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S1 Experiments Section
S1.1 Reagents and Materials

Zinc sulfate heptahydrate (ZnSO4-7H>0), thiourea, ammonium molybdate tetrahydrate

((NH4)6M07024°-4H20), aniline and zinc trifluoromethanesulfonate (Zn(CF3S0Os)2) were
purchased from Aladdin Reagents (Shanghai) Co., Ltd. Hydrochloric acid (HCI),
ammonium  persulfate  ((NH4)2S20s), acrylamide, K>SOz and N, N'-
methylenebisacrylamide were purchased from Sinopharm Chemical Reagent Co., Ltd.
All the above reagents are analytically pure and do not require further purification.

S1.2 Synthesis of Pristine PANI and MoS:
0.30 mL aniline and 0.180 g (NH4)2S20s was dissolved in 12.0 mL HCI solution (1.0
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mol L), respectively. The two solutions were mixed together under strong stirring,
then kept in an ice bath for 12.0 h. The resulting precipitation was collected and washed
with deionized water for three times, and dried at 70 °C in a vacuum oven.

1.421 g thiourea and 0.724 g (NH4)sM07024-4H,0 were dissolved in deionized water
(21.8 mL) and stirred vigorously for 30.0 min to get a homogeneous solution. After the
mixture was transferred to a Teflon-lined stainless-steel autoclave, it was heated to
180 °C and kept for 24.0 h. The resulting product was filtered, washed several times by
deionized water and ethanol, and finally dried at 70 °C in a vacuum oven.

S1.3 Synthesis of MoS2/PANI

1.0 mmol Mo$S; and 5.0 mg PANI were added in 24.0 mL HCI solution (1.0 mol L™).
The solution was transferred into a plastic tube for probe sonication and the typical
probe sonication lasted for 10.0 min. After the mixture was transferred to a Teflon-lined
stainless-steel autoclave. Then, it was heated to 120 °C and kept for 18.0 h. The
resulting precipitation was collected and washed with deionized water for three times,
and dried at 70 °C in a vacuum oven. For comparison, MoS2/PANI with more (10.0 mg)
or less (1.0 mg) PANI addition was also studied.

S1.4 Preparation of Zinc Nanoflakes

Zinc nanoflakes were prepared by an electrodeposition method. Specifically,
electrodeposition was carried out at —0.70 V (vs. Zn/Zn?") employing Zn metal plate as
the reference and counter electrodes, carbon cloth as the working electrode, and 2.0 M
ZnSO4 solution as the electrolyte, respectively. The load of zinc nanosheet was about
5.0mgcm.

S1.5 Preparation of PAM-PEG Hydrogel

Firstly, 5.0 g acrylamide, 25.0 mg K>S>0g and 3.0 mg N, N'-methylenebisacrylamide
were sequentially added to 30.0 ml deionized water. Then the mixture was stirred for
1.0 h and injected into a glass mould, followed by heating in an oven at 75 °C for 1.0
h. Finally, the as-fabricated hydrogel film was immersed in 2.0 M aqueous Zn(CF3S0Os)»
(The volume ratio of PEG-400 is 25.0%) solution for 12.0 h to achieve the equilibrated
state.

S1.6 Materials Characterization

The morphology and microstructure of the products were characterized using scanning
electron microscopy (SEM, FEI Nova NanoSEM 450) and transmission electron
microscopy (TEM, FEI Titan G2 60-300). The structure and phase purity of the as-
synthesized products were revealed by X-ray diffraction (XRD, Rigaku X-ray
diffractometer with Cu-Ko radiation). X-ray photoelectron spectrometry (XPS)
analysis was carried out on an AXIS-ULTRA DLD-600W spectrometer. Raman
measurements were carried out on a LabRAM HR800. Thermogravimetric analysis
(TGA) was conducted using an STA-449F3 instrument in an air atmosphere from 25 to
700 <T with a heating rate of 10 < min 1. ICP-OES/MS was carried out on a Hermo
Fisher iCAP PRO (OES).
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S1.7 Electrochemical Measurements

The electrode was prepared by mixing the active materials (20.0 mg), acetylene black
(2.50 mg) and poly(vinylidene fluoride) (PVDF) (2.50 mg) in 500 upL N-
methylpyrrolidinone (NMP) with a mass ratio of 8.0:1.0:1.0. The load of active
material is about 1.0-1.4 mg cm™. 30 um Zn metal foil was firstly washed with diluted
hydrochloric acid for 3 min to remove the surficial oxide layer and then washed with
deionized water and ethanol. The mass loading of cleaned Zn foil anode is about 21.2
mg cm2. Then, the obtained slurry was cast onto Ti foil and dried at 70 <C for 8.0 h.
The electrochemical performances of electrodes and the quasi-solid zinc battery
including cyclic voltammetry (CV), galvanostatic charge and discharge curves (GCD)
and electrochemical impedance spectroscopy (EIS) were tested using the
electrochemical workstation (AUT302N FRA2.V). The cycle life measurements and
GITT were performed on a LAND-CT2001A battery workstation.

