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Part I. Experimental section
Materials

Cobaltous Nitrate 6H,O (Co(NOs),-6H,0, Adamas, 99%), 1,2-Dimethylimidazole
(MACKLIN, 98%), and Manganese(Il) Nitrate Tetrahydrate (Mn(NO;),-4H,0,
Adamas, 99%), CTAB (cetyltrimethylammonium bromide, Adamas, 99%) were
obtained from Adamas. Copper Nitrate Hydrate (Cu(NOs;),-5H,0, Adamas, 99%),



Sodium sulfide nonahydrate (Na,S-9H,0, Aladdin, 99%), potassium nitrate (KNOs,
Aladdin, 99%) were obtained from Aladdin.

Preparation of nickel foam

First, soak the nickel foam (NF) in acetone and ultrasonic treatment for a while (15-30
minutes) to remove the impurities such as oil on the surface, then take it out and rinse
it with DI water. Put it into the dilute hydrochloric acid solution to soak properly (10-
15 minutes), after soaking, rinse thoroughly with DI water to remove the residual
hydrochloric acid. Next, the nickel foam is soaked in DI water and ultrasonicated for
15-30 minutes to further remove impurities and residues, then soaked in anhydrous
ethanol and ultrasonicated for the same amount of time to remove water and other

substances that may be left behind. The final overnight drying.
Preparation of Co-Cu-MOF@NF

Co-Cu-MOF@NF was synthesized by a simple hydrothermal method. First, 7.5 mmol
of 2-methylimidazole was dissolved in a mixed solvent (30 mL of DI water and 5 mL

of ethanol) and stirred to obtain solution A. Then, 2.4 mmol of Co(NO3),-6H,0 and 2.4

mmol of Cu(NO;),*5H,0 were dissolved in the same mixed solvent and stirred for

20 min to obtain solution B. Next, solutions A and B were quickly mixed, and the
treated nickel foam substrate was immersed in the mixed solution and then placed in a
stainless steel autoclave lined with polytetrafluoroethylene and hydrothermally reacted
at 60 °C for 10 hours. After cooling, the products were washed repeatedly with DI water
and ethanol and dried at 60 °C for 12 h to obtain Co-Cu-MOF@NF composites.

Preparation of Co-Cu-S@NF

A mixed solution containing 3 mmol Na,S * 9H,0 and 40 mL DI water was transferred

to a 50 mL PTFE-lined stainless steel autoclave along with the Co-Cu-MOF@NF
sample, and the reaction was carried out at 140°C for 5 hours. At the end of the reaction,
it was cooled naturally to room temperature, and the Co-Cu-S@NF sample was washed

with DI water and ethanol and dried overnight.



Preparation of Co-Cu-S-MnO,@NF

Co-Cu-S-MnO,@NF was obtained by depositing MnO, on Co-Cu-S@NF using
electrochemical deposition. A three-electrode system was used for the electrochemical
deposition, in which the reference electrode was a saturated calomel electrode, the

counter electrode was a platinum electrode, and the working electrode was Co-Cu-

S@NF.

The electrodeposition solution was prepared by dissolving Mn(NOs), * 4H,0 solution

with 0.24 M KNOj and 20 mg CTAB to obtain the electrodeposition solution.[ 1]

The electrodeposition was carried out using a CHI 660E electrochemical workstation
with a constant voltage deposition method, the voltage was set at 1.2v and the

deposition time was about 30 minutes.

Electrochemical measurements

To measure the electrochemical properties, the active materials Co-Cu-S-MnO,@NF,
Co-Cu-S@NF, and Co-Cu-MOF@NF (1 cmx1 cm) were used as working electrodes,
the counter electrode was a platinum electrode, and a mercuric glycol electrode was
used as a reference electrode, which was assembled into a three-electrode system in 3M
KOH solution. The CV cycle test and Electrochemical Impedance Spectroscopy (EIS)
were carried out at the CHI 660E electrochemical workstation, and the galvanostatic
charge-discharge test (GCD) was carried out at the LAND electrochemical workstation.
Preparation of negative electrode material (AC/NF)

Slurry preparation: activated carbon (AC), acetylene black (conductive agent), and
PVDF (binder) were mixed at a mass ratio of 8:1:1, and N-methylpyrrolidone (NMP)

was added and ground to a homogeneous slurry.

