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Aqueous zinc-ion batteries (ZIBs) have attracted great research interest for use in large-scale energy
storage devices due to their inherent safety, environmental friendliness, and low cost. Unfortunately,
dendrite growth and interfacial side reactions during the plating/stripping process triggered by uneven
electric field distribution on the surface of the Zn anode seriously hinder the further development of
aqueous ZIBs. Here, practical and inexpensive sodium tartrate (STA) is used as an electrolyte additive to
construct a stable electrode-electrolyte interface, in which STA adsorbs preferentially on the Zn metal
surface, contributing to promoting homogeneous Zn deposition. Moreover, STA interacts more strongly
with Zn?*, which takes the place of the water molecules in the solvated shell and prevents the
development of side reactions. In symmetrical cells and full cells, flat Zn anodes can therefore demonstrate
remarkable cycle stability, opening the door for the development of cost-effective and effective electrolyte

Received 16th October 2023,
Accepted 4th December 2023

Open Access Article. Published on 19 December 2023. Downloaded on 7/11/2025 10:35:07 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

engineering techniques.
DOI: 10.1039/d3im00111c

Keywords: Zinc ion battery; Electrolyte additive; Zinc dendrites; Hydrogen evolution reaction; Anode

rsc.li/icm protection.

1 Introduction

The unsustainable growth of human society is hampered by
the major environmental issues that result from the overuse
of fossil fuels. Recently, a double carbon goal of “emission
peak and carbon neutrality” has been put forward for the
development of renewable energy sources.'® Modern energy
storage facilities must be built as soon as possible.* At
present, lithium-ion batteries (LIBs) that drive portable
electronic devices and electric vehicles are the most widely
used in the energy storage field.>” But so far, there remain a
number of concerns, such as high costs, toxic electrolytes,
and inadequate safety, which substantially impede the use of
large-scale energy storage.®® Compared with organic
electrolytes used in lithium-ion batteries, aqueous electrolytes
are environmentally friendly and non-flammable, and have
high ionic conductivity. Aqueous ZIBs stand out from other
metal-ion batteries (e.g. aluminum,'® potassium,"’ sodium'?)
and have aroused a great deal of attention and interest due to
their lower redox potential (-0.76 V vs. standard hydrogen
electrode), higher theoretical capacity (820 mA h g™, 5854 mA
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h L™), higher natural abundance and lower cost."*"” In short,

aqueous ZIBs are considered the most promising alternatives
to LIBs.

Notwithstanding these advantages, interfacial
reactions (such as corrosion and hydrogen evolution
and growth of Zn dendrites,>>* which occur throughout the
reversible cycle, limit the practical applicability of aqueous
ZIBs and result in low coulombic efficiency (CE) and poor
long-term cycle stability.>* Due to the “tip effect”, where
protuberance of the electrode surface shows a stronger
electric field, zn*" is inclined to deposit at tips, forming
irregular Zn dendrites.>® Further growth of dendrites can
puncture the diaphragm and eventually result in a short-
circuit of batteries.>®?” Also, as soon as the weakly acidic
electrolyte comes into contact with the metal Zn, corrosion
starts to take place. The Zn anode and electrolyte are
consumed to produce insulating by-products and H,.*®
Meanwhile, Zn>* in the ZnSO, electrolyte exists in the form
of a solvated structure [Zn(H,0)s>*],?° and water molecules as
electron acceptors around the Zn>" will decompose inevitably
during the Zn>" deposition (2H,O + 2¢” = 20H  + H,1).
Moreover, the hydrogen evolution reaction (HER) will cause a
change in the local pH value, resulting in increased battery
internal pressure and electrolyte leakage. The generated OH™
will participate in the reaction and form electrochemical inert
by-products (such as  Zn,(OH)sSO,-xH,0),°°**  which
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effectively stop the transfer of ions at the interface and
reduce coulombic efficiency (CE) directly.

