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Glutathione-Assisted Hydrothermal Synthesis and Electrochemical Perfor mance of
NiCo0,S, Electrode Material

ZHENG Jiahong, SHEN Jiajun
(School of Materials Science and Engineering, Chang'an University, Xi‘an 710061, China)

Abstract: As an energy storage device, supercapacitors are practically used in many fields due to their high power density and long
service life. Among the components of supercapacitors, electrode materials play a key role in the performance of the device, it is thus
of great significance to prepare electrode materials with superior electrochemical performance. NiCo,S, was prepared by a
hydrothermal method using nickel acetate and cobalt acetate as raw materials, glutathione as a morphology control agent and a sulfur
source. The effect of hydrothermal reaction time on the microstructure, morphology and electrochemical performance of NiCo,S,
was investigated. The results show that the NiCo,S, material prepared under the action of glutathione has a yolk—shell structure.
The specific capacitance is 1552.7 F/g when the current density is 0.5 A/g, and the specific capacitance can be maintained at
61.3% at 10 A/g. After 2000 cycles, the specific capacitance retention of the material can be maintained at 79.3%. A supercapacitor
can be assembled with NiCo,S, and activated carbon as positive and negative electrodes, respectively. This hybrid supercapacitor can
provide 33.9 W-h/kg energy density when the power density is 800 W/kg. After 2 000 charge and discharge cycles, the specific
capacitance retention rate is 89%.
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Fig. 2 SEM images of sampleswith different hydrothermal growth times



FEo1ES 1

HAELL 4. BIEH IR BIZK G B NiCopS, HUSRA KL L HLAL 2 e « 137 -

FEHEHERAIMFENREL T, EBRE&
LIS 18] 22 h, 5350l 2 /K FAGE R R AN IR IR <
RN GSH ) 2 M FE i, WEFCHIRAT GSH 1E
gt T TR RAE A, SEM BRI 3 R .
I 3a I, SN RE T AN IR BRI A A8
GSH Itf, A /DEBOREKIL K, KEDHE AT A
PRI R 0 2844 teAh, 1B 3b N AN GSH
HI R AN R A i FK) SEM R T, AT A AR Ot 0

(a) Samples prepared without thiourea

AN, EEHER, FRIESAR, A2
TWOKBRIAEAE . 276 EIR TR B GSH fEA L5
FER BBV S HIER, RAgdth =211
Bo BRIRVE AT E T, &5 0] LAERERIR, &6
Sy Pk R e i 2 45 1123,

Kl 4 4 Ni. Co FE/RLEEA 1.2, N TEN 12h
(1) NiCo, S, TEM M . M 4da T LLFEH, NiCoS,
R R 45 . &l 4b  NiCo,S4 ) TEM JRi ik

(b) Samples prepared without GSH

B3 ZK# S ] 12 h ANRIFE S (¥ SEM B A
Fig. 3 SEM images of different samples with hydrothermal reaction time of 12h

(a) TEM

(¢) HRTEM

(b) Partial enlarged view of TEM

(d) Selected area electron diffraction

K 4 NiCo,S 1 TEM f&Fr
Fig. 4 TEM images of NiCo,S,



+ 138 - (RERR 2h2230)

J Chin Ceram Soc, 2023, 51(1): 133144

2023 4F

ORI, NiCoSy KBRS HAR N 2.2um, 72)2
JEFEA 100 nm, WAZEAEZ)4 0.9 um, 5 SEM 45
BH—2. B 4c N NiCo,S, M7 HE v 45 i 5
(HRTEM)HE J-, 4 #rml R0 i [A] 2 d=0.54. 0.33.
0.27. 0.23nm, 435%F B NiCo,S4 (JCPDS 20-0782)
f11(111). (220). (222)A11(400) &1, SHTiE XRD
R Ry M, FORGEX B 4751 I (SADE)
K 4d, 5] NiCo,S, 2 % 4 1124,
2.3 XPS 4R

K 5 Ntk Ni fil Co Lbfl, sefE Bl ~
NiCoSy 1] XPS i, M 5a nfLAEH, FEMEA
Ni. Co. S. O. C5fluz, CH OmERM I
H TR R T S A R B S RS e R A, g

Ni 2p O ls
Co2p Cls
¥

Intensity

S2p

1200 1000 800 600 400 200 0
Binding energy/eV

(a) Survey spectrum

Co 2p;;,
3+

2+
R

W‘

n 1 n 1 n 1 n 1 L 1 n
810 805 800 795 790 785 78 775
Binding energy/eV

Co 2p,,
Sat. 2+

Lok
b A./‘\“A Y JLA\

(c) Co2p

Sat. issatellite.

