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Experimental section

Chemicals: graphite (325 mesh, Aladdin, 99.95 %), sodium citrate dihydrate (Aladdin, 99 %),
Zn powder (Shanghai Tianxiang Nanomaterials Co., Ltd.), ZnSO4 7H,0 (Aladdin, 99.9 %), 1-
Vinylimidazole (Macklin, 99%), bromoacetic acid (Aladdin, 98%), acetone (Aladdin), diethyl
ether (DAMAO), ethanol (Aladdin), 1-Methyl-2-pyrrolidinone (NMP, Aladdin, 99.9 %),
polyvinylidene fluoride (PVDF, Aladdin), deionized water.

Preparation of PG: PG was made by organic salt-assisted ultrasonic nondestructive exfoliation
of graphite under organic solvents as previously reported.'-? It is generally done by mixing 3 g
of natural graphite and 9 g of sodium citrate with 100 mL of ethanol, and then sonicating the
solid/liquid mixture for 3 h. The sonicated mixture was placed overnight, then the upper liquid
layer was gathered, vacuum filtered, and washed with deionized water to obtain a PG filter
cake.

Preparation of Zn powder/PG: To prepare Zn powder/PG, 180 mg of Zn powder and 30 mg
of PG were added to a mortar and ground and mixed well. Then the mixture was transferred to
a 3 ml slurry bottle, and 300uL NMP was added and stirred overnight to obtain a viscous
mixture. The mixture was coated on a copper mesh (12 mm diameter) and dried overnight in a
vacuum oven at 80°C. Finally, the dried zinc powder/PG on the copper mesh was pressurized
at 10 MPa to obtain a usable zinc powder/PG electrode slice. The mass loading of Zn powder
in anodes was about 7~8 mg cm 2.

Preparation of CAVImBr: 1-Vinylimidazole (10.0 g, 0.106 mol) and bromoacetic acid (14.7
g, 0.106 mol) were added to 70.0 mL of acetone as a mixture in a 100 mL flask. The mixture
was stirred at room temperature for 24 h. The mixture was filtered off, washed with diethyl
ether, and finally dried under vacuum at room temperature.

Preparation of rGO hydrogel: rGO hydrogel is obtained via the hydrothermal method.? A

series of 0.5 mL of graphene oxide dispersion (4.0 mg mL-') was added in bottle glass (3mL in



size) and then sealed in a 25 mL Teflon lined stainless steel autoclave and then thermal
treatment at 180 °C for 2.5 h. After cooling naturally, the product was washed with water.
Preparation of NH,V,0,¢: 1.170 g of NH,VO; was dissolved in 40 mL of 80 °C deionized
water to form a light yellow solution. After that, 1.891 g of H,C,04:2H,0 solid powder was
added to the solution under magnetic stirring until it turned blackish green. The solution was
transferred to a 50 ml autoclave and kept in an oven at 140 °C for 48 hours. After natural cooling
of the sample to room temperature, the product was collected and washed repeatedly with
deionized water. The final product was dried at 60 °C for 12 h to obtain NH;V,4Oy.
Preparation of electrolytes: The electrolytes were prepared by mixing 2M ZnSO,4 with 1.20M,
1.25M, 1.30M CAVImBr and deionized water in the air. The dosages of electrolyte in a coin
cell are 120 pL.

Characterizations:

The morphology characterizations were measured by electron microscope (SEM, Hitachi
S-3400N, Japan). XRD patterns were carried out by Rigaku MiniFlex600 powder X-ray
diffractometer with Cu Ko radiation (PXRD, Rigaku MiniFlex600, Japan). The Raman spectra
were obtained by using a Raman spectrometer (LabRAM HR Evolution, France). The ionic
conductivity of electrolytes was measured by a Conductivity meter (DDS-308A, China). The
contact angle of electrolytes was measured by the Contact Angle Analyzer (OCA100,
Germany). AFM height images were measured by Scanning Probe Microscope (Dimension
FastScan, USA). 'H-NMR spectrum was measured by Superconducting Fourier nuclear
magnetic resonance apparatus (AVANCE III 400 MHz, SH). The X-ray photoelectron
spectroscopy (XPS) analysis was carried out by Escalab 250 Xi X-ray photoelectron

spectrometer (Thermo Fisher).

Electrochemical measurements:



The electrochemical performances of Zn powder/PG composites were evaluated with a
CR2032 coin cell. Glass fiber filter paper (675um, Whatman GF/D) was used as the separator.
The galvanostatic plating/stripping curves of Zn were performed on a NEWARE battery testing
system conducted at different current densities with a series of areal capacities. Tafel plots were
measured in the three-electrode electrochemical cell on Gamry electrochemical workstation.
Liner sweep voltammetry (LSV) and cyclic voltammetry (CV) were assembled into coin cells
for testing on Gamry electrochemical workstation with a scanning rate of ImV s
Electrochemical impedance spectroscopy (EIS) measurements are recorded on an

electrochemical workstation in the frequency range from 100 kHz to 0.01Hz.