Several different Zn anode protection solutions have been
put out to address these issues. These strategies are largely
classified into the following categories: adding electrolyte
additives,**** designing electrode structures,*®™*°
constructing artificial interface layers*"*"**> and modifying
the diaphragm.**** To enhance the Zn anode that may be
utilized in large-scale manufacturing and use, one of the
strategies is the use of electrolyte additives. It is reported that
trace amounts of polyethylene oxide (PEO),> polyethylene
glycol (PEG),* or polyacrylamide (PAM)*® are added into the
ZnSO, electrolyte and adsorbed on the Zn surface, which
promotes the uniform nucleation of Zn and is conducive to
the homogenization of the deposition layer. In addition,
EDTA-2Na,*” methanol (CH3;O0H),*° or dimethyl sulfoxide
(DMS0)*® is introduced into the ZnSO, electrolyte to adjust
the solvated shell of Zn®*" ([Zn(H,O)¢]*"), which suppresses
the occurrence of side reactions in the electrode-electrolyte
interface. Therefore, it is necessary to develop multi-
functional electrolyte additives for the electrode protection of
ZIBs. By modulating the solvation structure and the
deposition morphology of Zn, multiple effects can be
achieved. This can not only inhibit dendrites but also reduce
side reactions, which is crucial for the construction of safer
and more efficient ZIBs.

In coordination chemistry, sodium tartrate (STA) is used
as a chelating agent for metal ions. It has an excellent ability
to chelate most divalent and trivalent metal ions.”® Herein,
sodium tartrate is proposed as a novel organic electrolyte
additive for ZIBs to suppress the formation of dendrites and
reduce side reactions (mainly suppression of hydrogen
evolution), constructing a stable electrode-electrolyte
interface. Combining the experimental results and theoretical
calculation, it is found that a stronger adsorption energy
between STA and the Zn metal surface induces preferential
adsorption of STA on Zn foil, inhibiting the growth of
dendrites. Thus, the STA molecule and Zn** have a stronger
binding than H,O to allow STA to replace water molecules
and reconstruct the solvation structure of Zn?*', which
effectively reduces the decomposition of active water
molecules. It's worth noting that the content of hydrogen
precipitation can be monitored in real time by gas
chromatography, which is a good indication that STA has the
ability to inhibit hydrogen production. Due to these multiple
functions, symmetrical cells and full cells using STA exhibit
excellent cycle stability, superior to those using a pure ZnSO,
electrolyte.

2 Results and discussion

In pure ZnSO, electrolyte, due to the uneven distribution of
electric field caused by the unsmooth surface of Zn foil, Zn*"
prefers to aggregate at nucleation sites, forming two-
dimensional diffusion protuberance. Under the further action
of the “tip effect”, the growth of dendrites is intensified, and
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then the membrane is punctured, resulting in a short circuit
of the battery, which greatly reduces the lifespan of the
battery.® A multitude of side reactions (including hydrogen
evolution, passivation, etc.) and by-products are produced as
a result of the decomposition of many active water molecules
in the electrolyte, which has an adverse impact on the
battery's cycle stability and lifespan (Fig. 1a). In contrast, as
shown in Fig. 1b, after STA is added to the ZnSO, electrolyte,
on the one hand, since the interaction between sodium
tartrate and Zn*" is greater than that between Zn>" and water
molecules, it can replace the water molecules around Zn>*
and enter into the solvated shell, inhibiting the
decomposition of active water molecules, and thus achieving
the effect of suppressing hydrogen evolution. On the other
hand, STA can be adsorbed on the surface of the Zn anode to
form a uniform and dense film, which limits the two-
dimensional diffusion behavior of Zn*" and avoids the direct
contact between the electrode and electrolyte interface, which
plays a crucial role in inhibiting dendrite growth.

