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Abstract

The unstable zinc (Zn)/electrolyte interfaces formed by undesired dendrites and parasitic side reactions greatly
hinder the development of aqueous zinc ion batteries. Herein, the hydroxy-rich sorbitol was used as an additive to
reshape the solvation structure and modulate the interface chemistry. The strong interactions among sorbitol and both
water molecules and Zn electrode can reduce the free water activity, optimize the solvation shell of water and Zn*"
ions, and regulate the formation of local water (H,O)-poor environment on the surface of Zn electrode, which
effectively inhibit the decomposition of water molecules, and thus, achieve the thermodynamically stable and highly
reversible Zn electrochemistry. As a result, the assembled Zn/Zn symmetric cells with the sorbitol additive realized an
excellent cycling life of 2000 h at 1 mA-cm 2 and 1 mAh-cm™2, and over 250 h at 5 mA-cm 2 and 5 mAh-cm 2.
Moreover, the Zn/Cu asymmetric cells with the sorbitol additive achieved a high Coulombic efficiency of 99.6%,
obtaining a better performance than that with a pure 2 mol-L ™" ZnSO, electrolyte. And the constructed Zn/poly1, 5-
naphthalenediamine (PNDA) batteries could be stably discharged for 2300 cycles at 1 A-g " with an excellent capacity
retention rate. This result indicates that the addition of 1 mol-L™' non-toxic sorbitol into a conventional ZnSO,
electrolyte can successfully protect the Zn anode interface by improving the electrochemical properties of Zn
reversible deposition/decomposition, which greatly promotes its cycle performance, providing a new approach in
future development of high performance aqueous Zn ion batteries.
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1. Introduction

Electrochemical energy storage technology has
irreplaceable social value in the low-carbon tran-
sition process of replacing traditional fossil fuels
with new energy [1]. Lithium ion batteries have
such advantages as high specific energy density
and high energy efficiency [2], however, the po-
tential risks to safety, limited resources, high ex-
penses, and other problems are still being given

more consideration [3,4]. Aqueous zinc ion batte-
ries (AZIBs) have attracted great attention due to
their excellent safety, cost-effectiveness, and envi-
ronmental friendliness, and are considered one of
the promising candidates for large-scale energy
storage. Despite these advantages, AZIBs still suffer
from various unfavorable bottlenecks such as
dendrite growth, corrosion, hydrogen evolution
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reaction (HER) and by-products, which hamper the
large-scale implementation of AZIBs. Due to the
thermodynamic limitation, the equilibrium poten-
tial of H,O/H; is higher than that of Zn*"/Zn in the
entire pH range, indicating the spontaneous
hydrogen gas evolution and corrosion on the anode
surface [5,6]. Subsequently, in the ZnSO, electro-
lyte, the elevation of the pH value of electrolytes
and the residual OH™ ions will aggravate the for-
mation of by-products (Zn,;SO4(OH)s-xH,0), with
randomly accumulating on the Zn surface, which
impedes ion/electron diffusion and negatively af-
fects the Zn reversibility, and this strongly bound
zincate complex will further promote the formation
of zinc dendrites [7]. It is widely acknowledged that
the aqueous electrolyte contains two types of water
molecules: free water molecules and solvated water
molecules [8]. Furthermore, Zn?" ions tend to form
a close ion pair with free water molecules during
the electrodeposition process [9], which produces a
great deal of active water molecules in the anode/
electrolyte interface, thus leading to various side
reactions [10]. Therefore, inhibition of dendritic and
parasitic reactions is necessary to improve the
reversibility of zinc anodes by regulating the sol-
vation shell structures around zinc ions and
designing suitable interface layers [11].

The electrolyte is one of the most important
components in Zn-based energy storage devices
due to the bridge function of connecting the cathode
and anode while providing a pathway for Zn ions
migration [12]. Recent studies on electrolytes opti-
mization, including the incorporation of co-solvents
to form aqueous eutectics [13,14], application of salt-
concentrated electrolytes [15], construction of arti-
ficial protective layers [16,17], have been explored,
despite this, their expensive price tag, large viscos-
ity, and other characteristics impede their further
development. Developing cost-effective electrolyte
formulations with decreased water activity but
excellent stability and ion transport could poten-
tially enhance the effectiveness and durability of
zinc anode in aqueous AZIBs. The introduction of
appropriate molecular additives with strong
complexation with Zn*" in electrolyte systems
should be an effective and low-cost solution that can
destroy the original Zn*" solvation structure [18].
Furthermore, comprehending the intricate chemi-
cal interactions between the additive and the bulk
electrolyte or zinc anode surface, as well as its po-
tential to improve solvation structure, inhibit free
water activity, and regulate interfacial behavior to
mitigate interfacial side reactions [19], is an
exceedingly promising field.

