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Experimental Procedures

Synthesis of NNCF materials

The chemicals in the experiment were of analytical level (A.R.) without further purification
(Table S1). The NNCF samples were synthesized via a facile one-pot solvothermal route. Take
the procedure of NNCF (1:1) for an example. Firstly, 1 mmol NiCl,*6H>O, 1 mmol CoCl;*6H-0,
5 mmol NaF and 0.20 g PVP-K30 were dissolved into 40 ml ethylene glycol (EG) solvents, and
the mixture was magnetically stirred thoroughly and dispersed well in an ultrasonic bath for 30
min at 100 W power condition. Secondly, the mixture was transferred into a 50 ml Teflon-lined
stainless steel autoclave, which was heated at 180 °C for 24 h in an electric oven, and then
cooled down naturally. Next, the yielded precipitates were collected by centrifugal filtration
along with absolute alcohol washing for several times. Finally the precipitates were dried
overnight at 95 °C to obtain the products. The other four NNCF samples (1:0, 3:1,1:3 and 0:1)
were also synthesized as the procedure described above except by using different stoichiometric

molar ratios of Ni:Co at the beginning.

Characterizations

The phases and crystallinity properties were determined by X-ray diffraction (XRD). The
morphology and size of particles were analyzed by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The crystalline microstructures were resolved by the
high-resolution TEM (HRTEM) and selected area electron diffraction (SAED). The element
composition and distribution were measured by the X-ray energy dispersive spectra (EDS),
inductively coupled plasma-optical emission spectrometer (ICP-OES) and mapping. The surface
chemical compositions and electronic structures were checked by X-ray photoelectron spectra
(XPS). The specific surface area and pore volume/pore size distribution were examined by
nitrogen isothermal sorptions with Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda

(BJH) methods, respectively.

Electrochemical measurements

The electrodes were prepared by the following two steps: firstly, A well-dispersed mixture of 70 wt%
active materials (as-synthesized NNCF (1:0-0:1) or commercial AC, YEC-8B or graphite (KS6) or
LiFePO4 (LFP) or AC+LFP (1:1 in weight) or KS6+LFP (1:1 in weight)), 20 wt% acetylene black (AB)
conductive agent and 10 wt% polyvinylidene fluoride binder (PVDF, which was dissolved in into the



N-methyl-2-pyrrolidone (NMP)) were casted onto the current collectors (Cu foil and carbon-coated Al
foil were used for the collectors of anode and cathode respectively), and followed by drying in a
vacuum oven at 110 °C for 12 h; secondly, the electrodes were punched into disks with diameter of 12
mm, and the mass loading of active materials was about 1.2 mg cm™. The electrochemical
performances were examined by cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD)
tests via CHI660E electrochemical working stations and Neware-CT-4008 testers. Tests for electrodes
(NNCF, AC, LFP, AC+LFP, KS6, KS6+LFP) were conducted in half-cells by using the type 2032 coin
cells with a certain working electrode (WE), a Li plate as both counter electrode (CE) and reference
electrode (RE), and one piece of glass fiber (GF) as separator. Tests for LICs (NNCF//AC,
NNCF//AC+LFP), Li-DIBs (NNCF//KS6, NNCF//KS6+LFP) and LIBs (NNCF//LFP) were conducted
via full-cells with type 2032 coin cells with equal mass ratios of electrode active materials, and the
NNCF anode was precharged at 0.1 A g for 3.5 cycles before assembling the cells. The electrolytes
used in the study were 1 M LiPFs dissolved in the mixed solvents of ethylene carbonate (EC), dimethyl
carbonate (EMC) and dimethyl carbonate (DMC) (1:1:1 in volume) with 1% vinylene carbonate (VC)
additives (LBC-305-01, CAPCHEM). All cell assemblies were performed in an high pure Ar-filled dry
glovebox (MIKROUNA, O; and H>,0<0.1 ppm) and all tests were carried out at room temperature
(about 25 °C) except the assigned tests under high (40 °C) and low (-20 °C) temperatures. (The above-

mentioned chemicals, agents and materials are listed in the Table S1).

Calculations for Cn, Enm, Pm

The specific capacity (Cm, mAh g), energy density (Em, Wh kg!) for LICs, energy density (Em, Wh kg-
1 for Li-DIBs and LIBs, and power density (Pm, kW kg'!') were calculated according to the Equations
S1-S4.