i i 845~890eV [X [H] (& 5b)2& Ni 2p &4 FHEE,
FH [ E—2U3E 4y ZLE RIS B [ TU B 0 (Sat. ) Ak, H
{7 F 853.5eV (Ni 2pz,) Fl 870.8 eV (Ni 2py2) ib fHIHE
fFUAE NIZ* 1) [ e LB R, 17T 856.9 eV (Ni 2pap)
1 874.9 eV(Ni 2py) KE IR AE I R Ni®* (i [ e iE
FRAE, HIEW LR R BV s B v B Y, Jn R
LIEI 3 M, K 5c Sy Co 2p S P
W, BN, HiTE LS Co™(fE 778.8 eV Al
793.8 eV) Il Co> (#£ 781.9 eV F1 798.1 eV), H %
PA+3 MR A e, [ 5d A S 2p s A PEbE i,
162.0 eV(S 2pg2)Fil 163.3 eV(Ni 2py2) ALk 15 4>
R, AEEIE SNA, X 52T CEk[28]
BUR ) NiCoS, Z5 1R HH— 2

(b) Ni 2p

A B

(d) S2p

K5 NiCo,S, 1 XPS i
Fig.5 XPS spectraof NiCo,S,

24 mBALFMERES
FEZHRAE R T NiCo,S, FEBRASRHIEAT X
WEFC LA AR RS, SR 6 . JEHK GSH 7R

& 0.1 g, K MNESE 12 h, PAEAE Niv Co &
F R A L] o 2y SmVis i, AN[E] n(Ni):
N(Co) B it G AR 22 Hh 2k (CV) a1 6a Fis, M2k



FEo1ES 1

HAELL 4. BIEH IR BIZK G B NiCopS, HUSRA KL L HLAL 2 e « 139 -

TEARATE, XN 2 Fhé @ 70 b2 s b A2 3
FLAT B R RIS AR R i 12, 72 e, fr T
HLE 0.4V AL ALIEAT 0.3V AR R IE, DLK K
6b HHRCFE I ZE BT 0.3 V AR HLE T, R
AEEEASNEESCD, Bk, WLHE
NiC0,Sy HL A7 1 FEL 2R 1 - OV T 28 1) Rl 11 T Ak
1 FLE 7S FBCEI X (GCD) Bh 2R il U i [T, R
LA ERE LRI, I, ME 6a F1IE 6b 1
AT LAE H, n(Ni):n(Co)=1:2 1] NiCo,S, AL 24 BE fix
I, 1EHT Ni:Co W fEEE/REL Y 1:2, FEMGEEA i
T GSH g, K 6c NMHE N 1A/g Y,
AR GSH ¥R inE &, FEai) GCD #hZk. M 6c n]
IEH, GSH #INE 0.05 g iiF, A5 BRI a]
K, i, GSH#INE N 0.059 NN,

it — 25 HF 5T K B s N B R] S FL A 2 M BE 5
Wi, AR SEAE n(Ni):n(Co)=1:2, MIFIA] A 12h,

n(Ni):n(Co)=1:2

0.06
n(Ni):n(Co)=1:1
~ 0.04
60
0.2 WNDM(CO)—OJ
n(Ni):n(Co)=1:0
_004 L 1 L 1 L 1 L 1 L
0.0 0.1 0.2 0.3 0.4 0.5

Potential/V

(8) Cyclic voltammetry (CV) curves with different Ni:Co molar ratios

0.5

NNs o

(c) GCD curves with different GSH addition

GSH BN 0.05g 564 T, & /e MEF[a],
FERE L ) AL 2R BE . B 6d AN ) S B T A it PR
GCD hiZk. ikl 6d fran, Wi fE d &R IR 1.
4h RS KOH HUBRAE(E R B, X2 B T34
IR ZHOE R AV A, Fik, M5
PEAUER, (EIXEAGH . XN N 8. 12,
16. 20. 24h KBL, [N IE] N 12 h FRORE & 0,
i) K, B AL S PR RR B AL - 5 A SEM 45 35317
“ERH RS S A R TS R S AR 7S
e, SNSRI 120 R S AL A T RE R . 2
RN 120, “ B -5 SR G AR, A
HHERE RS, FHAS VISV 0TS s B PR
fish, MIfISEZIE T HEAL SR RE

gity IR N 2R RE S AR 45 KB . Ni:Co
[FIEE/R L 1:2, GSH MM INE A 0.05g, 7K F#4 s B B
[F]4 12 h # 5  F Ak 25 P e A A