We hereby propose an eco-friendly sorbitol
(C6H1406, SOR) electrolyte addictive system. Zinc

sulfate (Zn(SO,4), 2 mol-L™) was employed as the
primary electrolyte (ZSO), with the sorbitol content
(x) ranging from 0.5 mol-L ™" to 13 mol-L ™, a series
of the ZSO-SOR-x mol-L™ " electrolytes were pre-
pared to simultaneously enhance Zn stripping/
plating reversibility. The molecular dynamics sim-
ulations show that sorbitol had a good performance
in regulating the solvation structure, and achieved
better performance in inhibiting the growth of Zn
dendrites and various side reactions. Simulta-
neously, SOR has a strong attraction to both H,O
molecules and Zn electrodes, with a high concen-
tration of hydroxyl groups, creating an intermolec-
ular hydrogen bond with water molecules, thus
decreasing the activity of the water molecules that
are bound, and changing the environment for Zn
deposition. It is also found that the wettability and
anti-corrosion capability of Zn anode were
improved with the uniformed distribution of Zn*"
ions, as well as the two-dimensional (2D) diffusion is
limited and the dendrite growth is inhibited.
Accordingly, the Zn/Zn symmetric cell exhibited
exceptional cyclability over 2000 h under 1mA - cm 2
and 1 mAh-cm 2, and the full battery achieved an
extended cycle life of 2300 cycles when coupled with
poly1,5-naphthalenediamine (PNDA) at 1 A-g .
More importantly, this additive electrolyte strategy
outperforms the others the projected cost, providing
a viable solution for application-oriented AZIBs.

2. Experimental section

ZnSQ,-7H,0 (Sigma Aldrich) was dissolved in
deionized water to prepare 2 mol-L™' ZnSO,
electrolyte (ZSO) as the baseline electrolyte. Stoi-
chiometric amounts of sorbitol (0.45 g, 0.91 g,
1.82 g, 273 g, 3.64 g, 455 g 637 g 9.1 g 11.83 g)
were dissolved into 5 mL 2 mol-L™! ZnSO, elec-
trolyte to formulate ZSO-SOR-0.5, 1, 2, 3, 4, 5, 7, 10,
13 M electrolytes, respectively.

To prepare polyl, 5-naphthalenediamine (PNDA)
cathode, 6.8 mmol 1, 5-naphthalenediamine was
dissolved in 100 mL 0.1 mol-L ! HC], and violently
stirred in an ice water bath, then 10 mmol K,5,054
was added to the mixed solution in a small amount
for several times, and the reaction was carried out
in an ice water bath for 24 h. The filtered products
were washed with deionized water, DMF and
ethanol successively. The product was then dried
under a vacuum at 60 °C for 24 h.

The PNDA electrodes were prepared by mixing
the as-prepared PNDA powers, Ketjen black (KB),
and polytetrafluoroethylene (PTFE) with the
weight ratio of 7:2:1. The mixture was compressed
into slices and cut into wafers with a diameter of
8 mm, then the wafers were pressed onto stainless
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steels mesh (® 12 mm) and dried at 80 °C for 12 h
under a vacuum. The coin cells were assembled in
an air, using zinc metal (0.05 mm, ¢ 12 mm) as the
anode, ZSO-SOR-1 M as the electrolyte, and glass
fiber (¢ 16 mm) as the separator. The electro-
chemical performances of these cells were evalu-
ated in the voltage range of 0.2—1.8 V versus Zn>"/
Zn with a LAND multichannel battery test system.

Chronoamperometric (CA) curves were obtained
from an electrochemical workstation (CHI660B) at
a fixed overpotential of —150 mV in Zn symmetric
cells. Electrochemical impedance spectroscopic
(EIS) data were measured over the frequency
range of 10 kHz to 1 Hz. The hydrogen evolution
reaction behaviors were recorded using linear
sweep voltammetry (LSV) at a sweep rate of
1 mV-s', Cyclic voltammetry (CV) was used to
test Zn/PNDA full cells at a scan rate of 10 mV-s™ .