S1.8 Calculation Details

All the density functional theory (DFT) calculations were performed using the first

principle plane-wave pseudopotential formulation as implemented in the Vienna Ab-

initio Simulation Package (VASP) code. The generalized gradient approximation (GGA)
within Perdew-Burke-Ernzerhof (PBE) was utilized as exchange correlation functional.

The structures were relaxed until the forces were less than 0.010 eV/A, and the energy

convergent standard was 10 eV. The Monkhorst—Pack mesh of the supercell was set

to 2x2x1. Climbing-image nudged elastic band (CI-NEB) method was used to calculate

the activation barriers for Zn>" hopping.

The discharge specific capacity was calculated from the results of galvanostatic
discharge curves by the following Eq. S1:

I+At
m

C

(SD)

Where C is the specific mass capacity, /, At and m are the discharge current, discharge
time and the mass of cathode active materials, respectively.

The energy density and power density are evaluated by the following Eqgs. S2 and S3:

At IxV () AQV(q)

Dp=Jy —pdt=[ S rde  (S2)
D

Dp = A_f (S3)

Where Dk and Dp are respectively the energy density and power density, At and AQ
are respectively the discharging time and discharge specific capacity, / is the discharge
current, V' is the working voltage, m is the mass of cathode active materials.

The capacity retention (CR) and coulomb efficiency (CE) are calculated by the
following Eqgs. S4 and S5:
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At

CR=1 (S4)
— Ata
CE =31 (S5)

Where At is the discharge time of different cycles and at, is the discharge time of

the initial cycle. At, is the discharge time and At is the charge time in the same
cycle.

The battery was discharged or charged at 0.50 A g”! for 3.0 min and then relaxed for
9.0 min to make the voltage reach equilibrium. The Dz, can be calculated based on the

simplified equation of D, = 4 (m 2V )2 )’ ( S) where mg is the mass of the active
M;A" "AE.

material, Mg is the molecular weight, Vv is the molar volume, A is the total contact

area between electrode and electrolyte, T is the duration time of the current pulse, AE:

is the variation of the battery voltage, and AEjs is related to the change of steady-state

voltage for the corresponding step.

The b reflects the charge storage mechanism. b = 1/2 represents the diffusion control
process while » =1 indicates the capacitive process. The k;v and kv'?
capacitive process and diffusion control process, respectively.

represent

S2 Supplementary Figures and Tables

(a) (b)

intensity (a.u.)
Transmittance (a.u.)

1631

40 60 80 800 1000 1200 1400 1600 1800 2000
20 (degrees) Wavenumber (¢cm™)

Fig. S1 a) XRD patterns and b) FTIR spectrum of PANI
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Fig. S2 TG curves of MoS> and MoS,/PANI

The MoS: shows the 80.52% weight loss which is assigned to water evaporation and
the oxidation of MoS; to MoOs. It indicates the MoS; in total weight is ~ 89.47 wt%.
MoS2/PANI shows the total weight loss of 75.78 wt%, which indicates the MoS: in
MoS2/PANI is ~ 84.20 wt%. Therefore, the content of PANI in the MoS2/PANI can be
calculated to be 5.27 wt%. In addition, the theoretical capacity of the MoS2/PANI
electrode was calculated. Under the ideal condition, MoSz will be transformed into
Zn,MoS; when completely discharged, indicating the theoretical capacity is 666.25
mAh g1. The proportion of PANI in MoS2/PANI is 5.27%, so the theoretical capacity
of MoS2/PANI is 635.12 mAh g without considering PANI energy storage.
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Fig. S3 Full XPS spectrum of MoS2/PANI
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Fig. S4 a) Mo 3d XPS spectrum and b) fitted result related to phase composition of
Mo 3d XPS spectra of the M0oS,/PANI
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Fig. S5 a) Mo 3d XPS spectrum and b) fitted result related to phase composition of
Mo 3d XPS spectra of the original MoS;
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Fig. S7 a) TEM, b) HTEM and c¢) STEM elemental mapping image of PANI
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Fig. S9 a) TEM, b, ¢) HTEM, d) HAADF-TEM and e) STEM elemental mapping
image of MoS>. The STEM elemental mapping image in Fig. S9e reveal the
homogeneous distribution of Mo, S and O elements along the MoS; nanoflowers
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Fig. S10 a) CV curves at a scan rate of 1 mV s and b) GCD curves at a current
density of 2 A g* of the MoS2/PANI and PANI
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Fig. S11 a) Nyquist plot and b) equivalent circuit of MoS2, PANI and MoS2/PANI.
The Rs and Rct are internal resistance and charge transfer impedance, respectively