Cn=0/m (1
Ewn (Capacitor)= 0.5 (Cm AV) Q)
E, (Battery)= (Cnm V) A3)
Pn=3.6En/ta “

Where m, Q, AV, V and tq refer to the mass of active materials (g) (for half cells, it means the mass of

active materials of anode or cathode; for LICs, Li-DIBs and LIBs full cells, it means the total masses of
active materials of anode and cathode), charge quantity (mAh) (for anode, it means the charge quantity
of charging part; for cathode and full cells, it refers to the charge quantity of discharging part), potential
window (V), plateau potential of the discharging plots (V) and discharging time (s) , respectively.



Results and Discussion

C
W ICCD-PDF | Cyrstal system ' Space group | Cell (axbxc)/A3
NaNiF;  81-0953 Orthorhombic Pbnm (62) 5.366x5.553x7.695
NaCoF; 81-0955 Orthorhombic Pbnm (62) 5.422x5.606x7.786

Figure S2. The crystal structures of perovskite NaMF3 and detailed crystalline parameters for NaNiF3
and NaCoFs.

As shown in Fig. S2, the orthorhombic NaMF3 is formed by alternatively stacking up Na ion layer and
MX3 cluster layer along the b-axis, and this MX3 cluster layer is constructed by MXe octahedra which

link to neighbor octahedra by edge-and corner-sharing along the a- and c-axes, respectively.



Figure S3. SEM and TEM images of NNCF (1:1) Sample.

The SEM images (Fig. S3a-S3b) and TEM image (Fig. S3c) of NNCF (1:1) sample exhibit a rectangular
nanocrystal morphology with the size of 100-200 nm.
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Figure S4. Nitrogen sorption isothermals (a), pore volume (b) and pore size distribution (¢) of NNCF
(1:1) Sample.

As depicted in Fig. S4, the specific surface area, cumulative pore volume and average pore diameter are
18.97 m? g!, 0.15 cm? g ! and 26.5 nm respectively, with the dominant pore size located at 2.05 and
21.2 nm.
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Figure S5. Performance of NNCF (1:0) electrode: GCD curves for the first five cycles at 0.1 A g! (a),
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Figure S7. Performance of NNCF (1:1) electrode: GCD curves for the first five cycles at 0.1 A g (a),
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cycling behavior at 1 A g! (d).
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Figure S10. TEM images, EDS and mapping images of the NNCF (1:1) electrode in discharged-0.01 V

state.

When fully discharged to 0.01 V, the NNCF (1:1) electrode undergone the dominant conversion
reaction, and thus the amphorous Ni, Co, LiF, NaF phases and SEI films were formed. The ultrafine
particle size of above-indicated amphorous phases can be detected by TEM images. The EDS patterns
indicate the presence of Na, Ni, Co, F, C and O elements for the electrode in fully discharged state, and

mapping images show the basically uniform distribution of these elements.
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Figure S11. TEM images, EDS and mapping images of the NNCF (1:1) electrode in charged-3 V state.

When fully charged to 3.0 V, there are newly formed amphorous CoF», NiF; and incomplete reactants
(N1, Co, LiF, NaF) on the surface of the electrode. TEM images show the ultrafine particle size of the
certain phases. The mapping images indicate a basically uniform distribution of Na, Ni, Co, F, C and O
elements for the eletrode in charged-3 V state, and the elements of the fully charged state can be also

detected by the EDS patterns.
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Figure S12. Schematics of reaction mechanisms for NNCF (1:1) electrode during the

discharging/charging processes under the first two cycles (a); Crystalline information of Ni, Co, NiF2,

CoF2, NaF and LiF phases for the NNCF (1:1) electrode in charged-3 V and discharged-0.01 V states
(b).
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Figure S13. CV plots for the first three cycles at 0.3 mV s, GCD curves for the first five cycles at 0.1
A g!, GCD curves at 0.1-3.2 A g'!, specific capacity and Coulombic efficiency at 0.1-3.2 A g'' and
cycling behavior at 2 A g'! of five types of positive electrodes: AC (a-¢), LFP (f-j), AC+LFP (k-0), KS6
(p-t) and KS6+LFP (u-y).
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Figure S15. CV window at 10 mV s”!, CV plots at 10-160 mV s*' and GCD curves at 0.5-16 A g*' under
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Figure S16. CV window at 10 mV s, CV plots at 10-160 mV s'and GCD curves at 0.5-16 A g'! under
high temperature (40 °C) of LICs, Li-DIBs and LIBs in this work: NNCF//AC (a-c), NNCF//LFP (d-f),
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Figure S17. CV window at 10 mV s”!, CV plots at 10-160 mV s*' and GCD curves at 0.5-16 A g*' under

low temperature (-20 °C) of LICs, Li-DIBs and LIBs in this work: NNCF//AC (a-c), NNCF//LFP (d-f),
NNCF//AC+LFP (g-1), NNCF//KS6 (j-1) and NNCF//KS6+LFP (m-o0).
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Table S1. Chemicals, agents and materials used in the study.