Proton magnetic resonances (*H NMR) were
conducted on a Bruker Avance III 400 MHz.
Fourier Transform Infrared Spectroscopic (FTIR)
curve was recorded with a Bruker 46 TENSOR II
X-ray diffraction (XRD) tests were performed on a
SmartLab 9 kW with Cu Ko radiation and the
diffraction data were collected at a step mode over
the angular range of 5°—80°. The microstructure
and morphology were observed by field-emission
scanning electron microscope (FE-SEM, JSM-
7900F) equipped with energy dispersive spectro-
scope (EDS) for elemental analysis.

3. Theory calculations

The binding energy (E,) between two compo-
nents is performed by the Vienna Ab-initio Simu-
lation Package (VASP), and the exchange-
correlation energy is approximately described by
the Perdew-Burke-Ernzerhof (PBE) functional
based on the generalized gradient approximation
(GGA). In all calculations, a cut-off energy with the
value of 550 eV is used for the plane wave basis,
and the convergence criteria for the ionic relaxa-
tion and the electronic self-consistent calculation
are set to —0.05 eV/A and 107° eV, respectively.
The anions are modeled by adding electrons to the
system. The Zn (0001) surface is modeled by a
three-layer 8 x 4 surface supercell (32 Zn atoms
per layer), and a vacuum region of 20 A is set to
avoid undesirable interactions arising from period
boundary conditions. The adsorption energies
(E.gs) are calculated as E,qs = E.gq/sub-Ead-Esubs
where E.4/sup, Eaq and Egy, are the optimized
adsorbate/substrate system, the adsorbate in the
structure and the clean substrate, respectively.

Density functional theory (DFT) calculations, and
the HOMO (Highest occupied molecular orbital)
and LUMO (Lowest unoccupied molecular orbital)

orbitals are performed by using the Gaussian 16
program 3, which the Gaussian format checkpoint
file is used as the input file. Geometry optimization
and frequency analyses are performed using the
SMD solvation model of water. C, H, O, use B3LYP
functional and 6-31+G (d, p) basis set.

The partial charge and parametric information
(bond parameters, angle parameters and the
dihedral angles and so on) of sorbitol molecule is
calculated using Automated Topology Builder
(ATB), and Repository and the GROMOS 54A7
force field are applied [20]. The 36 Zn*" ions, 36
SO2~ ions, 18 sorbitol molecules and 1000 water
molecules are randomly inserted into a cube box
with a side length of 8.00 nm. The molecular dy-
namics (MD) simulation for the interaction among
the Zn®" ions, SO~ ions, sorbitol and water mol-
ecules are performed in the GROMACS 2019
software package [21].

After 10 ns of MD simulations, we extracted the
data to analyze the radial distribution function
(RDF) and coordination number (CN) between
Zn*" ions and SO3 ™ ions, and O atom in water and
sorbitol. The form of hydrogen bonding in this
system is explored. The numbers of hydrogen
bonds among sorbitol molecules and water mole-
cules, water molecules and water molecules and
whole system are calculated.

4. Results and discussion

In order to investigate the effect of SOR on the
electrochemical performance of hybrid electro-
lytes, a series of theoretical calculations and spec-
troscopic analyses were combined for better
understanding. Molecular dynamics (MD) simu-
lations of the solvated structure of Zn®' in
2 mol-L™! ZnSO, and ZSO-SOR-1 M are first
performed, where Zn®>" is surrounded by a sol-
vated sheath of H,O and SO? ™ in the ZnSO, sys-
tem (Fig. la), the original solvation shell is
composed of H,O and SO2Z™ in a ratio of 4.7:1.3.
However, when sorbitol molecules enter the sol-
vation sheath of Zn*" in the ZnSO, system (Fig. 1a
right), the average coordination numbers of Zn*"-
H,O, Zn*"-SO5 and Zn?*"-SOR are =4.35, =1.24
and =0.41, respectively. This indicates that SOR
enters the first solvation shell of Zn*" by displacing
H,O molecules. Then the diffusion rates of Zn>" in
these electrolytes are calculated, which can be
qualitatively evaluated by the mean-squared
displacement (MSD) as a function of time (Fig. 1b),
indicating that the Zn>" diffusion rate is inversely
proportional to SOR concentration. The addition of
sorbitol can effectively modify the solvation struc-
ture, as demonstrated by this section of the calcu-
lation. As the concentration rises, the proportion of
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Fig. 1. (a) The average coordination numbers of Zn-H,0, Zn-SO5~ and Zn-SOR collected from MD simulations in ZSO and ZSO-SOR-1 M
electrolytes. Electrolyte addition at different concentrations of SOR: (b) MSD plots, (c) FTIR spectra, (d) "H NMR spectra, (¢) Raman spectra.

