47 %
2018 4F

%121
12 A

WAEERMBIS IR

RARE METAL MATERIALS AND ENGINEERING

Vol.47, No.12
December 2018

=R BNR X FLIR/E LR B IR £
HY Tl 8 A2 fid RE 4 14

ILE, k£,

AW, ARF, T

i, &%, AA%

G AL T K2, K 300130)

#  E: B NiaoTieo my AR A ATIKARTE 0.25 mol/L HF ¥ “ H & &-AREN” — BB B9 K2 4L
/AL B (np-NiI/NiOYE & A KL {#H] XRD SEM K HLAL 2% T AR 0 52 A R AL RL B S5 K« TE SR A RE s 1R JEAT 4R

Flo GiREW: np-NUNIO HA “fiaefz | B2 | Baez” M= ME a8, RS5R2ZN ARG,

PRAE

T AR R R M R SR Ak s A4 2 RS E 5 NIO [ R A 4 I R I K TG . A4 2 h RE S AE 0.5
Alem® FIAAFREL AR AT X 491.1 F/em®, 7F3F 6000 Y5 57 3% 472 Flem®, EMEEEME R If.
KR EEERAGES: WAL 9k ILE/AE; —Uihgii;

PEES LS. TB333, TG146.1'5 XakFRIRED: A

TEHE: 1002-185X(2018)12-3872-08

2 R A e AL ST R NI R P A T £
WARREREE, HAT ML oiR . K Ardr. OB
V5 P S AR A, R i R LB R T, R g el A%
W R A A A AR R A R
A7 EEOBUHE J2 HL 7 2 B e ) B R AR, T EL R A BRI K
HIPPR I 78 L AR VG 98 e 3h i, D%
L DA T A KSR R A A
[T LY . WTASAIR . 4 F AW 2 WU 5+ 20 i
Ry TR, DRI 3 4 SRORE 2% P08 4 RO B2 21 AT

FL A A Rl ) 240 8 2 PR 75 B R R IR B I A, B
S WL T AR B A L. SR AL G
V& B A, T U A AR A DR SR T R A A
I DN T L A R AR, TR S| T AR A
I E G, W RuO, & — Rk g AR 5 1 4 L 2%
PR RE, FLEE R ZRILF] 570 F/glY, Hi T RuJE
Totam, Sk RS T e szpr N . W5
RIL NiO [ RuO, —#F HAT R AUF i M et i, 1o A
NiO WAL, U2, REREEA L, PR
T 0 B T LI F 2 A A k), DT o R A
U2 B T T2 I . UL AR EE AE 59 IR P 4
PR, AR AT 2 2LAT = LR T 40K 9
NiO Fiki, LA IA 240 Flg, Liu 40
RYIK NIO FAR A R LA ol 70 1y p 28 M i, 38 7 K

fs HER: 2017-12-15

FL S0 F B AR M R LG FB 2R R Ik 290 Frg, 1 AT
500 YJE AT BT 217 Flg (i b 248 . Lu 25 PR B R
JE 1l I AL B J7 VA4S B 1 R NI/NIO 4K
AR A RE, HLEH 2R A 300 F/g (3 T35 H AR 1) 5
o X T NIO & R RE BT O AT T
TRKRERE, {1 NiO {F A 1 9 b 2% 3 F AR 3G 1 4 AT
FAAE LA R A R I ) J 15 5%, 40K NiO JIORE 2 ]
Sy A5, T H GV AR A AR R s ARSI Ik
v L2 sl e, L AR AAOnS H S T TR 43
PE PR R b e A RN ok, DU R A%
AR K- SIOES G WATIURLER &% B R & s BU o G ki A ]
B R, A BE T AL S T R A R T PR ik R
JHCRE SN (10 8 2% P 75 4 1A A3 FH 7 2K

