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1. Experimental Section

Synthesis of Zn-, Co- and bimetallic (Zn/Co)-MOF nanosheets on carbon cloth

All chemicals and solvents were purchased from Aladdin Chemicals and used as received
without further purification. In a typical synthesis of Zn and Co-MOFs, an aqueous
solution of Zn (NO3),.6H,0 (30 mL, 3 mmol) or Co (NOs3),.6H,0 (30 mL, 3 mmol) and
2-methylimidazole (C4HgN,, 10 mL, 12mmol) were prepared separately. After that, the
solution of 2-methylimidazole was quickly injected into Zn (NO3),.6H,0 solution for Zn-
MOF and into Co (NO3),.6H,0 solution for Co-MOF, and transferred to 50 mL stainless
steel autoclave. A piece of well cleansed CC substrate was immersed and aligned with the
wall of the autoclave. The back and upper side of CC was protected by
polytetrafluoroethylene type. The autoclaves were incubated at 30, 60 and 100 °C for 12
hours and after cooling to room temperature the CC substrates were taken out ant, cleaned
with deionized water and ethanol, and dried at 60 °C overnight. The molar ratio of
Zn*?/Co*? in bimetallic MOFs was adjustable over a wide range by varying the initial
metallic precursor ratio. The total molar ratio in bimetallic MOFs was fixed to be 3 mmol
during the synthesis. A series of bimetallic MOFs were prepared and categorized as
7Zn,Co;_-MOF, where x/1-x represents the corresponding initial molar ratio of Zn*?/Co*?
and obtained bimetallic MOFs are denoted as Zngy(Co;o-MOF, Zng,5Cog75-MOF,
Zn(sCog s-MOF, Zng,5Co¢ 75-MOF, and Zn; (Cogo-MOF, respectively. The morphology
of the bimetallic MOFs was tuned by varying the reaction temperature, while reaction time

was kept constant.

Synthesis of Zn,Co,_ ,-NC@CC

The as-synthesized Zn,Co;-MOFs@CC were annealed at 400 °C for 2 hours with a ramp

rate of 2 °C min"! in a nitrogen atmosphere. After cooling down the samples were further



sintered at 350 °C with a ramp rate of 2 °C min’! for 1 h to convert it corresponding oxides

and denoted as Zn,Co_,O4@CC.
The sulfide conversion process of bimetallic oxides

In the subsequent typical sulfidation process, the piece of Zn,Co,1O4@CC was placed in
a methanol solution of Thioacetamide (TAA) 1.0, 2.5 and 5 mmol, respectively and heated
at 120 °C for 2 hours. The as-prepared Zn,Co; S@CC were washed with deionized water,
ethanol and dried at 60 °C overnight. Finally, the obtained products were annealed under

nitrogen at 400 °C for 2 h to get well crystalline phase.
Synthesis of bimetallic MOF-derived mesoporous carbon (MPC)

Bimetallic (ZnysCogs) MOF derived mesoporous carbon (MPC) was synthesized from
direct carbonization of zeolitic imidazolate framework (Zn, sCog 5-MOF). Zn, sCog5-MOF
was prepared according to the above-mentioned procedure without CC substrate by dual
solvent (2:8 water/ethanol) at room temperature. The sample was heated in a tube furnace
under a nitrogen atmosphere as follow. First, the temperature was increased up to 200 °C
with a ramp rate of 5 °C min'! and was kept constant for 2 h to remove the absorbed water
and methanol. The temperature was elevated to 800 °C and remained constant for 4 h.
Finally, the sample was dispersed into 2 M HCI solution to remove the residual metal ions
and dried at 65 °C for 24 h for further use. The experiment was performed twice to confirm

the reproducibility of the used procedure.
2. Characterization of materials

X-ray diffraction (XRD) was acquired with a Rigaku, MiniFlex600, CuKa radiation (A =
1.54065 A). The X-ray Photoelectron Spectroscopy was carried out using XPS, Ulvac-Phi,
PHI X-tool. Surface morphologies of the products were examined by field emission

scanning electron microscopy (SEM, ZEISS ULTRA 55) and transmission electron
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microscopy (TEM, JEOL 2100F, 200 kV) equipped with an energy dispersive X-ray
spectrometer (EDS). The elemental contents were recorded by inductively coupled plasma
atomic emission spectrometry (ICP-AES, X Series 2). The BET specific surface area was
determined using N, adsorption/desorption isotherm measurements by multipoint
Brunauer-Emmett-Teller (BET) method with Quantachrome Instrument (version 5.12) and
pore size distribution was computed by Barret-Joyner-Halenda (BJH) method.

