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Experimental

Synthesis of K-Ni-Co-F materials

All chemicals in the study were of analytical grade (A.R.). The K-Ni-Co-F materials 

with various Ni/Co ratios (1:0, 8:1, 4:1, 2:1, 1:1 ,1:2, 0:1) were prepared via a facile 

solvothermal route. Take the procedure of K-Ni-Co-F (Ni/Co=4:1) for an example. 

Firstly, 1.6 mmol NiCl2•6H2O, 0.4 mmol CoCl2•6H2O and 5 mmol KF•2H2O were 

dissolved into 40 mL ethylene glycol (EG), which was magnetically stirred and 

dispersed in an ultrasonic bath for 30 min; Secondly, the mixture was transferred into 

a 50 mL Teflon-lined stainless steel autoclave, which was heated at 180 oC for 24 h in 

an oven, and then cooled down naturally; Finally, the precipitates were collected by 

centrifugal filtration and dried at 100 oC overnight to obtain the products. The other 

K-Ni-Co-F materials (Ni/Co=1:0, 8:1, 2:1, 1:1 ,1:2, 0:1) were also prepared simply by 

varying the Ni/Co molar ratios. 

Characterizations

The phase compositions and crystallinity were checked by X-ray diffraction (XRD). 

The surface chemical compositions and electronic structures were measured by X-ray 

photoelectron spectra (XPS). The morphology and size was observed by scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM). The 

crystalline microstructures were examined by the high-resolution TEM (HRTEM) and 

selected area electron diffraction (SAED). The element composition and distribution 

were determined by the energy dispersive X-ray spectra (EDS) and mapping. The 

specific surface area and pore size distribution were tested by nitrogen sorption 

measurements with Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) 

methods. 

Electrochemical measurements

The K-Ni-Co-F or AC electrodes were fabricated by simply pressing the mixture of 
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70 wt% sample, 20 wt% acetylene black (AB) and 10 wt% polyvinylidene fluoride 

(PVDF, which was dissolved in into the N-methyl-2-pyrrolidone (NMP)) into the 

nickel foam (NF), which were then dried at 100 °C for 12 h in an oven. The mass 

loading of electroactive materials was about 4 mg cm-2. The AC//K-Ni-Co-F 

asymmetric supercapacitors were assembled with commercial AC and as-prepared K-

Ni-Co-F as negative and positive active materials, and the mass ratio of AC/K-Ni-Co-

F was designed on the basis of the charge-balance (Q+ = Q-), as shown in equation (1) 

and Table S2.

    The electrochemical performances were examined by cyclic voltammetry (CV), 

galvanostatic charge-discharge (GCD) and cycle life tests at room temperature. Tests 

for the K-Ni-Co-F and AC electrodes were conducted in a three-electrode cell 

equipped with a K-Ni-Co-F or AC working electrode (WE), a platinum plate counter 

electrode (CE) and a Hg/HgO (1 M KOH) reference electrode (RE). Tests for the 

AC//K-Ni-Co-F asymmetric capacitors were measured by two-electrode coin cells 

(type 2032). The electrolytes in the experiment were the 3 M KOH+0.5 M LiOH 

solutions. The specific capacity (Cm, mAh g-1), energy density (Em, Wh Kg-1) and 

power density (Pm, KW Kg-1) were calculated according to the equations (2), (3) and 

(4).

m (+) / m (-) = Qm (-) / Qm (+)                                        ( 1 )

Cm = Qm / 3.6 = I td / 3.6 m                                          ( 2 )

Em = (Cm △V) / 2                                                 ( 3 )

Pm = 3.6 Em / td                                                   ( 4 )

Where m, Qm, △V, I and td refer to the mass of active materials (g) (for supercapacitors, 

it means the total masses of active materials of negative and positive electrodes), 

specific charge quantity (C g-1), potential window (V), current (A) and discharging 

time (s) respectively.
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Fig. S1  EDS data of K-Ni-Co-F sample (Ni/Co=4:1)：the SEM image of testing 

area (a), EDS spectra (b) and quantitative analysis (c).
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Fig. S2  F1s, K2p, Ni2p, Co2p spectra of K-Ni-Co-F samples (Ni/Co=1:0, 4:1, 

0:1).
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Fig. S3  SEM / TEM images of K-Ni-Co-F samples with Ni/Co ratios of 1:0 

(a, d / g, j), 4:1 (b, e / h, k) and 0:1 (c, f / i, l).
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Fig. S4  GCD curves at 1~16 A g-1 of K-Ni-Co-F (Ni/Co=1:0, 8:1, 4:1, 2:1, 1:1, 

1:2, 0:1) (a-g) and AC (h) electrodes.
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Fig. S5  CV windows at 30 mV s-1 (a-c) and GCD curves 1~64 A g-1 (d-f) of 

AC//K-Ni-Co-F (Ni/Co=1:0, 0:1, 4:1) asymmetric capacitors.
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Table S1  Performance comparison of the perovskite K-Ni-Co-F (Ni/Co=4:1) 
materials with some reported perovskite oxides and other types of state-of-art 
electrode materials.

Electrode materials Specific capacity or 
specific capacitance 
(mAh g-1/C g-1 or F g-1)

Current density 
or Scan rate 
 (A g-1; mV s-1)

Electrolytes Refs.