YK 2 L4 AL FE R RN T N E T e —
FrohgeA kL, TR SR B e
R E LRI, k2L e BAaEMIL . Rk,
6 L REY A7 0 45 7 THT AT G T LU0 B R I #3100,
[l B 92K 2 L 4 e v 0 b 3 T B/ LR R AN A S
HLPE b 4 8 S AL ) RN 5 P SR S 5 H S P A R ) Bk
AL T RAFIISAE, BT L — R 55 1 H Al A e p
Ble LAghk 2 L4 8 b Bkl & 51 & Al R H At o
ARG, Lang £ 40k £ L4 (NPG)5 MnO,
AT A, I IT R 5T 45 H ) NPG/MnO, 4% f
A AR RL . (R AN S S I RIS T, AE

HEWMB: FEXARBZEES (51671077); Wb AREEIESE (2016202212, E2015202081); 4k | AHR] (E2012100009)

fE&Z &Y. DL, 5,

1993 A, fiAz, WA T K2 RIRNE S T4 6E, RKidt 300130, E-mail: zjsthink0913@126.com



12 H

BUTAESE: =WV R GNRK 2 LAY S AR U Rl 26 B A RERRIE

* 3873 -

TEAURL R /I« T SRR 5 Ot ¥ 5 e A4 ) 1 BT 35 1
SN Kang 2SR AT ) 5 44 B 40 R 5 24 T 6 &
GRS AT AL, B Ni-Mn & & 5 T
12 i S IR A (R N, il 46 T B SR
YK Z LB SE A A T AR, A A T
A EA AT BRI RSB, TS &
Ak B A DL A R T RS S gk 2 fLai by, 12
LA A RS MG . A TaRES S, IR
AR I AR S, 53 %) . Horton
A Scully!" W58 7 AR i A & A& Cu-HE-Dy &4 &
S FE, R R A R S e AR R AR N IR A
SRR TN A AN Z L4 . B, dEd G
G T Aok 2 1L 4R O BRI 4G A 42 o

BERT LA b e) 5, ASHI 5 LA G AR B B ) R R R
BSEEBRBEEEMEL, WG 485 b NigTie 1
L I B S RN | I R S 11 B U I = N =] R S E N
AL R T2 AR A T, e e
g Bl S A Ky FELARAE ) B AT = YR T S R I Ak 2 5L
BB (np-NI/NIO)E G HIB - #R9T T NiggTigo I db &
G £ 44T I LUK np-Ni/NiO 4 45 Fa A (1) v Ak 24
&, JEXT np-NUNIO MR PIPEEAT PR o AT
YK 2 AL R R B TE b A AR T — o L,
IRy JLAE 2 P A BR800 N FH TR 738 IR a4
1 % Iy

ARSI AAEAR . AHEK(=99.9%) 0 JERE, i A
HLOI S R 1 1) NigoTigo FIERIEG S 5E. G H 2
A4 TR R 25~40 pm, B54 2 mm AR A
BB AR N IR A S T IRk . RN 0.25
mol/L 1) HF % AE A i G 4 T I il , A — s K
JE(20 mm) R B A A 4%l (B SRk 98 4 1 Bk B 2D 1) 4%
AF )BT T ORI BRI TP AR = RN 2R AT A R
Hér. WASLE A, FRE T R Mg b I f 4 2
BT IKATG K ST Ve )G T A7

{f Fl Bruker D8 Focus ¢ X 4 2647 S { (XRD).
Hitachi S4800 37 & 5 414 HUBL (SEM) AT X 5 £k A1 (X
(EDS)X! A ity JBd & 6 10 J5 AR 4 s R T O JE S JC
FMR A AT RAE . SRR chi660e HIfL2 T
VRSl 0 28 K 22 FLER AR AR BEAT OB FA AR 22 TELR 78 TR H
DR FN A G P PTI, & T8 R F = il R 4t
Horp TR R Ak, Sl Ag/AgCl, 4l
By AR A BT AR o AT I A AR 2 DU I 1 1 3 2 4 )
B 2.5, 5. 104 20, 50 mV/s, HLJE% EH 0~0.5 V;
L 70 0 HL I T 7 T8 P R A 0.5 1. 2.
4, 8 Alem’, MU VG 0~0.45 Vi A% PHHTIAR

PG 10° Hz(5i4)~0.01 Hz(fKA) . & T H Ak 27 0]
R4 1 mol/L KOH ¥ P kAT .

