SR A /B 2 6 6
B T, ARBRSCR IR RS R T
B, AT BA R A kA RE R Nio/C B A AR M
K NiO A, R R Y AR NiO
YUORITURL B A1 B8 Ak 1 e 2 A0 7 FLi AR L 1Y C kA4
W OXRERI R FLEE R AT AR S A P T NiO S H
2. HREBUIE, PR BUE fh K A BR e 1 A 25 1 ik
ATk LA R R S A R R R R R T
SEROLSA, o gh A AR (A R ) it 4 B SR Ak 7
L R St £ R A R ) TR AE T A SR RN ik

=

2 X Iy

2.1 NiO/C EAM#IHIH &

Pha: 5 IR, % 5% (Fi&5%, TR
Ni(NO,), H W B AN A 1. 5% 01 BB b . i)
U Ni-TF SR SR B L s Pk bk T e, BTk
T 24 h ABR KA o B TR AP 09 Ni— i B R 6 S BE AL
1E N, 600 CHRAL 1 h, 183 Ni/C &SR, ¥
Ni/C Z &M BHHE D I b 200 °C &1L 3 h, fRZ&7E %
NiO/C &AM 8L,

2.2 #EBFFEMAR

14 80 mg NiO/C ZAHEL, 10 mg FHUR FFIF 500 pL
Rl 5 L0 N-H S e s iR &, FLRE 5+
12 h, 1525 K Y S ik B AEM T L. 1
110 CF, FZ5 T8 12 h, KR A 3ORH0 4R 56 #0848
A 12 mm H‘JH‘, VER TAEE,

HRE T AU 2E, IR oA X B . Celgard
2500 KPR, 5 bR TAE R AL R el fn i, AR
91 mol/L YN FHERREE (LiPF, ) IR, IR F NBRIR 1%
fisi (EC) FBRAZ —H K (DMC) (AL R 1: 1),

2.3 RIESHEMALZFNIK

S HITACHI S-4800 %4 44 B, 7 B 85 (SEM) |
JEOL JEM-2100F %33 5 i - i Sl 55 ( TEM ) 247 SO0 B
$HFAE, R Rigaku D/Max—2500 % X HH A5 (XRD)

AXHEATARAI T, R Netzsch TGA A 2% X 41 ) #E 17 4
(TGA) 434, K F Micromeritics ASAP 2020 1 #% #E17 &
A B RRE il 23K, SR I Axis UltraDLD 8 X 5280
HLFRE I GHAT X TG oL P RE IS (XPS) M, FrEo
ik Senterra R200- L 7 & 3k M 45, >R A LAND-
CT2001 A HYH 3t 22 48 A1 VMP3 B A2 T/ vl b7 A
fbeFPEREDI, MRS 028 0.005~3.0 V,

3 RSt

3.1 REERIAMMLEH

E 1a Al NiO/C B & RHE) SEM J &, #l LA
FHE AR R AR Z U450, RS K
RSEA 10~200 nm A0 E 8 R FLEE, FERIFLEE R
H AR 2 AR AL T PR A i A, IR T &R G A R
BIHLRTAR S & 1b g H TEM BB H-, 7T LAE H kL ik
RS ECE R EIRST N 5 nm A9E0RL, 492K RGT 1Y)
WUk A AL 2 RS B T R TR e R ALY A e
1Y 15 53 HEIE S L (HRTEM) BE R R R, UKL A 17 1] R
290.20 nm, 5 NiO(111) HAYaHTIAIEE —20, WKl 1c
B3k DXL TR 5T (SAED) SR aT LA, AN RIS 2k
X H, TR TR0 S % R NiO A9 (200) . (111) F1(220) &
T, FULAT L B2 4Rk ef 4 oK JORE 9 52 438 NiO;
IEAh, XSGR 2~3 2R 6 RbiZ R, X2
PR, 5 Ni PR BURAH S8 YR Mk B T Ni
B AR F G AL AT 0 A1 SR ALRRJZ Y, X b S fb s
EAAREA AL BT, WA A AR T AR
AT LAZE pf NiO J0r R AR FR AR Ay SR B T o X sy
SIZALAKK NiO/C A bR 1A 1 225 460 Sk 15 Vg i e
5 Ni B0 E EACEE, MELLGE AR