Perovskite oxides
SrRuO3;
La0.2Sr0.8Mn0.2Ru0.8O3

270 F g-1;
160 F g-1

20 mV s-1 6 M KOH [7]

BiFeO3 81~45 F g-1 20~200 mV s-1 1 M NaOH [8]
TiO2/BiFeO3 440~352 F g-1 1.1~2.5 A g-1 0.5 M Na2SO4 [9]
LaNiO3; MnOx/LaNiO3 6.2~5.8; 160~78 F g-1 10~50; 0.01~1 V s-1 1 M Na2SO4 [10]
LaNiO3 422~278 F g-1 1~20 A g-1 6 M KOH [11]
LaMO3

(M=Ni, Mn, Fe, Cr)
106.58, 56.78, 16.43, 
24.40 F g-1

1 A g-1 3 M LiOH [12]

LaNiO3/NiO 213.2~177.8 F g-1 1~5 A g-1 7 M KOH [14]
La0.85Sr0.15MnO3; LaMnO3 198~85; 187~60 F g-1 0.5~3 A g-1 1 M KOH [15]
(La0.75Sr0.25)0.95MnO3−δ 56 F g-1 2 mV s-1 1 M Na2SO4 [16]
LaxSr1-xNiO3−δ 719~505 F g-1 2~20 A g-1 1 M Na2SO4 [17]
LaxSr1-xCo0.1Mn0.9O3−δ 485 F g-1 1 A g-1 1 M KOH [18]

Other types of materials
Ni0.67Co0.33Se 535~425 C g-1 1~15 A g-1 6 M KOH [26]
Ni-Co-P 1448~1173 F g-1 1~16 A g-1 3 M KOH +

0.5 M LiOH
[27]

Ni-Co-F 564~418 F g-1 1~16 A g-1 3 M KOH +
0.5 M LiOH

[28]

NiCo2O4 351~288 F g-1 1~8 A g-1 6 M KOH [29]
Ni-P@NiCo2O4 1240~668 F g-1 1~16 A g-1 3 M KOH +

0.5 M LiOH
[30]

NixCo2-xP 571~416 C g-1 1~20 A g-1 6 M KOH [31]
CoMoO4-NiMoO4•xH2O 1039~826 F g-1 0.625~12.5 A g-1 2 M KOH [32]
NiCo2S4@Ni3V2O8 512~396 C g-1 1~10 A g-1 6 M KOH [33]
NiCo2S4/Co9S8 749~620 F g-1 4~15 A g-1 6 M KOH [34]
NiCo2O4@NiWO4 1384~1183.3 F g-1 1~10 A g-1 6 M KOH [35]
Co–Ni–W–B–O/20rGO 1189.1~668.1 F g-1 1~15 A g-1 6 M KOH [36]
OMC/MoO2 37~17 mAh g-1 0.2~2 A cm-2 1 M H2SO4 [37]
OMC/WO3-x 175~135 F g-1 0.2~2 A cm-2 1 M H2SO4 [38]

K-Ni-Co-F (Ni/Co=4:1)
187~172 mAh g-1;
673~619 C g-1;
1530~1407 F g-1

1~16 A g-1 3 M KOH +
0.5 M LiOH

This 
work
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Table S2  The design of m-/m+ ratios of AC//K-Ni-Co-F (Ni/Co=1:0, 0:1, 4:1) 

asymmetric capacitors.

                  Qm (C g-1) / (1 A g-1)

Supercapacitors
AC K-Ni-Co-F 

(Ni/Co=1:0)
K-Ni-Co-F 
(Ni/Co=0:1)

K-Ni-Co-F 
(Ni/Co=4:1)

m- / m+

AC//K-Ni-Co-F 
(Ni/Co=1:0)   583 / / 1.9/1

AC//K-Ni-Co-F 
(Ni/Co=0:1) / 33 / 1/9.5

AC//K-Ni-Co-F 
(Ni/Co=4:1)

314

/ / 673 2.1/1
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Table S3  Performance comparison of the AC//K-Ni-Co-F (Ni/Co=4:1) 

asymmetric capacitor of this work with some reported state-of-art asymmetric 

supercapacitors

Asymmetric Supercapacitors Working 

voltage

(V)

Energy 

density

(Wh Kg-1)

Power 

density

(KW Kg-1)

Cycling stability

Retention / cycles/ current density 

or scan rates

Refs.

AC//Ni-Co-F 1.5 18.4 6.64 77% / 10,000 cycles / 4 A g-1 [28]
AC//NiCo2O4 1.4 6.8 2.8 64% / 5,000 cycles / 1.5 A g-1 [29]
AC//Ni-P@NiCo2O4 1.5 13.3 5.7 78% / 10,000 cycles / 4 A g-1 [30]
AC//Ni-Co-P 1.5 18 5.586 91.8% / 3,000 cycles / 2 A g-1 [31]
AC//CoMoO4-NiMoO4•xH2O 1.4 15.5 1.64 65% / 1,000 cycles / 2.5 A g-1 [32]
AC//NiCo2S4@Ni3V2O8 1.6 14.7 8.0 94% / 5,000 cycles / 3 A g-1 [33]
AC//NiCo2S4/Co9S8 1.5 33.5 0.15 70% / 10,000 cycles / 1 A g-1 [34]
rGO//Co–Ni–W–B–O/20rGO 1.5 25.3 4.389 79.4% / 10,000 cycles / 5 A g-1 [36]
AC//Ni-P 1.6 11.8 8 85% / 1,000 cycles / 5 A g-1 [39]
AC//NiWO4 1.6 15.1 4.8 91% / 5,000 cycles / 1 A g-1 [40]
Porous C//NiCo2S4 1.5 10.6 2.47 77% / 5,000 cycles / 5 mA cm-2 [41]
AC//ZTO@Ni-Co-LDHs 1.2 9.7 5.82 92.7% / 5,000 cycles/ 50 mV s-1 [42]

AC//K-Ni-Co-F (Ni/Co=4:1) 1.5

40;
33;
18.8;
13.8;

0.484;
3.88;
7.5;
18.8;

98% / 10,000 cycles / 4 A g-1 This 
work
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