combined water molecules decreases continuously
(Figure S1), however, the diffusion rate of Zn*" will
gradually decrease, thus affecting the overall per-
formance of the battery. Fourier Transform
Infrared spectroscopy (FTIR), Raman spectroscopy,
and Nuclear Magnetic Resonance (NMR) were
employed to explore the influence of ZSO-SOR-x
M electrolyte systems. The FTIR spectrum in-
dicates an unignorable blue shift in the OH
stretching vibration at 3000—3500 cm ' and a slight
blue shift in the bending vibration of H,O at
1600—1700 cm™ ' as the SOR content increases
(Fig. 1c), implying hydrogen bonds (HB) between
SOR and H,O. Also, the OH stretching band
(3200—3400 cm™Y) of H,O in the Raman spectra
shifts to higher wavenumbers with the increasing
SOR content (Fig. 1le), verifying the HB of SOR-
H,O. Meanwhile, in the 'TH NMR spectra (Fig. 1d),
the chemical shift of 'H from H,O in the hybrid
electrolytes continually decreases, and moves to
higher field, as the SOR content increases, indi-
cating higher electron cloud density of 'H from
H,O [22], which may be attributed to the hydrogen
bond interaction between the O atoms in SOR and
the H atoms in H,O. The collective spectral find-
ings suggest that sorbitol has the ability to estab-
lish a hydrogen bond network with water
molecules, resulting in the disruption of the
hydrogen bond network among water molecules,
inhibiting the activity of water molecules [23],
augmenting the energy requirement for electro-
chemical water decomposition [24], thus,

suppressing side reactions on the zinc anode, and
enhancing the efficiency of AZIBs.

Coulombic efficiency (CE) is a key parameter for
evaluating Zn reversibility. In the asymmetric Zn/
Ti cell, the CE dropped to zero after 19 cycles in the
ZSO electrolyte. Nevertheless, it demonstrates
higher CE (average 97% after the stability test) and
longer cycle life (250 cycles) in ZSO-SOR-1 M
electrolyte (Figure S2). When the concentration of
sorbitol increased to 2 mol-L7}, the CE of Zn/Ti
asymmetric cell began to decline. This may be
caused by the slower Zn*' transport with
increasing concentration, which also corresponds
to the calculation results of MSD in the previous
article. Meanwhile, we measured their ion con-
ductivity (Fig. 2b) through electrochemical
impedance spectroscopy (EIS) (Figure S3), and
found that the ion conductivity of the electrolyte
gradually decreased as the SOR content increased,
when the SOR concentration was 1 mol-L™}, the
ionic conductivity of the electrolyte maintained
321 mS-cm™'. However, the conductivity
continued to decrease as the concentration
increased, when the concentration of the sorbitol
rose to 2 mol-L ™7, its ionic conductivity decreased
to 19.9 mS-cm ™', The low ionic conductivity leads
to the low internal mass transfer rate of the elec-
trolyte, which aggravates the concentration polar-
ization of the electrode surface. When the
concentration is too high, the wettability between
the electrolyte and the zinc anode will also become
worse, and the uneven electric field will affect the
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Fig. 2. (a) CEs of the Zn/Cu asymmetric cells tested with a current density of 1 mA-cm ™2 and a cut off charging voltage of 0.5 V. (b) Schematic
representation of the conductivity at different SOR concentrations. Long-term galvanostatic Zn stripping/plating in the Zn/Zn symmetric cells
under (c) 1 mA-cm™2, 1 mAh-cm™? and (d) 5 mA-cm™2, 5 mAh-cm 2. (e) Voltage profiles and deposition-stripping curves of ZSO (left) and ZSO-
SOR-1 M (right) electrolyte Zn/Ti cells. (f) XRD patterns of the fabricated Zn layer after 100 cycles in the ZSO and ZSO-SOR-1 M electrolytes at
1 mAh-cm™? (The inset plot is a local magnification of the XRD of the two curves at 6°—14°).