05+
n(Ni):n(Co)=2:1
4
’ n(Ni):n(Co)=1:2
i 03 n(Ni):n(Co)=1:1
]
5
= 02 :n(Co)=0:1
0.1
0.0

Il L 1 L Il L
600 800 1000 1200

Time/s

L 1 L Il L
200 400

(b) Galvanostatic charge—discharge (GCD) curves with different Ni:Co molar ratios

0.6

e

0 200 400 600 800 100012001 4001 6001 800
Time/s

(d) GCD curves with different hydrothermal times

K16 ANA] Ni:Co BE/KEL. AR GSH s I AN 7] 7K A [ F AT ) FELAL 27 E

Fig. 6 Electrochemical performance of sampleswith different Ni:Co molar ratios, different GSH addition and different hydrothermal

times



« 140 - (RERR 2h2230)

J Chin Ceram Soc, 2023, 51(1): 133144

2023 4F

St LN 26 A T il 25 1 NiCopSy i HL AL 1
ReWtFL, Wl 7 s, W% CV MiZk(Kl 78), &I
M 5mV/s i, h2k B A I R AR R I,
R RE PR S R 2 A (3)~ 2K (B) i BY:

NiCo,S, + 30H™ «——NiS, , OH +

2CoS,OH + 3e” (3
CoSOH+0OH™ «—> CoSO+H,0+€e” 4
NiSOH+OH™ «—— NiSO+H,O+e” (5)

B A T e, it 2 Bl ) T A K
HIRARIZE AL ARG, X PG AT VA T 70 i H i
553, NiCo,S, 111 GCD i 2k Fl & 7b Fir s,
oA 2 B RAF R FRPE, B S AL
JE BB BRI R . AR R ], 2R A
A (6) 5 AR L 2515

| x At
C=Mav ©
Hrr: 10 Aty M AFIAV 20 AR 78 HLIRE (A) T
LIS [R) () I PEA 5 & (g) P AR U B 1 (V) o
fEHL A 0.5, 1.0. 2.0, 3.0, 5.0. 10.0A/g
[RI55AF T 5 NiCo Sy [ L HLZS 7370y 1552.7.1412.4,
1297.7. 1236.3. 1138.1. 952.1F/g. 5 0.5A/g i
W FE R EL AL, 10 Alg T NiCosSy IR
N 61.3%. [EIF, Jy 1 Bk GSH A IR B i1k
V3 I V57 W S E B S 3C SIS = & SR~ (Sl
ST IRIR . AR R B T R AR GSH
[ 3 MEESHLEAYERE, 3 MR TINEN AL B
M C, A= LA AR ERE LI (B 7).,
SERFRE, A(1412.4 Fig)F1 B(1 183.7 FIg)ft 1 Alg
FLYILE FE N I L A I KT C(757.8 Flg), FFH.
A(69.4%)Fl1 C(68.3%)7E 10 A/lg FELHEZR{REFFLL
B(50.3%) 1k, AT LAHENT: GSH fE ez il 7 A
[k SRND /S & &2 SRl v/E7 3 SN ]2 S AT 8
R ZE, B IRIE NBRIR, &) LAERR e 45
R R I B 25 AR R P A5 26 Pk R, 1X 5 2 HiT P
R SEM 45 RAHVI &

IR BLZEAE(A) S e B2 AE T R AN
WRAR(B) e AE IR A4~ RRAER I GSH (C) )
3 FRE 0 B AL 22 B BT RS (E1S) W 7d s, A
RN 107 ~10"Hz, HRIE N 5mV, JEilid Z-view
B V0 5 0 P B A i LR 5 2 Pl B 11 (1
7l i Pl 11 25 2k s Tk v L (Ra) 0358 Hh A 8 - o
BEL o R FRD [ A5 Fh BELARIT 25 7 4 2 T 1 4 fi 7 i v BHL,
FLHUE 5 P vty 2 AR il 1 58 SR O, 4333109 054

0.57 Q 1 1.40 Q; Ffufid it FE AR AL A FEL R VR S T
(R0 HfE 5 72 P VA 25 WA e 7 L PH (Rey)» SAIRAIIX
A EARAHOG, AR/ B F BH 6 BRIK ;. Warburg
BHAT(Z0) 5 A SR B 9 B ¢, RILA
AR I 450 MRt B4k, B 7 vE HifE
fh A B TEAMGEERY, & UL ETLS T, AR
i A TTHAL VR RE A o