Chemials,
Agents and Type Company Characteristics
Materials
NiCl2*6H>0 AR SinoPharm purity>98.0%
CoCl2*6H20 AR SinoPharm purity>99.0%
NaF AR SinoPharm purity>98.0%
PVP-K30 GR SinoPharm purity>99.8%
EG AR SinoPharm purity>99.0%
. D50: 4+ 2 pm; Tab: 1+ 0.2 gcm™;
LiFePO4 LFP-NCO Aleees SSA:13+2m’ g
FuZhou D50: ~10 um; Density: 0.4 g cm™;
AC YEC 8b YiHuan SSA:2000~2500 m? g!
D90: 5.8-7.1 um; Interlayer distance:
. . 0.3354-0.3360 nm;
Graphite KS6 TiIMCAL SSA: 20 m? g
Density-Scott: 0.07 g cm;
AB Battery grade /
NMP AR Kermel purity>99.0%
PVDF Battery grade /
Electrolytes LBC-305-01 CAPCHEM 1M LiPF¢/EC:EMC:DMC (1:1:1) /1% VC
*
Li plate 15'1611;31'45 China Energy 15.6*0.45 mm
Cu foil 200*0.015 Gug ngZhou Total thickness: 15 pm; weight: 87 g m™
JiaYuan
Carbon coated-Al " GuagZhou . ) ) )
foil 222*0.015 NaNuo Total thickness: 17 um; Strength: 192 Mpa
Glass GF/D 2.7 pm; Whatman Diameter: 25 mm; Thickness: 675 um;
microfiber filters 1823-025 weight: 121 g m™
ShenZhen
Cell components CR-2032 TianChenHe /
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Table S2. Specific capacity and cycling retention of the NNCF (Ni:Co=1:0~0:1) electrodes.

Specific capacity of NNCF electrodes (Ni/Co=1:0~0:1)

/ (mAh g™
Current density
/(Ag!) 1:0 3:1 1:1 1:3 0:1
0.1 255.4 267.5 286.3 200.8 203.9
0.2 203.3 2423 250.2 188.7 191.3
0.4 171.4 212.2 219.1 161.2 168.6
0.8 137.5 174.8 183.7 127.0 141.7
1.6 108.4 136.5 149.0 105.2 115.9
3.2 78.3 102.6 114.8 78.9 87.0
Cycling behavior
Retention% /1 A g/ 220% 170% 187% 182% 140%
600 cycles
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Table S3. Specific capacity cycling retention of AC, LFP, AC+LFP (1:1), KS6 and KS6+LFP (1:1)

electrodes.
Specific capacity of Positive electrodes / (mAh g)
Current density AC LFP AC+LFP  KS6  KS6+LFP
/(Ag!)
0.1 84.8 154.6 113.4 98.2 130.5
0.2 72.1 146.1 104.6 90.3 116.4
0.4 63.8 135.0 96.6 85.8 103.4
0.8 56.2 120.2 88.0 80.0 91.9
1.6 48.5 101.3 78.6 69.0 79.6
3.2 40 73.2 68.4 54.9 59.3
Cycling behavior
Retention% /2 A g!/ 82% 98% 92% 98% 89%
1000 cycles
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Table S4. Performance summary of the LICs, Li-DIBs and LIBs in the study under room temperature
(25 °C).