uniform deposition of the zinc anode surface. To
conclude, ZSO-SOR-1 M was chosen as the focus
of further investigation. In the asymmetric Zn/Cu
cell, compared with the ZSO electrolyte, the ZSO-
SOR-1 M modified electrolyte achieved a high
average CE of 99.6% after 500 cycles under the test
condition of 1 mA-cm 2 and 1 mAh-cm 2 (Fig. 2a).
This indicates that the presence of SOR effectively
inhibits the by-products generated during the
cycle, and improves the cycle efficiency and life-
time. In addition, the deposition/stripping curve of
the asymmetric Zn/Ti cell was measured (Fig. 2e),
and it can be seen that the deposition/stripping
curves of the ZSO electrolyte were no longer stable
after 18 cycles. Moreover, the overpotential of
ZS0O-SOR-1 M was slightly larger by 0.03 V than
that of the ZSO electrolyte, which indicates that
certain adsorption behavior occurs at the anode
interface of zinc in the mixed electrolyte.

The cycling stability of the Zn electrode was
investigated in symmetric cells. Compared to the
Zn/Zn symmetric cell with ZSO electrolyte oper-
ating for 198 h, the ZSO-SOR-1 M electrolyte cell
enabled an ultralong cycle life of 2000 h at
1 mAh-cm 2 with a fixed plating/stripping time of

1 h (Fig. 2c). When further increasing the current
density to 5 mA-cm 2, the ZSO and ZSO-SOR-1 M
electrolyte cases exhibit cycle life of 100 h and 270 h
(Fig. 2d), respectively. Combined with the depos-
iting/stripping curve of the asymmetric Zn/Ti cell
(Fig. 2e), this may be related to SOR adsorption on
the plating interface (detailed in the following
section), indicating that the electrolyte added of
SOR has a better ability to regulate the changes of
the interface electric field [16]. In addition to this
concentration, we also tested the electrochemical
performance of other electrolytes added at higher
concentrations, and it can be seen that compared
with the base ZSO electrolyte, the performance of
the added group was improved to varying degrees
(Figure S4).

X-ray Powder diffractometer (XRD) testing was
conducted on zinc sheets after 100 cycles in the
electrolyte before and after modification under
1 mAh-cm ™ ? (Fig. 2f). In the electrolyte of ZSO, a
slight summit at 8.9° emerged, indicating the
presence of basic zinc sulfate, which can be
attributed to the increase of pH in the local region
due to hydrogen evolution, and the peak of by-
product was not observed on the zinc sheet after
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circulating in the ZSO-SOR-1 M electrolyte, which
also verified that the hydrogen bond formed be-
tween sorbitol and water molecules inhibited the
side reaction, thus inhibiting the electrochemical
corrosion of the zinc anode.

The electrochemical deposition process is closely
related to interfacial stability, so the studying in
interfacial adsorption behavior is necessary. The
cyclic voltammetric (CV) curve of zinc-symmetric
cell in a pure SOR solution appears no redox peak
(Figure S5), which indicates that the SOR solution
performs non-Faraday adsorption at the interface
[25]. It can be seen that the contact angle between
ZSO-SOR-1 M electrolyte and Zn anode interface
is the smallest, which shows good wettability
(Fig. 3¢). The favorable adsorption behavior of SOR
is attributed to its abundant zincophilic hydroxyl
groups, when sorbitol is adsorbed on the surface of
Zn anode, the hydroxyl groups can attract Zn ions,
and disperse the flux of Zn ions flux and inhibit the
deposition of Zn ions at the top [26], thus pro-
moting the uniform deposition of Zn ions. Density
functional theory (DFT) is used to probe the
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structure of Zn/electrolyte interface [27] (Fig. 3a),
and the corresponding adsorption configurations
are shown in Figure S6. Compared with water
molecules, the higher adsorption energies of SOR
and Zn mean that the interfacial adsorption of SOR
is better, indicating that SOR can play a role in the
isolation of water molecules through the molecular
adsorption at the interface. At the same time,
further calculations reveal that the hydroxyl ter-
minal group of SOR molecule has a higher priority
in binding with the Zn interface. The interaction
between SOR and Zn interface is thermodynami-
cally favorable, which is also supported by the
energy of the highest occupied orbital (HOMO).
The HOMO value follows SOR > H,O (Fig. 3b),
which suggests that the interaction between the
hydroxyl group of SOR adsorbed on the Zn elec-
trode with the Zn anode is more preferential [16].