For NH4V,40,/|Zn powder/PG full cells, to prepare the NH,V 40, cathode, the NH,;V 40,
carbon black and PVDF binder were mixed in a weight ratio of 7:2:1 with NMP as solvent to
form a homogeneous slurry. This slurry was then uniformly spread onto carbon paper, and then
dried at 80°C in a vacuum oven for a whole night. The mass loading of active material in
cathodes was about 3~4 mg cm 2. The coin cells were assembled in the atmosphere at room
temperature. The cells were galvanostatically charged and discharged between 0.3 and 1.3 V
versus Zn**/Zn on a Neware battery tester. The specific capacities were calculated based on the

mass of NH4V40o.

For PANI||Zn powder/PG full cells, the commercial PANI, carbon black and PVDF binder
were mixed in a weight ratio of 5:4:1 with NMP as solvent to form a homogeneous slurry. This
slurry was then uniformly spread onto carbon paper, and then dried at 80°C in a vacuum oven
for a whole night. The mass loading of active material in cathodes was about 1~2 mg cm™2.
The coin cells were assembled in the atmosphere at room temperature and filter paper was used
as a separator. The cells were galvanostatically charged and discharged between 0.5 and 1.6 V
versus Zn**/Zn on a Neware battery tester. The specific capacities were calculated based on the

mass of PANI.



Electrochemical performances of Zinc-ion capacitors (ZICs) were tested using two-
electrode cells. Assembly of the two-electrode cells was similar to the reported method for the
capacitor (Scheme S1).%3 Zn powder/PG as negative electrodes, and rGO-loaded carbon paper
with 1 mg solid materials served as positive electrodes. Filter paper as the separator, and 107
pL electrolyte was used. Galvanostatic charging/discharging (GCD), and open circuit potential-

time curve were performed by an electrochemical workstation (DyneChem).

| Plastic sheet |

Current collector
Positive electrode ;o

Negative electrode _
Current collector

| Plastic sheet |

Scheme S1 Schematic illustration of a ZIC cell

The specific gravimetric capacitance (Cg, F g!) of rGO was calculated using GCD curves

by the following formula:

C,=1x At/ (m x AU)

where I is the current density, At is the discharging time, m is the mass loading of rGO,

and AU is the voltage difference of the discharge curve.

Theoretical computational details

The binding energy calculations were performed using the Gaussian 16 package. And the
structures of the molecules were optimized at the B3LYP/6-311G(d) level for H, O, and Br
elements and B3LYP/SDD level for Zn. The binding energy (Eb) between Zn ions and H,O

solvent or Br ions is defined as follows:



E,=E E E

complex ~ ™ cation ~ ~solvent/anion

E E

where “complex is the total energy of cation-solvent/anion complex, “cation is the energy of

a cation, Fsotvent/anion is the energy of a solvent or anion.

The adsorption energies in this work were performed in the framework of the density
functional theory (DFT) with the projector augmented plane-wave method, as implemented in
the Vienna ab initio simulation package (VASP).% 7 The generalized gradient approximation
proposed by Perdew-Burke-Ernzerhof (PBE), is selected for the exchange-correlation
potential.® The cut-off energy for a plane wave is set to 400 eV. The energy criterion is set to
10 eV in the iterative solution of the Kohn-Sham equation. All the structures are relaxed until
the residual forces on the atoms have declined to less than 0.02 eV/A. The adsorbed energy
between the Zn slab and H,O/CAVIm™ solvent or Br ions were defined as the following
equation:

Ewi=Ezn_siap+ solvent/anion ~ Ezn - siab— Esolvent/anion

Where £zn - siab + solvent/anion is the total energy of Zn-slab with absorbed solvent or anion,

Ezn—siab is the energy of a free Zn-slab, Esotvent is the energy of a solvent.
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Figure S1 Severe polarization of Zn powder/PG electrodes symmetric cells in ZnSO4

electrolyte at ImA c¢cm2 with a capacity of ImAh cm™.
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Figure S2