The effects of STA added into the ZnSO, electrolyte can be
firstly verified by immersion experiments. The concentration
gradient of the prepared STA in the electrolyte is as follows:
(i) 0.1 g L' STA; (ii) 0.2 g L™ STA; (iii) 0.5 g L™" STA (Fig.
S17). As demonstrated in Fig. 1c-f, the Zn foil was soaked in
pure ZnSO, (“blank electrolyte”) and ZnSO, containing
different concentrations of STA for 5 hours, and the Zn foil
was taken out and rinsed with deionized water. The surface
morphology of the Zn foil was examined by SEM after drying
in an oven. In the absence of electrolyte additives, a large
number of flake by-products with a certain size, such as
Zn,(OH)eSO,-xH,0,”" were attached to the surface of Zn foil
due to side reactions. But if 0.1 g L™ STA was added to the
ZnSO, electrolyte, the number and size of sheet by-products
were significantly reduced. The Zn foil was shielded from
corrosion as a result of a relatively small quantity of STA
being adsorbed on its surface. When the concentration of
STA increased to 0.2 g L™, there were almost no by-products
on the surface of the Zn foil, and the Zn foil immersed
seemed flatter and smoother, implying that the Zn foil has
excellent cycle stability due to the formation of an adsorption
layer. However, if the concentration of STA was increased to
0.5 g L™, by-products were restacked on the surface of the Zn
foil, but it was still better than the blank electrolyte. This
may be due to the fact that STA cannot form a continuous
adsorption layer when it is inadequate, and that steric
hindrance occurs when STA is present in excess, which
prevents the uniform deposition of Zn**.”*

To explore the functions of STA on the improved plating/
stripping performance of the Zn anode, the physical
properties of electrolytes with different concentrations of STA
were investigated. As presented in Fig. 2a, with an increase in
STA concentration, the ionic conductivity of the electrolytes
steadily improved. This facilitated ion transport and charge
transfer throughout the discharging and charging process.
Corrosion resistance is an indicator of electrode-electrolyte
interface stability. The Tafel curve was measured by cyclic
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Fig. 1 Schematic illustration of the Zn deposition process in (a) ZnSO4 and (b) ZnSO,4-STA electrolytes; (c-f) SEM images of Zn foil soaked for 5
hours in the ZnSO,4-STA electrolyte (0 g L%, 0.1g L™ 0.2g L% and 0.5 g L', respectively).

voltammetry to assess the anti-corrosion capability of the
electrolyte. As demonstrated in Fig. 2b, the corrosion current
decreases from 1.176 mV to 0.920 mV and then increases to
1.108 mV with the existence of STA in the ZnSO, electrolyte,
confirming that the lower corrosion current alleviates the
corrosion issue and avoids the formation of parasitic by-
products.®® In addition, the adsorption effect of STA on Zn
was revealed via differential capacitance measurement, which
directly affects the stability between the electrode and
electrolyte interface, thus regulating the plating/stripping
behavior.”**> As shown in Fig. 2c, compared to the blank
electrolyte, the electrolyte containing STA has a reduced
capacitance. When the concentration of STA is 0.2 g L™, the
electrode capacitance shows the lowest value, demonstrating
the formation of an adsorption layer that behaves like a
protective film and equally covers the Zn foil's surface, which
inhibits the corrosion behavior of the electrolyte and restricts
Zn*" ion flux, which is concordant with the results of the
above immersion test. At the same time, the contact angle
experiment further validates the affinity between the
electrolyte and the Zn substrate (Fig. S2).

A negative overpotential (-150 mvV) is applied to the Zn
electrode through the chronoamperometry method, further
revealing the nucleation behavior and change of the Zn

330 | /Ind. Chem. Mater., 2024, 2, 328-339

surface. As a result of an unregulated 2D diffusion process,
the current in both the STA-containing and the blank
electrolytes initially dropped off quickly. However, after 40 s,
the current decline in the ZnSO,-STA electrolyte became
much less serious, which might be related to the Zn** 3D
diffusion behavior, thus hindering the growth of dendrites
and maintaining the smooth surface morphology (Fig.
$31).°**” In addition to preventing dendrite growth, STA
additive adsorption also minimizes the occurrence of side
reactions, particularly hydrogen evolution. To evaluate this,
linear sweep voltammetry (LSV) scans were performed. As
presented in Fig. 2d, the electrolyte with STA has a lower
HER overpotential than the blank electrolyte at the same
current density, manifesting that the addition of STA affected
suppressing H, generation.