Capacitor or Working Energy Power Cilcrlel:legn?if)lll:‘l’zmr
Type Cell system voltage density density repeated c cle,s
y IV /Whkg! /KW kg P yEes,
current density
0 -1
96.1-81.0  0.5-1.1 gzoﬁggggg \ e
NNCF//AC 0.01-4.3 70.8-59.8 2.2-43 03%/3000/3 A o
47.1-33.4 8.6-17.2 ° &
LICs 5224,/5000/5 A g'i
13231134 0.6-1.1 %Qggggg A e
NNCF//AC+LFP 0.01-4.6 97.4-81.3 2.3-4.6 ; |
67.9-53.1  92-184  [4//30005Ag
66%/5000/5 A g
196.2-161.6  0.8-1.6 74%/1000/3 A g’
LIBs NNCF//LFP 1-4.7 128.3-95.1 3.1-5.8 63%/2000/3 A g
63.5352  11.2-19.2  56%/3000/3 A g'!
94%/100/2 A g
[ -1
155.1-1188  0.6-1.3 g‘%gggﬁil
NNCF//KS6 0.01-5.0 95.8-76.4 2.5-5.0 1500/400/2 A o
25.3-7.9 10-20.4 ° &
40%/500/2 A g
Li- 26%/1000/2 A g’
DIBs 91%/100/2 A g’
0 -1
16131264  0.6-12 Zg‘(ﬁgggg N e
NNCF/KS6+LFP  0.01-5.0 103.4-82.0 2.5-5.0 o400/ A o
41.1-17.2 9.9-20.7 ° &
44%/500/2 A g'!
20%/1000/2 A g’
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Table S5. Performance summary of the LICs, Li-DIBs and LIBs in the study under high (40 °C) and

low (-20 °C) temperatures.

. Working Energy Power Cycling b.ehavwr /
Capacitor or T . . retention %,
Type Cell system /C voltage density density repeated cycles
y IV / Wh kg™ / KW kg'! P yees,
current density
0 -1
88.0-74.1 0.5-1.1 255’2888@ N
40  0.01-4.3 59.1-45.4 2.2-43 5 £
311239 86172 J0/B0002Ag
NNCF//AC e DT 11%/5000/2 A g!
42%/500/2 A g'!
20 0.01-4.3 712;3'52'24 5 (l)j';;é s 42%/10002A ¢!
LICs e STne 37%/2000/2 A g!
0 -1
1473-133.1 056112 O8//10002A g
57%/2000/2 A g
40 0.01-4.5  118.1-103.7 2.25-45 24%/3000/2 A g
(1)
NNCF/AC+LFP 90.0-75.0 9:0-180 1 004/5000/2 A g
62%/500/2 A g'!
20 00145 PO DO LIE 479410002 A g
R T 45%/2000/2 A g!
63%/100/1.5 A g!
234.8-205.3 0.8-1.5 52%/200/1.5 A g!
40 1-4.5 167.5-130.6 3.0-5.8 41%/500/1.5 A g!
LIBs NNCF//LFP 93.3-50.7 112228  36%/1000/1.5A g!
17%/2000/1.5A g’!
20 145 34.4-22.0 0.75-1.4  90%/1000/1.5A g!
' 12.7-6.4-2.5  2.7-52-10.2  89%/2000/1.5A g’!
78%/10/1 A g!
170.1-115.3 0.6-1.25 69%/20/1 A g!
40  0.01-5 81.2-59.7 2.5-5.0 50%/50/1 A g!
NNCF//KS6 29.6-7.8 10.0-20.0 36%/100/1 A g
16%/200/1 A g!
20 0015 38.1-28.7 0.6-1.2 99%/500/1 A g'!
Li- ' 17.4-11.7-8.9  2.5-5.0-10.0  91%/1000/1 A g!
DIBs 87%/10/1 A g
227.6-156.4 0.6-1.25 81%/20/1 A g!
40  0.01-5 120.1-95.8 2.5-5.0 64%/50/1 A g!
NNCF/KS6+LFP 75.0-17.2 10.0-20.0 45%/100/1 A g'!
16%/200/1 A g!
20 0015 54.8-39.0 0.6-1.2 96%/500/1 A g'!
' 26.9-18.2-14.2 2.5-5.0-10.0  90%/1000/1 A g’!
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Table S6. A comparison for the performance of the NNCF//AC and NNCF//AC+LFP LICs in the study

with some reported LICs.