'H-NMR spectrum of 1-carboxymethyl-3-vinylimidazolium bromide.
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Figure S3 The Chronoamperograms of Zn powder/PG symmetric cells in ZnSO, electrolyte
with and without CAVImBr at 10 mV.
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Figure S4 Electrochemical windows of ZnSQOy, electrolyte with and without CAVImBr.
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Figure S5 Cycling performance of Zn powder/PG electrodes symmetric cells in ZnSO4

electrolyte with 1.20M and 1.30 M CAVImBr at ImA cm with a capacity of ImAh cm=.
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Figure S6 Cycling performance of Zn powder/PG electrodes symmetric cells in ZnSO4

electrolyte with and without CAVImBr at 10 mA ¢m with a capacity of 1 mAh cm™.
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Figure S7 Cycling performance of Zn powder/PG electrodes symmetric cells in ZnSO,
electrolyte with and without CAVImBr at 2 mA cm? with a capacity of 5 mAh cm

(DOD=86%).
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Figure S8 Top view SEM images of pristine Zn powder/PG electrodes.
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Figure S9 Top view SEM images of Zn powder/PG electrodes symmetrical cells after 20

cycles in ZnSOy electrolyte (a) without CAVImBTr and (b) with CAVImBr (3 mA cm™2, 3

mAh cm ).

15



a 300 b 300

with CAVImBr 1 cycle without CAVImBr 1 cycle

250 + with CAVImBr 50 cycles 250 + without CAVImBTr 50 cycles
€ 200} R1 R2 € 200 s .
-g CPE1 -g
= 1501 K;ﬁ——l = 150+ C;P;H
N N

100 | 100 |

50 - 50 -
0 1 1 1 1 1 0 1 1 1 1 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Z' (ohm) Z' (ohm)

Figure S10 Nyquist plots of Zn powder/PG electrodes symmetrical cells after 1 and 50 cycles
in ZnSQy electrolyte (a) with CAVImBr and (b) without CAVImBr (1 mA cm™ 2, 1 mAh cm™

2). The inset is the equivalent circuit of EIS.
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Figure S11 The binding energy of Zn?>* with H,O molecules and Br".
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Figure S12 FTIR spectra of O-H (a) and -SO4* (b) stretching vibration range with different

concentrations of CAVImBr added in the 2M ZnSO, electrolytes.
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Figure S13 The adsorption energy of CAVIm* on the Zn (101) plane.
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Figure S14 The adsorption energy of H,O molecules and Br™ on the Zn (101) plane.
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Figure S15 The digital image of rGO hydrogel prepared by hydrothermal method.
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Figure S16 GCD curves at the current density of 5A g! for ZIC devices in ZnSO, electrolyte

with and without CAVImBr.
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Figure S17 GCD curves at the current density of 7 A g”! for ZIC devices in ZnSO;, electrolyte

with and without CAVImBr.
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Figure S18 XRD pattern of the as-prepared NH,V40.
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Figure S19 Comparison of cycling performances of NH;V40¢||Zn powder/PG full cells with

and without CAVImBr added in the 2M ZnSO, electrolytes at a rate of 0.5 A g-!.
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27



o]
o

——with CAVImBr 120]
16} —— wiithout CAVImBr

- 1004 g
> g [ g
% 12k 05Ag-T g o] Wso el
8 = ] =
S ‘? 404 — with CAVImBr Q2
3 o a0 £
os} 8 2] B
=
", 05Ag-1 20 &

0_4 AL L i L L i L L L L L 1 D

0 20 40 60 80 0 10 20 30 40 50 60
Capacity (mAhg™) Cycle number

Figure S21 (a) Galvanostatic charge/discharge curves of PANI||Zn powder/PG batteries with
and without CAVImBr added in the 2M ZnSO, electrolytes at a rate of 0.5 A g!, and (b)
corresponding cycling performance of PANI||Zn powder/PG full cell.
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Table S1 Comparison of electrochemical performances of this work with previously reported
symmetric Zn-based cells.

Current density,

Z;;E?jizd Electrolyte Capacity L(llfliiia;n ]%8 g) Ref.
(mA cm2, mAh cm2) °
Ti}CQTX
MXene@Zn 2 M ZnSO, 1-0.5 200 - 0]
Powder
I-1 400 0
Zn powder/PG 2 M ZnSO, 5.0.5 360 15 [10]
0.25-0.05 1270
1-1 400
Zn-P-MIEC 2 M ZnSOq, 2-2 220 - [t
5-2 180
10-1 100
Zn powder I M Zn(TESI), 0.2-0.068 170 - 02

+20 M LiTFSI

30 mol.% H20 in a
Zn foil eutectic mixture of 0.02-0.2 450 ~1.8 [13]
urea/LiTESI/Zn(TFSI),

0.5M ZH(CngO3)2
Zn plate in triethyl phosphate: 1-1 200 ~0.7 14l
H,O (7:3)
I-1 1100 .
2 M ZnSO4t+ This
Zn powder/PG 1.25 M CAVImBr 150-_11 ﬁtg 17 work
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