K 1d HiZE A HEE XRD B3, KigEdh T
37.2°, 43.3°7162.9° 3 NRREE, 5 NiO MR R R
(JCPDS: 47-1049) 58 &XF N, FHREUE TH AR
YRIORLE NiO, XRD &35 b Hy AR 20° 445 (WX T
NiO OR8] Bl A SR b2, 5 TEM A —3, Bl le h
NiO/C E&MEH 0 LK XPS B, EiE LA 4 4
g, H 529.6 eV Ak A UEXT N F NiO 1 AY Ni—O 4,
531.3 eV ARAYIEXT R T C=0 a3 Ni—O #; 533.1 eV
AR AIERT Y T C—OH B C—0—C FEH (B ILBHR) ;
532.2 eV Akt i T C—O—Ni 4, C—O0—Ni 17
TEULIA S A AR NiO T8 i C—O—Ni B4 42 [ 52 16 ik
I, gk,

Bl L R A MR fr 2 B3, 1340 AT 1593 em ™' 4b
BT S WA IO, TR SRR D RN G e, D W3l 0T 1 e
SR LR BEE , T G WA H X R B A SR AL S



1

XURESCA . BTSRRI ACHRIY NiO/C A MR 4 K A B g

55

NiO/C EAMEH 1, /1 (E%55 1. 24, BEHTIH A S0 B
B, 1E 600 CHRALMIBRALEE T, R85 M 1A 51k
PRI, 5 Ni ke B ERA X, A8 RER,
RNE G SRR, B 1g g TCA 4 IR
FE i R TE 300~400 °C AT 2UR TR, XM T Nio/C &
BRI C AR SRR RE B . 500 °C S A 4% i
0 NiO 9K I0RL, # NiO/C Ak R NiO 94 K ik
B RN ECN 54. 1%, P Th Al 2807 W R S B ot 2k oy s
BRIV AR, Az ZemAs Nio/C &4 b kA A

R REAL(183.2 m*/g), X1 SEM M 5 Hoilgg 3 (1)
F ML IE 3, R W2 R B 0 M N L
FEA, HE I PR T LUR 1, Nio/C &
BB R Z LG, SHE 2~ 4 nm BZEANFLA
7 nm PLERA LIRS, F 6 W Lo 8 L
NiO AR URLAR AL 10 A B O A, KL A A7 A6 D AT LA
FE R 78 M LR A AE AR A 2%, A R T AR D S
TP R A HL AR

Intensity (a.u.)

o 40 5 60
2-theta (degree)

Intensity (a.u.)

I/h=1.24

1500 2000

Raman shift (cm")

2500

0 538 536 534 532 530 528 526 4
Binding energy (eV)

4 08
3574 °C
0.
04
b 02
.0
201

—TGA
——DTG

S

Deriv.Weight (%/°C)

NiO 54.1 wt%

SED M/\A

Pore e (om)

Adsorbed Volume (cm’/g)

400 600 800

Temperature (C) Relative pressure(PIP,)

B 1 NiO/C ZAMEREIERMBMMEEHFRAE . (a)SEM BA, (b)TEM fh, (c¢)HRTEM R & SAED 3%, (d)XRD &3,

(e)XPS &3, (f)hig &,

(2)TGA Mgk, (h) BB B it 22 S ALAE S A

Fig. 1 Characterization of surface morphology and microstructure of NiO/C composites: (a) SEM image, (b) TEM image, (¢) HRTEM image

and SAED spectrum, (d) XRD pattern, (e) XPS spectra, (f) Raman spectrum, (g) TGA curves, (h) N, adsorption-desorption

curve and pore size distribution
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Fig.2  Electrochemical performance of NiO/C composites in Li-ion batteries: (a) CV curves at the scan rate of 0. 1 mV/s, (b) GCD cvrves at

the current density of 0. 1 A/g, (c) cycling performance at the current density of 0. 1 A/g, (d) rate performance
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Fig. 3 Nyquist plot of the NiO/C electrodes in Li-ion batteries
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Fig. 4  Electrochemical performance comparison of NiO/C composites

and other NiO-related materials in Li-ion batteries 20~
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Fig. 5 HRTEM image (a) and elements mapping images (b, ¢) of NiO/C

composites after 100 cycles at the current density of 0.1 A/g
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