1E 20 Alg I HELIE E R 5 NiCoSy AT G A2
EMETR(E 7€), 7ERT 100 [E7E3AF, LR —
SE I Bk, XFILG AT LUAE T 2 IRIEFR 78
LA FEL ARV S AR T P S A SR I 7 4y, AT A
FTPERERIRETS . BEE G ARG N, B35 1
MBI, AR K, 75 2 000 IRAE3
JEIRFEZEN 79.3%.

I FH S5 £ 1 S5 7 2% A i 6 1) NiCop Sy FHIE 1
IR(AC) 73 MAE N IEARAN AR R, 2H 2R & AL 4
HLZ5 %% NiC0,Sy//AC(ACS), £ 6mol/L KOH ¥+
BEAT IR o B 8a AyiGi 1t 7k (A2) FH NiCoSy(£7) 7E —HE
Wtk R (EmVI9) CV LR L. Ao Hh 2R FE IR
TR, IR ARRIE M 2 I 52 U HL 2 A FH A BRI
Bt TG AT RS A HIZR A 1 TRt &
WA R S SR S R A7 P, T s LR
& OEA R T A s v e rRs®, k% B AR
HLR & 1, 7E 50mV/s $38 k47 2 il i (& 8b).
iRV A A by N E2 2SI S R
ANEIE, ERALA 1.7V A5 B A 2 H X 2%,
X RN A S BRI R kA, Bt e
1.6V NITAER . K 8c AAEFIE T (5~100mV/s)
RETGHER AR EN CV ik, dhtps—
M EE AR N, AL — AR ECR, ESE TR
i 2 S A R R R AU T s AR R, R
[R5 B R R HEAT 78R T (P
8d), 2 HlEE (7))~ ()i H BT R HE ., fE

Bl 36-3
ELL:}E[ 710

2
-2 @
P E x2t600 ®)

ok L3R WA B 1 S B 4% 14 1) N C o, Sy F1VER A5 7Y
2 A AR FE TR B N 800 W/kg I ] LAt
33.9W-hkg fE % B, 52 1 O &R 1 R 284 5 i
FLAEM L3 (K] 8€): NiCoSy/f R LUt ik J | A A
527 (PRGO)/AC(Re &% A 27.5W-h/kg, LI E
4465 WIkg). NiCo,Sy/3% 5 Ak i 5247 (RGO)/



FS51LEHE 1M FREELL & BB H IRAHBI K G B NiCo,S, FARM K A s Ak 2 14 e . 141 -
0.6
0.20 — 05A¢"
100 mV-s! 0.5 — 1Ag?
iﬁ 0.10 25mV-s™! 0.4 —3Ag!
—0.U>
ol \
—-0.10

0.0

0.1 0.2 0.3
Potential/V

0.4 0.5

(a) CV curves of NiCo,S; at different scan rate under optimal reaction conditions

1600 -
1400 -

1200

gh

—_—

[

(=

S
T

800 -

600 -

Specitic capacity/(F

400

200 |

—s— Sample No. A
—+— Sample No. B
—4— Sample No. C

\ 69.40%

68.30%

(c) Specific capacity and rate capability under optimal reaction conditions

2 4 6 8
Current density/(A-g™")

12

l 1 1 1 1 1 \
0 500 1000 1500 2000 23500
Time/s

0.0

1
3000

(b) GCD curves of NiCo,S, at different current density under optimal
reaction conditions

25
—s— Sample No. A
/' —— Sample No. B

20

/ s —4— Sample No. C
" R R 7

5 r 1.0

0.5

00 5051015202330
O 1 | | 1 1 1 1 | 1

1 1 1
0 2 4 6 8101214 16 18 20 22 24 26 28 30
Z'1Q
(d) Electrochemical impedance spectroscopy (EIS) of NiCo,S, under
optimal reaction conditions

250
Tpn 200 H
< M
%‘ 150 F b
=
S
.‘:L:-)' 100 |
Q
2
)

50

0 . ! ! L
0 500 1000 1500 2 000

Cycle number

(e) Cycle performance of NiCo,S, under optimal reaction conditions

Sample No. A is prepared under the best reaction conditions; Sample No. B is prepared under the best reaction conditions without adding thiourea; Sample No. C
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