The electrochemical reaction kinetics of MoS2, PANI and MoS,/PANI were studied by
electrical impedance spectroscopy (EIS). The resistance obtained from the equivalent
circuit fit values is shown in Table S2. It is obvious that the PANI electrode shows the
lowest intercept on the x-axis (internal resistance, Rs) and the smallest semicircle
(charge transfer impedance, Rct). The Rs denoting equivalent series resistance and Rct
denoting charge transfer resistance. In addition, the Rs and Rct of MoS2/PANI are a
medium value. These results can be understood by the facts that the proper coating of
conductive PANI of MoS: can effectively increase the electrical conductivity and
enhance electrochemical reaction kinetics.
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Fig. S12 a) CV curves at a scan rate of 1.0 mV s™! and b) GCD curves at a current
density of 2.0 A g of the MoS2/PANI cathodes with different amount of PANI

Fig. S13 SEM image of MoS2/PANI with a) less and b) more amount of PANI
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Fig. S14 TEM image of MoS2/PANI with a, b) less and ¢, d) more amount of PANI.
MoS./PANI with too little PANI still showed large and dense nanoflowers and
MoS2/PANI with too much PANI has an excess of PANI, which results in poor
electrochemical performance.

(a) (b)

~14 14
43/ —0.50A g’ g

o 12 o W

Sy " 2 N

Q10 2004 ¢" S 1.0

S —3.00Ag" N

Z£08 —400A g g 0.8f

2 0.6 —s0ag! [0 g6

@ —10.00 A g’ <

e00.4 2,04

P~ =

= 3
>° 0.2 3 0.2
0.0 . . ~00l— . : . + . »
.50 . 100 150 0 S0 100 150 200 250 300 350
Specific capacity (mAh g™) Specific capacity (mAh g™)

Fig. S15 The GCD curves of a) PANI and b) MoS: at current densities from 0.50 to
10.0A g
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Fig. S16 GCD curves of MoS2/PANI cathodes with different amount of PANI: a) less
and b) more at current densities from 0.50 to 10.0 A g’!
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Fig. S17 The specific capacities comparison at different current density

(b)

g

—
=]
S

e

@ Discharge

0.50
R T

93390 549
%2200 3.00
P0320 400 500
933399909
10.00
LEXEN

0.50
9%,

Unit: A g

0 50 100
Specific capacity (mAh g™)

150

200

Specific capacity mAh g™

0 10 20 30 40
Cycle Number (n)

Fig. S18 GCD curves and rate capability of MoS, (0.2-1.4 V)

Fig. S19 The SEM image of a) original and b) after cycles charged to 1.40 V of

MoS,/PANI cathodes
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Fig. S21 The MoS; and MoS,/PANI proportion of pseudocapacitance
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Fig. S22 a) GITT and b) Dz, of MoS; cathode
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Fig. S23 DFT calculation of the diffusion path and migration barrier of Zn>" in MoS:
and MoS,/PANI

The migration of zinc ions in MoS: layer is generally along the ab side from one
octahedral (O) position to another octahedral position. Under normal circumstances,
the layer spacing in MoS> is 0.620 nm. At this time, the migration barrier of zinc ions
in the whole process will be large, 0.99 eV, due to the small layer spacing of MoS,.
Such A large barrier is not conducive to the rapid migration of zinc ions. When MoS:
and PANI are combined, the layer spacing of MoS2/PANI is enlarged to 0.682 nm, and
the migration barrier of zinc ions is reduced to 0.39 eV. The large layer spacing greatly
reduces the barrier of zinc ion migration and improves the conductivity of the electrode
material. The Figure shows the diffusion path of Zn** and its migration barrier in MoS..
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Figure S24a shows the excellent rate capability of MoS2/PANI cathode in N2 (the

specific capacity at 0.50, 1.00, 2.00, 3.00, 4.00, 5.00 and 10.00 A g! are 304.98, 272.56,
233.23, 197.78, 163.48, 159.43 and 104.44 mAh g, respectively). In addition, the