Working Energy Power Cycling behavior /
LICs voltage density density retention%, repeated  Refs.
IV /Whkg! /KkWKkg! cycles, current density
Li3VO4/N-C//AC 1-4 136.4-24.4 0.53-11 87%/1500/2 A g! 1
TiNb20O7@C//CFs 0.8-3.2 110.4-20 0.1-5.46 77%/1500/0.2 A g! 2
MnO@C//PC 0.1-4 117.6-27.8 0.4-10.2 76%/5000/1 A g! 3
AC/TiO2@PCNF-12 0-3 67.4-27.5 0.075-5 85%/10000/10 A g'! 4
AC-HBP//LiCs 2-3.9 100-20 0.3-2 70%/2000/0.5 A g'! 5
Ti0O2/graphene//AC 1-3 42-8.9 0.8-8 100%/6500/4 A g! 6
Sn0,-C//C 0.5-4.0 110-45 0.19-2.96 80%/2000/1 A g! 7
TiO: belt//Graphene 0-3.8 82-21 0.57-19 73%/600/1 A g! 8
Graphene-VN//cabron ) , 162-64 0.2-10 83%/1000/2 A g! 9
nanorods
T-Nb20s/Graphene 0.5-3 47-15 0.39-18  93%/2000/025Ag' 10
paper//AC
Fe;04/Graphene// 1-4 147-86 0.15-2.5 70%/1000/2 A g 11
Graphene
96.1-81.0 0.5-1.1 68%/1000/5 A g1
NNCF//AC 0.01-4.3 70.8-59.8 2.2-4.3 66%/2000/5 A g!
47.1-33.4 8.6-17.2 63%/3000/5 A g1 This
) -1
132.3-113.4 0.6-1.1 g;oﬁ)ggggg i g_l work
NNCF/AC+LFP  0.01-4.6 974813  2.3-4.6 o g
67.9-53.1 92184 /030005 Ag
) ) ) ) 66%/5000/5 A g!
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Table S7. A comparison for the performance of the NNCF//LFP LIB in the study with some reported
LIBs.

Working Energy Power Cycling behavior /

LIBs voltage density density  retention%, repeated  Refs.
IV / Whkg! /KkWkg! cycles, current density
SLA1025 graphite//LCO 2.5-4.2 136 1.15 12
Graphene/Si multilayer// 0 4
LiNiysMn1sCous0s 3-43 156 0.03 70.4%/15/0.0375 A g 13
Ti0O2 nanofiber//LMO 1.7-2.5 220 0.314 90%/700/0.3 A g’! 14
TiO; hollow nanofiber//LFP  0.9-2.5 165 0.16 88%/300/0.1 A g'! 15
LTO//LiNixCoyMn;xyO> 1.5-2.7 90 2.2 16
FeSb-TiC//LNMO 2.0-5.0 260 0.127 68%/50/0.0365 A ¢! 17
Li4Ti5012-Li2T1307// LFP 1.9-2.5 75 0.048 18
TiO2(B) o
nanowires//LiNio sMn; sOs 2.0-3.5 150 0.132 89%/100/0.5 C 19
NisN nanosheets//LNMO 2.5-3.9 120 3.39 99%/250/1.4 A g'! 20

196.2-161.6  0.8-1.6
NNCF//LFP 1-4.7 128.3-95.1 3.1-5.8
63.5-35.2  11.2-19.2

74%/1000/3 A g'! This
63%/2000/3 A g! work
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Table S8. A comparison for the performance of the NNCF//KS6 and NNCF//KS6+LFP Li-DIBs in the

study with some reported Li-DIBs.

Working Energy Power Cycling behavior /
Li-DIBs voltage density density retention%, repeated Refs.
IV / Whkg!' /KW Kkg! cycles, current density
Graphite//Graphite 0.01-5.2 108 67%/50/0.05 A g'! 21
Si- 0-3 54 53%/100/0.1 A g! 22
compound//Graphite ° ’ &
Nb2Os//Graphite 1.5-3.5 52 84%/100/0.1 A g! 23
RGOY// Graphite 0-4 70 1.33 74%/50/1.33 A g'! 24
TiO2//Graphite 1.5-3.7 36 88%/50/0.1 A g'! 25
MoOs//Graphite 1.5-3.5 77 90%/200/0.081 A g'! 26
AC// Graphite 0-3.5 150 98% /100 /1.86 mA cm™ 27
Graphite//Graphite 3-5 170 94%/500/0.5 A g! 28
Al//Graphite 3.0-5.0 150 1.2 98%/600/0.2 A g! 29
MTI//KS6-DIB 3.0-5.1 125 0.4 90%/200/0.5 A g’! 30

155.1-118.8  0.6-1.3

0 -1
NNCF//KS6 0.01-5.0 95.8-76.4  2.5-5.0 2‘7‘0%;88% i g
253-7.9  10-20.4 0 g
This
work
161.3-126.4  0.6-1.2 91%/100/2 A g’
NNCF/KS6+LFP  0.01-5.0 103.4-82.0  2.5-5.0 74%/200/2 A g’
41.1-17.2  9.9-20.7 63%/300/2 A g!
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