S BT B 25 WAk A O A A, PR
5 FH 2% B 1 /K BTl

2 HERESR

2.1 NigTig BIIRARIERE SR

Ni. Ti & Ja LA T B4 5 DL il A B #8 k
EEIRE T 45 T IR A G 4 TR R ) 2% AT o T AR R IR A A
ARSI L HF W00 & &8s, Bl 1a b Ni.
Ti 44 J8 7 0.25 mol/L HF %l Atk sk, 4505
7k, Niv Ti @81 HF P HAT 071 V I RHAL 2%, B
ISR Ti AE HF WP s ok SV R d, AR X 1
PER Ni Wy B H A GBI K2 L% . Bk, L
NigoTigo 4 A M 4 00 BT 9K A4 B8 8% TR AIE M & & 7%
{149 M) K ot o

B 1b & NigoTigo 75 42 45 7E 0.25 mol/L HF ¥
WA 4aT s XRD B, RIS EME &4 W
I AT 20=40°17 564 1 BT HH AR & & <6 R REAE 38 50
W, IR B NigTieo BUMKAA AR & 4. i

a
I
5 1E-6 i
E 10.71 Vi 0.25 mol/L HF
O 1E-7 | | \ 298 K, open to air
IE-8F . - . .
-2 -1 0 1 2
Potential, E/V vs Ag/AgCl
mNi b
] YNiO
v
u 2h
5
A
2
g
E

30 45 60 75
20/(°)

Bl 1 Ni. Ti7E 0.25 mol/L HF ¥ (# A5 Ak il 2 Al NigoTieo 77
46 FE 0.25 mol/L HF ¥ P B £ AN [ I A (1) XRD
Pl %

Fig.1 Polarization curves of Ni and Ti metals in 0.25 mol/L HF
solution (a) and XRD patterns of NigoTigo before and after
dealloying in 0.25 mol/L HF (b)
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Fig.2 SEM images of np-Ni/NiO by dealloying NisoTieo ribbons in 0.25 mol/L HF for 0.5 h: (a, b) surface microstructure and

(c) cross-sectional microstructure; (d) EDS spectrum of Fig.2a
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Fig.3 SEM micrographs of np-Ni/NiO dealloyed in 0.25 mol/L HF for 1 h (a), 1.5 h (b) and 2 h (¢); (d) cross-sectional SEM image

of np-Ni/NiO dealloyed for 2 h; (e) Ti and O content variation with dealloying time
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HA) 220 X
Fig.4 Flexibility of the Ni4oTigo ribbons dealloyed in 0.25 mol/L

HF for 2 h: (a) bending test and (b) crimp test for the

NigoTigo amorphous ribbons before and after dealloying
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Fig.5 CV curves of the np-Ni/NiO dealloyed in 0.25 mol/L HF solution for 0.5 h (a), and 2 h (b); (c¢) specific capacitance of np-Ni/NiO

at different scan rates; (d) Nyquist plots of np-Ni/NiO tested from 10° Hz to 0.01 Hz



%12 1 BUTAESE: =WV R GNRK 2 LAY S AR U Rl 26 B A RERRIE - 3877

AR A SE A, 3K HAAE AE R A A T = 2R
(1), 2B F AR R T 5 H AR TR A A 28K 1) H Ao 2 7%
FLRH .

Kl 5c MfiiE4r 0.5 A1 2 h 54351 np-Ni/NiO L
A S HME R KRB . WE AR, np-Ni/NiO
(147 U Fo, 251 B 4 s T e P 1 KT o, A 2l 50
mV/s I, Bi&4 0.5 h MRS A i KAE A
87.2%, Mif4: 2 h AL LL 2 s KM 26.2%, H
SEILTTAN, BEAE G A AE, np-Ni/NiO [¥1fi%
HPERE N, HE R T 2T KT NiO,Ou/Ni(OH),
F AR AR SR 3 B2, bR A N R T
3% 28 R A TR 3 1 40 A K I 8 AL i % AR
BE 78 73 b R AR AR IR SRRV, 3X 0T R F AR P S ) T
TR AN R L BEAT O B A 4 I TR X
np-Ni/NiO K [HTE 3 1) 5 FLAE rT %, 54 2 h J5 (1)
FEME T NIO &3 n, 5 3L EE kb, R
LR AR 22, PRI WA 22 FLJE X2 74 5K B )
W, JEmS s SREEREIK. A TP RS
G PP 2 G R RS R G R, X
It 5 e AN [ IS 8] J5 A S 2R AT 7 A BTt . 1
5d MIE 4 0.5 5 2 h SRS RS BB % .
BIRT45,  BHPT B U5 70 i 00X 3 5 03 AL - [, F