Symmetrical cells in 1 mol L™ ZnSO, with various STA
concentrations were built to more thoroughly assess how the
addition of STA affected cycle stability and rate performance.
As shown in Fig. 3a, the voltage profiles of Zn||Zn
symmetrical cells in the blank electrolyte at a current density
of 10 mA ecm™ with a capacity of 2 mA h cm™> were recorded.
The voltage of symmetrical cells working in the blank
electrolyte presents fluctuation significantly after 103 hours,
reflecting the internal short circuit in the battery, which is
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Fig. 2 (a) lon conductivity of 1 mol L™ ZnSO,4 and 1 mol L™ ZnSO, containing different concentrations of STA; (b) the corresponding Tafel curves
were recorded by scanning at 1 mV s ! of three-electrode systems; (c) differential capacitance plots were obtained in the electrolyte with different
amounts of STA; (d) linear sweep voltammetry curves measured in ZnSO4 and ZnSO,4-STA systems.
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(a) Cycling performance of Zn||Zn symmetric cells using 1 mol L™t ZnSO,4 and 1 mol L™ ZnSO, containing different concentrations of STA

at a current density of 10 mA cm™2 with a fixed capacity of 2 mA h cm™2; (b) voltage-time profiles of Zn||Zn symmetric cells in 1 mol L™ ZnSO,
with/without STA at 2 mA cm 2 with a capacity of 4 mA h cm™2; (c) voltage profiles of Zn||Cu asymmetric cells in 1 mol L™ ZnSO, with/without
STA; (d) the initial nucleation potential for Zn||Cu asymmetric cells in the two electrolytes; (e) the corresponding voltage-capacity curves for the
selected cycles in 1 mol L™ ZnSO, with/without STA.
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ascribed to the serious growth of dendrites. In comparison,
the cycle life of the battery is increased to about 500 hours
with the addition of 0.2 g L™ STA. Furthermore, the Zn||Zn
symmetrical cells with 0.1 g L™ STA and 0.5 g L™ STA deliver
a cycling life of 384 hours and 217 hours, respectively.
Consequently, the optimal concentration of STA is selected to
be 0.2 g L' in the subsequent experiments. After that,
symmetrical batteries with a capacity of 4 mA h em™ and a
current density of 2 mA cm™ were assembled for
comparison, further demonstrating the viability of the battery
cycle stability enhanced by the addition of STA. As illustrated
in Fig. 3b, compared with the blank electrolyte, the cycle time
of the symmetric battery assembled with 0.2 g L™ STA is
about twice as long as that of the blank electrolyte. The
irregular dendrites coated on the surface of the Zn foil, which
disrupt the distribution of the electric/ion field and cause the
battery to short circuit, are likely to blame for the poor
results in the pure ZnSO, electrolyte.’®*® In addition, when
the battery with two different electrolytes was run at a current
density of 5 mA cm™ and a capacity of 2 mA h ecm™, the
voltage of the battery in the blank electrolyte fluctuated and
eventually shortcut at 130 hours (Fig. S4f). However, the
modified electrolyte could be stably circulated for about 350
hours, confirming the superiority of STA. Electrochemical
impedance spectroscopy (EIS) showed that the charge
transfer resistance of the Zn||Zn symmetrical battery
assembled with the electrolyte containing STA was smaller
than that of the blank electrolyte (Fig. S5t). This may be
because the interaction between Zn*>* and STA destroyed the

View Article Online

Industrial Chemistry & Materials

solvated structure of Zn>" and promoted the charge transfer
of Zn*".