Chronomperometric (CA) measurements of the
ZSO and ZSO-SOR-x M electrolytes were carried
out to investigate the electrodeposition process of
Zn electrodes [28]. When the bias voltage was
—150 mV, the current response of the base
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Fig. 3. (a) Adsorption energies with various adsorbates on the plane of Zn. (b) LUMO and HOMO iso-surface of H,O and SOR molecules. (c)
Contact angle between ZSO-SOR-x M and Zn interface. (d) Chronoamperograms of the Zn electrodes in Zn/Zn symmetric cell at an overpotential
of —150 mV. (e) The Tafel plots of Zn/Zn cell with ZSO and ZSO-SOR-1 M. (f) Linear sweep voltammetric curves of ZSO-SOR-x M. Scanning
electron microscopic observations of Zn electrodeposition process with (g) ZSO and (h) ZSO-SOR-1 M electrolyte after 5 cycles of plating, and (i)

ZS0 and ZSO-SOR-1 M electrolyte after 100 cycles of plating.
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electrolyte continued to increase, indicating that
there is a long-term 2D Zn*" ion diffusion mode
during this period (Fig. 3d). For the ZSO-SOR-1 M
electrolyte, with a stable plateau after a short cur-
rent elevation, transverse ion diffusion was signifi-
cantly inhibited, which is reflected in the slow
current growth rate and in turn inhibits the growth
of Zn dendrites, furthermore, other concentrations
of the modified electrolytes also had varying
degrees of plateau conditions. The Tafel plots of Zn/
Zn symmetric cells with the ZSO-SOR-1 M elec-
trolyte had a lower exchange current density
(0.0657 mA-cm2) than those with the ZSO elec-
trolyte (0.3561 mA-cm2), implying a considerably
enhanced suppression of corrosion kinetics (Fig. 3e)
[29]. Apart from Zn corrosion, hydrogen evolution is
also parasitic in the Zn plating/stripping process,
which was estimated by linear sweep voltammetry
(LSV) (Fig. 3f), with the increase of the concentra-
tion, the voltage range of the current response
became wider, which confirms that the addition of
sorbitol can effectively reduce the hydrogen evo-
lution of water-based electrolyte by reducing the
activity of water molecules, and the side reaction
can be effectively inhibited.

Scanning electron microscope was employed to
visualize the Zn electrodeposition process. The tip
of the Zn electrode without additives was not
uniform after five cycles of plating (Fig. 3g), and
vertical Zn dendrites and the morphology of basic
Zn sulfate, a loose side reaction product, could be
seen. In contrast, the electrode in the ZSO-SOR-1
M electrolyte showed a flat surface and compact
electrodeposition (Fig. 3h), which indicates that the
addition of SOR greatly inhibited the side reaction
and the generation of dendrites. The Zn electrode
after 100 cycles was disassembled from the sym-
metrical cells (Fig. 3i). In the ZSO electrolytes,
upright dendritic Zn dendrites were more rampant
than 5-cycle dendritic cells, with the potential to
short-circuit by penetrating the diaphragm. At the
same time, combined with the results of XRD, the
surface morphological analysis shows the serious
side reactions on the surface. Through the
expanded observation some non-dendritic areas, it
is found that the loose alkaline Zn sulfate
morphology filled the Zn anode with cracks and
pores, while Zn hydroxide sulfate, which adhered
closely to the surface of Zn crystals, may be detri-
mental to electron diffusion and the direction of
Zn deposition. Whereas the smooth surface
morphology was found for the ZSO-SOR-1 M
counterpart, supporting the above mentioned, that
is, the addition of SOR changes the solvation
structure, restructures the interfacial chemistry,
the decomposition of water molecules at the

interface is inhibited, resulting in a less alkaline
environment. The side reactions under the joint
action were better inhibited, which is consistent
with the corrosion current calculated by the pre-
viously measured Tafel curve.