Fabrication of single electrode

Zn,Co;xO-NC@CC and Zn,Co1,S-NC@CC were cut into 1x1 cm? and directly used as
electrodes without any polymer binder and conductive additives for ASCs. The mass
loading density was about 1.03 and 1.20 mg cm? for Zn,Co,.,O-NC@CC and Zn,Co;_,S-
NC@CC, respectively, which was carefully calculated by the difference between pristine
and growth of active materials on CC. For simplicity we denote the Zng76C0¢2404-

NC@CC with ZCO-NC and Zn0,76C00,24S-NC@CC with ZCS-NC-II.

Fabrication of ASCs

Solid-state hybrid SCs were fabricated using ZCS-NC-II as a positive electrode and MPC
as a negative electrode with LiCI/PV A solid-state electrolyte and a piece of Whatman filter
paper (8 um thickness). The LiCl/PV A solid-state electrolyte was prepared by mixing 12.6
gLiCland 6 g PVA in 60 mL deionized water and heated at 85 °C until the mixture became
the clear homogenous solution. The LiCI/PVA was constantly stirred for 2 h at room
temperature to remove the air bubbles. The negative electrode was first prepared by mixing
the MPC (90 %) and Polyvinylidene fluoride (PVDF) (10 %) in N-Methyl-2-pyrrolidone
(NMP) and stirred until the mixture has become homogenous. The obtained mixture was
pasted on the CC and dried at 60 °C prior to use. In order to obtain optimum performance

of hybrid solid state SC device, the mass of positive and negative electrodes were
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optimized according to the charge balance equation, i.e. ¢ = q-, where q is the charge and
can be calculated using q=m C V. Thus, m./m.= (C.V_.)/ (C,V.). Based on the calculation,

the optimal mass loading ratio between ZCS-NC-II and MPC was 0.346.
Electrochemical Measurements and calculations

The electrochemical measurements of single electrodes were conducted in a three-
electrode system using LiCl as an aqueous neutral electrolyte, Ag/AgCl as a reference
electrode, and a platinum plate as a counter electrode. Cyclic Voltammetry (CV) and
galvanostatic charge/discharge (GCD) tests for both two and three electrode systems were
recorded using electrochemical workstation (CHI 660E, China). Electrochemical
impedance spectroscopy (EIS) measurements were investigated under A.C. signal of
voltage (5 mV) in the frequency range of 0.01-100 kHz. Each electrochemical test in three
and two electrode systems was performed three times to confirm the reproducibility of the
results. The specific capacitance in three-electrode system (Cy), specific capacitance in two
electrode system (C,.;), energy density (E), power density (P), coulombic efficiency (#)
and energy efficiency (£5) of hybrid SC device were computed based on the total mass of

the both electrode materials using the following equations [1-2].
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Where, C;, C..;y (F g') and C, C, ceny (F cm?) are the specific and areal capacitance of single

electrode and ZCS//MPC-ASC, respectively; II dt is the area under discharge curve; m (g)

is the mass of active material on single electrode; A (cm?) is the area of the working
electrode; AV = V-V is the potential window; S is the working area of the ZCS//MPC-ASC;
M (g) is the total mass of positive and negative electrode materials; P (W kg'!) is the power

density; E (Wh kg'!); At,is the discharging time (s).
Calculation of capacity from capacitacnce:

1
Capacity (mAh g!) = Capacitance (F g!) x Potential Window (V) x (—32(;8)
Or

Capacity (mAh g!) = Capacitance (F g'') x Potential Window (V) x 0.277



3. Disscussion on negative electrode

The SEM images of the MPC polyherans are shown in Figure S11, and corresponding physical
characterizations XRD, XPS and BET/BJH pore size distribution are demonstrated in S12 and
S13, respectively. These characterizations confirm the existance of pure MPC without any
impurity. The electrochemcial performance of MPC in LiCl ageous electrolyte is shown in
Figure S14 to optimize the ZCS-NC//MPC-ASC performance. The MPC electrode revealed

the high capacitance of 400 F/g at 1 A/g with high capacitance retention ~100 after 5000.



4. Supporting Figures
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Figure S1: Low and high-resolution FE-SEM images of ZCO-NC@CC precursor; (a-c) as-
synthesized product at room temperature for 12 h, (d-f) as-synthesized product at 60 °C for 12
h, (g-1) as-synthesized product at 100 °C for 12 h.



Figure S2: Low and high-resolution FE-SEM images of ZCS-NC-I after thermal treatment at
400 °C for 2h in N, atmosphere.