Coulombic efficiency (CE) is another important factor
affecting the battery life.° By assembling Zn||Cu asymmetric
cells with different electrolytes, plating/stripping tests were
carried out at a current density of 1 mA cm™> and a capacity
of 1 mA h em™. As presented in Fig. 3c, the battery using the
blank electrolyte had a significant drop after only 80 hours.
In contrast, the battery with 0.2 g L™" STA could cycle stably
for more than 160 hours, demonstrating that STA modulates
the deposition/stripping process of Zn>' regularly. Fig. 3d
shows the initial nucleation potential tested with the two
electrolytes in the Zn||Cu half cells. After the addition of the
electrolyte additive (0.2 g L™ STA), the nucleation potential is
reduced from 68 mV in the blank electrolyte to 48 mV. Details
of the voltage capacity curve for the Zn||Cu asymmetric cell
in a fixed cycle can be represented by Fig. 3e. The CE of the
Zn||Cu asymmetric cell using the blank electrolyte begins to
decay at 20 cycles and finally fails at 45 cycles. In sharp
contrast, the CE of the cell with 0.2 g L' STA remains stable
over 90 cycles, indicating that the utilization rate of Zn
during the cycling is relatively high and the side reaction is
effectively inhibited.

In order to further clarify the regulation effect of STA on
the electrode-electrolyte interface, characterization methods
were used to analyze the composition and morphology of the
surface of Zn foil. Top-view and cross-sectional scanning
electron microscopy (SEM) images of the Zn anode after 10
cycles are shown in Fig. 4a-d. In the blank electrolyte, a great
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Fig. 4 Top-view SEM images of the Zn anode in 1 mol L™ ZnSO, (a) and 1 mol L™ ZnSO, with 0.2 g L™ STA (b) after 10 cycles at a current density
of 10 mA cm™? and a capacity of 2 mA h cm™; cross-sectional SEM images of the Zn anode in 1 mol L™ ZnSO, (c) and 1 mol L™ ZnSO, with 0.2 g
L™ STA (d) after 10 cycles at a current density of 10 mA cm™ and a capacity of 2 mA h cm™; XPS spectra of C 1s (e) and O 1s (f) of the Zn anode

after 10 cycles with 0.2 g L™* STA.
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deal of flake-like dendrites and by-products can be observed
to be disorderedly stacked on the surface of the Zn foil.
Meanwhile, these dendrites will grow into the diaphragm to
accelerate the degradation of battery performance or short
circuits. In comparison, the Zn anode in the electrolyte
containing STA presents a relatively flat and smooth surface,
which intuitively confirms the uniform deposition of Zn
during the plating/stripping process without unfavorable
dendrite formation. The energy dispersive spectroscopy (EDS)
element analysis on the surface of the Zn electrode after 10
cycles is shown in Fig. S6.f Elements C, O, S and Zn
simultaneously detected uniformly disperse on the surface of
Zn foil, which also evidences that STA is evenly adsorbed on
the Zn anode and regulates the homogeneous Zn*'
deposition. Atomic force microscopy (AFM) is used to
characterize the roughness of the surface of the Zn anode
(Fig. S7t). It is clear that the height of the surface bulge of
the Zn anode in the blank electrolyte is higher than that
containing STA additives, which further proves that STA plays
a role in uniform Zn deposition and inhibits the growth of
dendrites. X-ray photoelectron spectroscopy (XPS) was further
studied to support the view that STA chemically anchors on
the surface of the Zn electrode. The total spectrum and Zn 2p
spectrum can be obtained from the energy spectrum in Fig.
S8.f As demonstrated in Fig. 4e and f, for the C 1s spectrum,
the Zn foil treated with 0.2 g L™ STA shows a new peak at
286.29 eV, which can be indexed to the C=O bond in STA.
The peak at 532.70 eV in the O 1s spectrum can also be
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attributed to the C=O0 bond of STA. These results not only
indicate that STA is stably anchored on the Zn surface, but
also reveal the interaction between Zn and STA in the form of
a C-O-Zn cross-linked structure. Fourier infrared (FT-IR)
spectroscopy also further verified the presence of C-O-Zn
cross-linked structures on the surface of the Zn electrode
(Fig. S91).°° It can be observed that the characteristic peak of
Zn-O is at 897 cm ™', which proves that the Zn** forms a new
bond with oxygen on the carbonyl group in STA.