(5] P A28 R B0 T4 AR IR AT i B8 L B (R » A5 45 2
h 5, FF i 0 H A i B8 B R 29 8 B 45 0.5 h IRFE
)2 f5. DL Egi R, BEENA SN ER,
i FRTBELPCAE 386 O, 16177 5 16 A4 5% v %) HL /88 1 AR L A
R AR B ) GO, BRIk 5 SR AR A R IR 5 3 M e R
I, X5 B30 CV O Ze M 2= 0 1) 22 A0 R 1) 2 A
YA .
2.4.2 BRI K

N T 35S np-Ni/NiO 5 & H WA B i B
JRCRE R ) B AR, A 1 mol/L KOH ¥ Houf
HBEAT I 8 BRI . Bl 6a i 4x 0.5 h 5132
) np-Ni/NiO 7EA 7] 78 HL FL 3 25 B2 1 1 e i rp it 6
MHh e EERFTICE RS, PT LU H 78 i 5 T80 i R AR A
EW I S BB, SRR 22 it 2 v i) U0 RTE it
REFRARRE N, BT LA I i R A RE R R . AR
ATECHL I TR) SR ACAH (], el 1, A vl ml 3
Rif. HARR RS S 1. 1.5 8 2 h J5FE &
s 2 AF BIATL, Wil eb~6d . AL H
FAE Cy HEAF A AT

Cv=IAT VAV (2)
Horp, TOAWWL, AT AR R, VRS R N HLfR
WA I EEARAR R, AV LRV TR A 4 0.5 1.

0.5 0.5 0.5
a b ¢
28
=04 0.4 0.4
wn
>
> 0.3 0.3 0.3
L'jn 0.2 8 Alem’ 02 —8 Alem’ 02
;g ’ ——4 Alem’ | — 4 Alem’
5] —2 Alem’ —2 Alem’
gol s 01} e 0.1
—0.5 Alem’ ——0.5A/cm’
00 1 1 1 00 1 1 1 1 OO 1 1 1
0 20 40 60 0 50 100 150 200 0 200 400 600
Time/s Time/s Time/s
0.5 d . 700 e
<500 “
£ " £600}
go4 £ 400} &
@ > BD500F * s pana
2 2 =
Z0.3 % 300+ %400.
i —— 8 Alem’ 8, 3
_ 200 2300
.g 02 —— 4 Alem’ 8 8
3 — 2 Alem’ 2100k = 0200}
(3
—— 0.5 Alem’ S o S
0.0 . . . . . . . ol— X X . . . .
0 400 800 1200 0.5 1.0 1.5 2.0 2.5 0 2000 4000 6000
Time/s Dealloying Time/h Cycle Number

K6 np-Ni/NiO 52 & R AR A 78 T80 rie i 22 N R A€ ik
Fig.6 Charge-discharge curves of np-Ni/NiO by dealloying NigoTigo ribbons in 0.25 mol/L HF solution for 0.5 h (a), 1 h (b), 1.5 h (c) and