Coating and drying: Coat the slurry uniformly on the surface of pre-treated NF
(1x1em?), vacuum dry at 60°C for 12 hours, and press the sheet under the pressure of
8-10 MPa to produce AC/NF negative electrode.

Preparation of solid gel electrolyte (PVA-KOH)



6 g PVA powder was added to 60 mL of DI water and stirred at 90°C until completely
dissolved, while stirring, 3 M KOH solution was added and stirred for 30 min to form
a transparent gel.

Assembly of asymmetric flexible supercapacitors

The positive electrode (Co-Cu-S-MnO,@NF), electrolyte layer (PVA-KOH), and
negative electrode (AC/NF) were stacked sequentially, covered with flexible PET film
as an encapsulation layer, and sealed by pressing. The two-electrode system was tested
by CV cycling on a CHI 660E electrochemical workstation and GCD on a LAND

electrochemical workstation.



Part I1. Calculations
Specific capacity calculation

The specific capacity was calculated by using the following equation:

_ I X At
F ™ mxAv

Where ! represents discharge current (A), At represents discharge time (s), ™ represents

the mass of electroactive components (g) and Av presents the potential window (V).
Determination and calculation of pseudocapacitor behavior
(1) Determination

The CV test obtained different peak current values (i., A) at different voltage scan rates
(v, mV s). Whether the electrode has diffusive or pseudocapacitive behavior during
charging and discharging is discerned by corresponding the scan rate to the resulting

peak current response.[2, 3]
i=av
logi = blogv +loga

Obtain b-values (slopes) by linearly fitting 10g7 and logv

If the value of b is 0.5, the electrode material exhibits battery properties; if the value of
b is in the range of 0.5-1, the electrode material exhibits both battery and
pseudocapacitive properties; and if the value of b = 1, the electrode material exhibits

pseudocapacitive properties.

(2) calculation

. 1
I 2

-= kv +k,
2

k1 and %2 are parameters that can be adjusted, and the value of k1 can be obtained by a

i
1 1

linear fit to v* and v* at the specified voltage.
Energy and power density

Energy and power density are calculated by the following equations:



Where E (W hkg!)and P (KW kg'!) are energy density and power density, respectively.
Software simulation

The CASTEP module in Materials Studio software was used, with the functional type
being the Perdew - Burke - Ernzerhof (PBE) generalized gradient approximation
(GGA). In the DFT calculations, the cutoff energy was 571.4 eV, and the Monkhorst -
Pack scheme was used to sample the Brillouin zone, with a grid size of 3x3x1 for

analyzing the density of states.



Part II1. Supporting images
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Figure S1 EDX spectra of Co-Cu-MOF/NF at low magnification.
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Figure S2 EDX spectra of Co-Cu-S/NF at low magnification.
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Figure S3 SEM image of Co-Cu-S-MnO,@NF
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Figure S4 SEM image of MnO, thin film
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Figure S5 XRD mapping and FTIR of Co-Cu-MOF.
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Figure S6 CV curves of Co-Cu-MOF@NF at different sweep speeds and GCD curves
at different current densities.



W
—

———5mV s’
204
‘e
<
~ 10+
iy
2
2 01
=
e
= .10
&}

=20 4

-0.2 -0.1 00 01 02 03 04 05 0.6
Potential (V)

= =
tih &

=
=
—l

=
[\
L "

Potential (V vs. HgO/Hg)
= =
— (3%

=
(—]
L

0 400 800 1200 1600
Time (s)

Figure S7 CV curves of Co-Cu-S@NF at different sweep speeds and GCD curves at
different current densities.
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Figure S8 CV curves of Co-Cu-MnO,@NF at different sweep speeds and GCD
curves at different current densities.
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Figure S9 CV curves of NF at different sweep speeds and GCD curves at different
current densities.
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Figure S10 Bode plots of the three materials
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Figure S11 GCD profiles of the supercapacitor at various states.
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Figure S12 Pseudocapacitance contribution of Co-Cu-MnO,@NF//AC at 20mV/s (a),
30mV/s (b),40mV/s (¢),50mV/s (d) scan rate.
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Figure S13 PDOS mapping of three elements in Cu-Co-S
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Figure S14 PDOS mapping of two elements in MnO,