Figure S3: Low and high-resolution FE-SEM images of ZCS-NC-III after thermal treatment
at 400 °C for 2h in N, atmosphere.
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Figure S4(a): XRD patterns of as-synthesized bimetallic MOFs with different feeding ratios
of Zn and Co.
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Figure S4(c): EDS analysis of ZCO-NC@CC, ZCS-NC@CC-I, and ZCS-NC@CC-II.
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Figure S5: (a) Optimization of the electrochemical performance of ZCO-NC electrode in
aqueous electrolyte using different feeding ratios of Zn and Co. (b) Optimization of the
electrochemical performance of ZCS-NC electrode in the aqueous electrolyte with low and
high sulfurization contents.
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Figure S6: (a-b) CV and GCD curves of Zng76C0¢2404-NC in the aqueous electrolyte at
various scan rates and current densities, respectively. (c¢) The specific capacitance of
71 76C002404-NC electrode as a function of current density.
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Figure S7: Electrochemical performance of bare-CC substrate: (a) Comparative CV curves,
(b) Magnified CV curve of bare-CC substrate, (¢) Comparative GDC curves, (d) Magnified
GCD curve of bare-CC substrate, (e) Specific capacitance as a function of current density.
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Figure S11: Low and high-resolution FE-SEM images of bimetallic (Zn/Co: 1) MOF derived
nitrogen-doped mesoporous carbon.
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Figure S12: (a) Physical characterization of bimetallic (Zn/Co: 1) MOF precursor and MOF
derived nitrogen-doped mesoporous carbon. (a) XRD pattern of MOF precursors, (b) MOF
derived nitrogen-doped mesoporous carbon, (c) XPS full survey and (d) De-convoluted XPS
spectrums of C 1s.
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Figure S14. Electrochemical performance of bimetallic (Zn/Co: 1) MOF derived nitrogen-
doped mesoporous carbon in aqueous electrolyte. (a) CV cures in potential window of -1.0 to
0.0 V at various scan rates, (b) GCD curves in potential window of -1.0 to 0.0 V at various

current densities, (c¢) specific capacitance as a function of current density and (d) capacitance
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5. Supporting Tables

Table T1: The atomic percentages of Zn, Co and S elements in ZCO-NC, ZCS-NC-I and
ZCS-NC-II were also examined by inductively coupled plasma optical emission spectroscopy
(ICP-OES)

Samples Zn [at. %] Co [at. %] S [at. %] 0 [at. %]
ZNg7¢C00.204-NC 27.9 13.6 - 54.7
ZNp 7600 245-NC-1 32.75 9.86 38.74 18.65
Zny 760 245-NC-Il 29.78 10.20 45.63 14.39
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Table T2: The comparison of the ZCS-NC-II based single electrode and full solid state supercapacitor with previous literatures, where we denote
Css for Specific Capacitance (Single electrode), Cst for Specific Capacitance (two electrode device), v for scan rate, n for cycle numbers (Single

electrode), E for Energy density and P for Power density (two electrode device).

No  Materials afis(g\i?) avaT(g\i?) (WhEkg-l) (Wig‘l) e | Refyear
0  Zng76C0024S-NC 2168.75 at 1.25 A/g 260.58 at 1 A/g 92.59 846.02 95.6, 10000 This work
1 Zn-Co-S nanosheets 2354 at 0.5 A/g 197 at A/g 31.9 8500 88.6, 1000 [3]/2018
2 Zn-Co-S nanowires 733 at 3 mAcm™ 102 at 3 mAcm™ 81.6 559.2 92.1, 10000 [41/2018
3 Zn-Co-S@Ni(OH), 2156 at1 A/g 319at1 A/g 74.93 650 94, 3000 [51/2018
4 Zn-Co-S nanosheets 2484 at2 A/g 150 at 0.5 A/g 50.2 388 99, 1000 [6]/2016
5  Zn-Co-S nanostructures 486.2at2 Alg - - - 86.4, 2000 [7]1/2015
6  Cogi3Fe( 7S, nanoparticles 310.2 at2 mVs'! 187.8 at 2 mVs'! 66.8 300.5 102, 10000 [8]/2018
7  Ni-Co-S nanosheets 1406.9 at 0.5 A/g - 24.8 850 88.6, 1000 [9]/2018
8  Zn-Co-S cages 1266 at 1 A/g - - - 91, 10000 [10]/2017
9  Mn-Co-S nanostructures 1402 at 1 A/g 121 at1 A/g 43 801 95, 5000 [11]/2017
10  Fe-Co-S naosheets 2411 at 3 mAcm™ 214 at 5 mAcm™ 76 755 92.2, 5000 [12]/2017
11 Cu-Co-S nanowires 2163 at 3 mAcm™ 124 at 24 mAcm 44.1 800 94, 6000 [13]/2016
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