2 h (d); (e) volume capacitance with dealloying time; (f) cycling stability of np-Ni/NiO by dealloying NisgTieo ribbons in 0.25

mol/L HF solution for 2 h at a current density of 0.5 A/cm’ (the inset is the lighting LED bulb)
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Ko LA IE IR RGN BOE FBHEZ B 72 58
HO FEPS g B, R R A T SR PR
HAR AR T 2 NiO, HEim 3w T A R B
7. 1000 TG 2 J5, LA AEIT A8 sk, =
Hoag s R /NI T A E . J55F 6000 WE, Lz
H ol 472 Flem®, S¥IAMEMEL, FRT 6.5%, 51§
AL R rh B KA AR L2k 9.5%, ik a5, 763K 6000
R, np-Ni/NiO 52 & HUBK 1) bl o A1 R IR AR /DS
HAGF R R . np-Ni/NiO 54 H i B4 1 L |
FRFPEFIE PR AGE PRk BT OB 1) IR B4
Bt 4P B np-Ni i 440E b di s PR 0T 1) 4 I
kB, Nio A% 6 AR ROGF BT np-Ni B 4 1B
np-Ni+NiO &2, fRIUET NiO 73945, ANk AH
Z, [ NiO 5 np-Ni. H&RE5WMHEIER =200
BRI 25 A DI ORAE T AR B IR AR R AS A i 7

YEHE R np-Ni/NIO 5 & HUARMRME &y ritl v 4%
AL AR A, B BT R RRaU A, dahe
MR A UKk Sk A 3 - i - B -np-Ni/NiO- B i -np-
Ni/NiO-4k5% 7. #4 3 A1 i ith B 42 0.5 AJem® 1)
S R F 045 V, KRIVAT LUK &Rt
LED /MT il fise, HeRERERE of .

3 & it

1) Bk s R L AR 5 A 4 NigoTigo A AT SRR A
&, KM “HBBAS-BREL” — D34 H
9K % LB/ BN AR (np-Ni/NIOYE & H A b B, B
“Wisa)E | AR A S | AT M =a
=Rt AR

2) 7t 0.25 mol/L HF ¥ Pl & 42 0.5 h J5 i &

T = e AR AR Z ALTESL, AL 2 A 24 H R
<100 nm, MG ZBFERZAN 1 pm; B & S
ISEAC, & <2 5 RGN [ N B S84 A2 i NiO
B2 i POEARREENAAAE, np-Ni/NiO HAT
RLAF BRI, WIAE O B S G il A o A A

3) np-Ni/NiO & & A BHE 1 mol/L KOH ¥
R R Ar i e v, S 6 2 h IR R AE 0.5
Alem® [ LB R BEAT A A R, g
Wik 491.1 Flem®s {E 6000 Y178 A 2 PRI
HERAE <10%, MEIAFENE R 4.

4) np-Ni/NiO & 15 HUARRLRE 0 e 2 ) 5 S8 A 1 Ha
WATRL e ge 26 2, [l I SEEL A AR K S04k
A4k, Ay G v 20t o) 5 0 R A 4 D P A
MZRAEAE REFPRLIT B T OBT 1845
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Fabrication and Electrochemical Properties of Sandwich-Type Nanoporous
Nickel/Nickel Oxide Composite Electrodes

Zhu Jiangsai, Zhu Mo, Wang Zhikun, Hu Qingfeng, Wang Han, Wang Zhifeng, Qin Chunling
(Hebei University of Technology, Tianjin 300130, China)

Abstract: Nanoporous nickel/nickel oxide (np-Ni/NiO) composite electrodes were fabricated with a “free dealloying-natural oxidation”
method by dealloying a high ductile amorphous Ni4Tis precursor alloy in 0.25 mol/L HF solution. The structure, morphologies and
electrochemical properties of the composite electrodes were studied by XRD, SEM and electrochemical measurements. The results indicate
that the np-Ni/NiO composites exhibit a sandwich-type structure with “dealloyed layer | amorphous alloy core | dealloyed layer”. Due to
the good connection between layers, the electrode material performs an excellent flexibility and structural integration. The thickness of the
dealloyed layer and the content of NiO increase with extending the dealloying time. The volume capacitance of np-Ni/NiO by dealloying
Ni4oTigo ribbons in 0.25 mol/L HF for 2 h can reach 491.1 F/em® at a discharge current density of 0.5 Alem®. After 6000 cycles, the volume
capacitance remains at 472 F/cm®, indicating an excellent cycle stability of np-Ni/NiO composite electrodes.

Key words: Ni-based amorphous alloy; dealloying; nanoporous nickel/nickel oxide; sandwich-type structure; specific capacitor
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