Part IV. Supporting table
Table S1 Elemental spectral data of Cu-Co-MOF/NF

Element |Atomic Number [Line | Normalized Mass/% Atomic/%
O 8 K 34.91 56.84
Co 27 K 34.57 15.28
Ni 28 K 14.50 6.44
C 6 K 8.46 18.35
Cu 29 K 7.55 3.09
Total — 100.00 100.00

Table S2 Elemental spectral data of Cu-Co-S/NF

Element | Atomic Number | Line | Normalized Mass/% | Atomic/%
Ni 28 K 48.08 22.11
C 6 K 19.34 43.47
16 K 13.34 11.23
O 8 K 11.75 19.83
Co 27 K 4.56 2.09
Cu 29 K 2.92 1.24
N 7 K 0.01 0.02
Total — — 100.00 100.00

Table S3 Elemental spectral data of Cu-Co-S@MnO,/NF

Element | Atomic Number | Line | Normalized Mass/% | Atomic/%

O 8 K 42.20 53.27

Mn 25 K 23.67 8.70

Ni 28 K 12.24 4.21




C 6 K 10.82 18.19

N 7 K 10.67 15.38

S 16 K 0.41 0.26
Total — — 100.00 100.00

Table S4 Summary of capacity retention after cycling test found in the literature.

Specific capacitance |Current density
Electrode materials Electrolyte Ref.
(Fgh (Agh

Cuy(HHTATP), 1 MKCl 3395+ 14.6F g 02Ag! 4

ZIF-67/PBA-derived sulfides IM KOH 603.9F g! 0.5A g'! [5]

CNF@CoNiS 3 M KOH 617.8F g! 0.5A g'! [6]

Cu/Co- MOF@G-NH, 6 M KOH 8743 F g! 1Ag! (7]

Mn@AI-MOF IM KOH 844 F g! 1Ag! (8]

Ag@ZIF-8 3 M KOH 538.8 F g"! 1Ag! 9]
Zn-Co-MOF@CuO 3 M KOH 684 F g-! 2A¢g! [10]
FL-MoS,@rGO 1M KOH 346.1 F g! 1Ag! (11
Fe,0;@MnO, 3 M KOH 449 F g! 1Ag! [12]
ZnCo-MOF@PLB-800 3 M KOH 698.5F g1 1Ag! [13]
CPO-CoNi 3 M KOH 580F g! 1Ag! 14
CusP/CoP 3 M KOH 8043 F g! 1Ag! [15]
FCNTs @Co-MOF 3 M KOH 590 F g1 1Ag! [16]




MoS;Mn-MOF/MWCNT 3 M KOH 862.7F g-! 1Ag! [1_7]

Cog 5;Ni-ZIF-L 3 M KOH 602 F g-! 1Ag! (18]

Al-MnO, IM Na,SO, 301.8F gl 1Ag! [19]
Cu-Co-S@MnO, 3 M KOH 14833 F g! 1Ag! This work




Table S5 Summary of energy and power densities found in the literature.

Energy density | Power density
Electrode materials Electrolyte Ref.
(Wh kg™1) (KW kg)
Zn-In-S/C@Cu0// Zn-In-S/C@CuO 3 M KOH 17 0.999 [20]
PTPAH@rGO2
PTPAH: N-containing conjugated 1 M H,SO,4 11 3.345 [21]
microporous polymers
PVA-Nast4
Al-MnO,//AC and 64.7 1.3 19
PVA-KOH
3DCF//3DCF
EMIMBF. 97 1 22]
3DCEF: 3D Carbon Framework
N-MXene/rGO//rGO PVA-H,S0, 144.6 0.8759 23]
MX/NCP//PNC
MX/NCP: 2D MXene/Ni-Co phosphide 2 M KOH 54.3 0.5656 241
PNC: porous nanocarbon
MSE-PC-500//MSE-PC-500
6M KOH 9.7 0.3 [25]
molten-salt-electrolysis porous carbon
This
Cu-Co-S@MnO,//AC PVA-KOH 185.25 0.75

work
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