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Abstract: Supercapacitors (SCs) have been regarded as ‘bridges’ between traditional capacitors and batteries, and the
integrated performance of SC is essentially determined by its electrode materials. It is found that the capacitance of
pseudocapacitive electrode materials can be ten times higher than that of carbon-based electrode materials. As one of
the most promising electroactive materials, binary transition metal oxides (BTMOs) and their corresponding compos-
ites have been widely studied for energy storage due to their rich redox properties involving multiple oxidation states
and different ions. This review presents an extensive description of BTMO materials and the most commonly used
synthetic methods. Furthermore, several notable BTMOs and their composites in the application of SCs are re-
viewed and their prospect and direction of development as well as the scientific problems remaining to be solved
are pointed out.
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Table 1 Parameters and performance of BTMOs synthesized by solvothermal method

Materials Parameters Specific capacitance Ref.
NiMoOy nanospheres H,0, 140°C, 12 h 974.4 F/g (1 Alg) 27]

NiMoO, nanorods Ethanol-H,0, 140°C, 12 h 944.8 F/g (1 A/g)
MnMoO, nanosheets on Ni foam H,0, 150°C, 8 h 1271 F/g (5 mV/s) [28]
CoMoQy, nanoplate arrays on Ni foam H,0, 180°C, 12 h 1.26 F/cm? (4 mA/cm?) [29]
NiMoO, nanowire arrays on carbon cloth H,0, 140°C, 8 h 414.7 F/g (0.25 A/g) [30]
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Fig. 1 (a) Schematic illustration of the formation processes of the NiMoO, NW arrays on carbon cloth via hydrothermal; SEM images of
the prepared NiMoO, NW arrays on carbon cloth at 140°C for different hours (b-d) and SEM inage of NiMoO, NW arrays at 180°C(¢) "

JUE, Wil 2 PR, A5 NiCoyO4 #F i S ILA
WERIR, P EEZ R 1.5~1.8 pm, 1 TEM 5
RICF RS RAT 1 opm oAy, Xl fe 2 i THk
26 SR e I K 22 5 e A o F i 3 v A
PRFE B BB 45 R, AN A OB
¥ 22 S o 3 S N R v 5 R I 2 5, DALy
3 I I 5 02 N T8 (1 5 27 ) 1 3 RO PR 22 57
1.3 EIMEZE

TR A % BTMOs (10— Fhrid, 4w
T AL A EAGIE JeU RN o 21 LA T < s R VAR
(WIS, <e e A2 FHARDUAR, X5 745 21 1) BTMOs
R A eEMEREAAYaE)z. HEAF
DU LS - AN pH ANTF] B &7 R 5 B A2
R A HAB A 27 S o BRI, 2 T TR
% BTMOs Itf, 5 24 % FE I m A 3 o % 7
L1951 BTMOs £ fil 26 UK I T8 %% i 208 HL i 1
FORLS R S0 AN 3 OB &, AR @ W AIE
FEHOBPR IR AT BRI A L, 280 AL BEAG 2 A
X5 V2 G 0 S AR L B A ) 2 T P4 i L B,
I OEAARR, My e BBk . Tk A IS
MR (BRAT < JIREE . B 2 4 55) REAT L TR I AT

12 NiCoy04 ZALHCK BRI L B (a) R ST HLBE (b) 1A B
Fig.2 FE-SEM and TEM images of porous NiC0,0, microsphere*”)

DL Ao 22k 45 500 (04 L 3 AN AT DA /) 22 ik HiL BEL,
AT AR e R s R0 | 2 fL L R A A T
DAY 0 A ST R, ORI BTMOs v] LA B
ZINHL2 5 g, e = BTMOs 76 %0F)
I, SRR S R R R . ORI R s,
FEMITES R SE R A, AE S R R PELAS T LS BRI
1.4 fRRE