MoS2/PANI cathode has higher cycle life and poorer specific capacity in N2 due to air

recharging capability.
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Fig. S25 The cycling performance of MoS2/PANI cathode compare with those of the
previously reported MoS: cathodes for ZIBs
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Fig. S26 The specific capacity and interlayer spacing of recent reported MoS;-based
cathodes and MoS»/PANI cathodes at a current density of 0.50 A g’!
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Fig. S27 a) PH Photo of 2.0 M Zn(CF3S03)2; b) CV curve at 1.00 mV s and ¢) the
specific capacity at a current density of 0.50 A g”! of MoS2/PANI cathodes in
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Fig. S28 The a) XRD pattern and b) HTEM image of MoS» cathodes after fully
discharged
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Fig. S29 STEM elemental mapping image of MoS: cathodes after fully discharged
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Fig. S30 F 1s XPS spectrum of pristine, fully discharged and charged states of a)
original MoS; and b) MoS,/PANI cathode
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Fig. S31 O 1s XPS spectrum of pristine, fully discharged and charged states of a)
original MoS; and b) MoS,/PANI cathode
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Fig. S33 The STEM elemental mapping image of Zno gs-xMo/P after immersed in 2 M
Zn(CF3S03). for 24.0 h with Air

Fig. S34 STEM elemental mapping image of Zno.ss-xMo/P after immersed in 2 M
Zn(CF3S03), for 24.0 h with N2
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Fig. S35 STEM elemental mapping image of Znx+y(CF3SO3)2y(OH)2x (with a little
MoS»)

The content of F element on the surface of Zno ss.xMo/P electrode in the presence of air
is much higher than that in the presence of N2, which is attributed to the formation of
Znx+y(CF3S03)2y(OH)2x. In addition, the Znx+y(CF3S03)2y(OH)2x was observed in the
presence of air (Fig. S34). These evidences prove that O> and H,O combine to form
OH" when ZnossxMo/P is air recharging. Then the generated OH- and extracted Zn?"
combine with the adsorbed electrolyte ions (Zn*" and CF3S03%) to form an amorphous
trifluoride containing the layered dihydroxide Znx+y(CF3SO3)2y(OH)2x.
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Fig. S36 The energy and power density plot based the mass of the two electrodes

S16 /S19


https://springer.com/40820

Nano-Micro Letters

Zn: PDF#04-0831

Intensity(a.u.)

P |
103
110
).

3

20 80

40 60
20 (degree)

Fig. S37 a) XRD pattern and b) SEM image of zinc nanoflakes

Table S1 XPS fitting results of Mo 3d in original MoS; and MoS»/PANI cathodes peaks
at different reaction potentials

Sample Status ~ Mo®" (%) 2H (%) 1T (%)
original MoS,  5.00 29.18 65.82
MoS,/PANI 4.39 22.87 72.74
Charged 6.59 23.86 69.55
Discharged 15.48 18.78 65.74
4.0h 10.60 20.73 68.67
24.0h 8.81 21.92 69.27

The embedding of a small amount of PANI is the main reason for the phase transition.

Table S2 Rs and Rct of MoSz, PANI and MoS,/PANI fitting from the EIS spectra

Materials Rs (Q) Rct (Q)
MoS, 10.241 41.442
PANI 9.922 15.312
MoS»/PANI 9.938 28.112

Table S3 Comparison of the Zn*" diffusion coefficient of MoS2/PANI cathodes with
manganese and vanadium-based oxides in the aqueous systems

Cathode Material Dzn References
Layered MnO, 101210 cm? 5! [S9]

Al-ion modified V205-1.6H,0  101-1013 cm? 57! [S10]
V20s 10°-10" cm? 57! [S11]
MnO»MnO@C ~10710-10"" ¢m? 7! [S12]
MoS; 10-11-10"12 cm? 57! This Work
MoS,/PANI 10” to 10" cm? 57! This Work
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Table S4 ICP analyses of discharged and charged MoS»/PANI cathode

Material chemical element Concentration Molar ratio
(mg/L) (Zn/Mo)
) Mo 6.543
discharged MoS,/PANI 0.8474
Zn 3.754
Mo 6.053
charged MoS,/PANI 0.0237
7n 0.097
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