Compared with inorganic materials such as
MnO, (Figure S7), due to the restriction of water
molecular activity and concentration polarization,
the H'/Zn*" coinsertion process was hindered
[30]. Organic materials have the advantages of low
cost, light weight, diverse structure and high syn-
thesis controllability, in addition to the redox active
center of organic materials is usually exposed to
the surface of the molecule and can be directly
combined with the carrier [31], and its embedding
mechanism is more compatible with our proposed
electrolyte ZSO-SOR-1 M. Therefore, the full cell
with PNDA as the cathode and fresh Zn foil as the
anode were assembled to evaluate the applicability
of this additive strategy. PNDA is a new organic
cathode material reported recently, which has high
theoretical specific capacity and good magnifica-
tion performance. As confirmed by the FTIR
(Figure S8), the characteristic peaks belonging to
C=C, C=N and C—N stretching vibrations were
observed near 1597, 1530 and 1298 cm %, respec-
tively, which are consistent with literature reports,
suggesting that the PNDA was successfully syn-
thesized [32]. The CV curve of Zn/PNDA full cell
shows redox peaks in the ZSO-SOR-1 M electro-
lyte in Fig. 4a, corresponding to the redox process
of —NH- in the charge/discharge stage, but the
specific Zn*' storage mechanism needs to be
further studied.

We have tested the performance of Zn/PNDA full
cell. As shown in Fig. 4b, compared with the ZSO
electrolyte, Zn/PNDA full cell with the ZSO-SOR-1
M electrolyte shows excellent performance. The
positive electrode material had undergone a short
activation process at the early stage of the cycle,
after the activation was completed, the specific
discharge capacity of the whole battery was stable
at about 93 mAh-g ' at a current density of 1 A-g "
(about 2.9C), and the specific discharge capacity
still reached 92.6 mAh-g ™" after 2300 cycles. At the
same time, the CE of the whole battery stabilized at
about 99.5% after activation, indicating that the Zn
anode had good cyclic reversibility in the ZSO-
SOR-1 M modified electrolyte. When the current
densities ranged 1C, 2C, 4C, 6C, 8C, 10C and 20C
(Fig. 4d), the discharge capacities of the battery
became 100 mAh-g !, 91 mAh-g ', 84 mAh-g *,
81 mAh-g!, 80 mAh-g’, 8 mAhg’,
79 mAh-g !, respectively. When the current den-
sity was 30C, the discharge capacity could still
reach 78.9 mAh-g ', and the discharge capacity of
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Fig. 4. Electrochemical performance of the Zn/PNDA full cells. (a) CV curve of the full cell. (b) Long-term cycling performance plots of the Zn/
PNDA cells at a current density of 1 A-g~" on the ZSO-SOR-1 M electrolyte. (c) Typical charge/discharge profiles of ZSO-SOR-1 M electrolyte at
various rates from 1 C to 30 C. (d) Rate performance curves of ZSO-SOR-1 M electrolyte with various current densities ranging from 1 C to 30 C.

the battery did not fluctuate greatly with the cur-
rent density. In short, the excellent electrochemical
performance of the Zn/PNDA full cell indicates that
the modified electrolyte has good compatibility
with the organic cathode material and the excellent
rate performance of the full cell, while ensuring the
high reversibility of the Zn anode.

5. Conclusions

In summary, the hydroxy-rich sorbitol was
chosen as the additive in commonly used ZnSO,
electrolyte to realize superior Zn plating/stripping
stability. The improvement mechanism of sorbitol
additive was determined by combining various
strategies including morphological characteristics,
theoretical simulation and calculations, and elec-
trochemical analytical characterization. On the
one hand, the strong interaction between sorbitol
and Zn?" made it enter the solvation shell,
reducing the proportion of bound water, and
formed an intermolecular hydrogen bond network
between sorbitol and water molecules, lowering
the activity of free water molecules, thus limiting
various side reactions to a certain extent, as also
proved by the corrosion and HER properties. On
the other hand, the good contact and adsorption
between sorbitol and the Zn anode interface also
hindered the direct contact between water mole-
cules and the Zn anode, which reduce the
decomposition of water molecules on the inter-
face, inhibit the formations of various side reac-
tion products and dendrites, and further help to
improve the stability of Zn anode. Using a ZSO-
SOR-1 M modified electrolyte, the symmetric Zn/
Zn cell achieved a long lifetime of 2000 h for the
reversible plating/stripping at 1 mAh-cm 2, and

the CE of the asymmetric Zn/Cu cell was as high
as 99.6%. The constructed Zn/PNDA cell can be
stably discharged for 2300 times at 1A-g ' with a
good capacity retention rate. Further studies
showed that the introduction of sorbitol additive
agent could effectively prevent the growths of Zn
dendrite and inert by-products, as well as the
hydrogen evolution. This work provides a com-
mon cost-effective additive strategy for achieving
high performance aqueous zinc ion batteries with
a long-life span.
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