BRI 46 15 20 10 22 FLgh K 45 8 BTMOs B AT
LR IR, WL RIE S, AR R
VORI AR PR i, R R Ry S I AL A
Bho T HZ L85 Mt mT ik e ARRAR 25 S I B F A
MRl B, BT BTMOs B e 2k (14 1) {0, B op i
FRABAR 2 0 il 46 9 A e o027, LA T o W AR AR s
B REE S (R J7 VR 4 Al ok A X Fp 2 5L
ZiH) BTMOs. Lu ZPM R upfs A L KIT-6 AR 17K
ks, H% T HFNIL NiCo,0,, HEBLHE
RSN R B R PE S . Yuan 250U TR
HBERR, S AU T RS . giiER
SE M) NiCo,O4 25 BBk, FHAE I 2 il 75 2 W bl
i, ROLHAR s L R S A IR RS e . R
T IR ST AR i 45/ FL 45 H BTMOs #4 KL
ZAb, AR A T BTMOSs (19445 o 5 LK 4%
BERCAT R TG AL T TRFLIBRHR B
LA, XL AE A G R R, AT CAA] I 78 2 45
e ) AR FLARIBIVE T o Zhu 259U P AS (7)o 52 1)
PVP Hilf3— &% NiCo,O4 W hER, HI T HLZNE
REMBF I R PVP 34 B X T S5 RN P B 1) 5 i 45
K, PVP il L i bl 28 - -N 83 C=0 & R4 5 4
JE B AT, SEIL A %%, AEIE KR R R
SARIESLE 3)o LL_EBIFIT 2 B REASE AR R AR AR X T
A BTMOs o B2 91 1) 45 #4 4 1) 4 4 1R 3 2 (1)



462

T AL M OB AR

W32 %

B3 NiCo,O, H 45 WK ER (K] TEM (a~c)Fl HRTEM(d) LUK AR (1) SAED FE P (d 47 [6)140)
Fig. 3 TEM images (a-c), HRTEM image (d) and corresponding SAED pattern (inset in (d)) of the

mesoporous NiCo0,0,4 hollow submicrospheres
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Fig. 4 (a) CV curves of NiM0O4xH,0, CoM00O,, and CoM004-NiMoO,4-xH,O bundles at a scan rate of 20 mV/s;
(b) Specific capacitances of NiMoO,XH,0, CoM00,, and CoM00O,-NiMoO,4-xH,0 bundles at controlled current densities?
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Fig. 5 (a) Schematic illustration for the formation process of the ternary TMOs with complex 1D nanostructures including tube-in-tube,
nanotube, and solid 1D nanostructures; (b) CV curves of NiCo,0,4 tube-in-tube nanostructures at various scan rates ranging from
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Fig. 6 FESEM images of NGF7.5 after 5000 charge-discharge
cycles at (a) low and (b) high magniﬁcation[48]
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Fig. 7 Schematic diagram showing (a) the fabrication of the winding electrode and (b) the fabrication process of the fiber solid-state NCO
SCs; (c) Photos of fiber SCs in straight and bending states; (d) CV curves at 80 mV/s in straight and bending states, respectively. (e, f) The
capacitance stability of fiber SCs in straight and bending states for 500 cycles, respectively *®!
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Table 2 Comparison of the electrochemical performance of NiCo0,0,4 obtained by different methods
Materials Method C/(F-g™h Rate capability Cycle performance Ref.
NiCo0,04 nanorobs on 1026 (1 A/g) 48.7% (20/1) 91.5% (2 A/g, 2000)
carbon nanofibers L
Coprecipitation [26]
NiCo,04 nanosheets on 1002 (1 A/g) 51.9% (20/1) 96.4% (2 A/g, 2400)
carbon nanofibers
NiCo,0,4 microspheres Microwave assisted synthesis 774 (2 mV/s) 52.3% (100/2) - [32]
Ordered mesoporous Hard template 739 (2.86 A/g)  55.2% (28.6/2.86) 95%(28.6 A/g, 2500) [38]
NiC0204
NiCo,0, hollow Soft template 987 (1 A/g) 62.8% (50/1) No capacity loss [40]
submicropheres (5 A/g, 5000)
NiCo0,0, nanowires Microemulsion 1481 (0.5 A/g) 42.2% (8/0.5) 91.4% (2 A/g, 2000) [44]
NiCo,0, tube-in-tube Electrospinning 1756 (1 A/g) 83.0% (20/1) 92.4% (5 A/g, 5000) [47]
structure
Flower like NiCo0,04/3D Electrodeposition 1402 (1 A/g) 77.0% (20/1) 76.6% (5 A/g, 5000) [48]
graphene foam
NiCo0,0,@Ppy nanowire Hydrothermal 2244 (1 A/g) 60.5% (30/1) 82.9% (3 A/g, 10000) [54]
arrays on carbon textiles
Si/NiCo,04 heterostructure Hydrothermal 1972 (2 A/g) 54.4% (10/2) 78% (10 A/g, 2000) [55]

Note: “1026 (1 A/g)” refers to the specific capacitance is 1026 F/g at 1 A/g; “48.7% (20/1)” means the specific capacitance at 20 A/g is 48.7% of that at 1 A/g;

“91.5% (2 A/g, 2000)” indicates that the capacitance retention is 91.5% after 2000 cycles at 2 A/g
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