DFT calculations were performed to further explain the
interaction between Zn*', STA, and H,O. From Fig. 5a, it can
be seen that the binding energy of Zn**-STA is higher than
that of Zn**-H,O and STA-H,O, further indicating that the
STA molecule and Zn>" have a stronger binding than H,O to
allow STA to replace water molecules and reconstruct the
solvation structure of Zn>". The Raman spectra of different
electrolytes further confirm the regulating effect of the
solvation structure. In Fig. $10,f the peak at 982.07 cm™
observed in the Raman spectrum of the 1 M ZnSO, electrolyte
corresponds to the symmetrical stretching vibration of
S0,*"(v(S04>7)). With the 0.1 g L™ STA additive, the peak
shifted to higher frequencies at 984.09 em™. The coordinated
H,0O molecules in the solvation structure are partially
replaced with STA, leading to weakened solvation between
H,O0 and Zn*" as well as the regulated solvation sheath of
[Zn(H,0)s]*". Fig. 5b directs the adsorption energy of H,O
and STA at different adsorption sites on the Zn (002) slab.
Surprisingly, there is very little interaction between H,O and
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Fig. 5 (a) The binding energy for Zn?** with different compounds (STA and H,O) using DFT calculation; (b) adsorption energy of H,O and STA
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electrolytes at a current density of 10 mA cm2; (d) comparison of the hydrogen evolution content of 0.2 g L™ tartaric acid (TA) and STA with the

blank electrolyte; finite element simulation (FEA) for the electrode-electrolyte interface at 0, 100 and 200 s (from left to right) in the 1 mol L™

1

ZnSO, electrolyte (e) and 1 mol L™ ZnSO, electrolyte with STA (f).
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Zn foil, and H,O positioned on the Zn (002) plane in the top
position is the most stable (E,qs, = —0.31 V). STA and Zn foil
instead have significant interaction. The adsorption energy of
STA placed vertically (including top, bridge, and hollow
positions) along the surface of the Zn sheet is lower than that
placed in the parallel position (E.qs. = —0.79 V vs. 0.41 V)
(H,O and STA placed on the Zn (002) slab with other
adsorption sites as shown in Fig. S11f). Therefore, STA
prefers to adsorb on the Zn (002) slab in a vertical position.
Finite element simulation (FEA) was also carried out to
simulate the Zn plating/stripping process in different
electrolyte systems. Gas chromatography was also employed
to monitor the content of precipitated hydrogen in real time
to further verify the effect of STA in inhibiting hydrogen
evolution. The schematic diagram of the hydrogen evolution
device is shown in Fig. S12.f As presented in Fig. 5c, by
comparing the hydrogen evolution content of Zn foil in the
blank electrolyte and electrolyte with different concentrations
of STA, it is obvious that under the conditions of adding STA,
the hydrogen content is reduced and the hydrogen content of
electrolyte with 0.2 g L™ STA is the lowest value. This
illustrates that 0.2 g L™" STA has the most significant
inhibitory effect compared with the blank electrolyte, which
is consistent with the cycling performance of symmetrical
cells. Moreover, when the current density is set to 4 mA em™>,
the same result is still obtained (Fig. S13t). In addition,
comparing the hydrogen evolution content of tartaric acid
with sodium tartrate, the results show that tartaric acid has

View Article Online
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the highest hydrogen evolution content. This could be a
result of the tartaric acid solution's acidity, which encourages
hydrogen precipitation (Fig. 5d). As demonstrated in Fig. 5e,
in the blank electrolyte, the Zn anode presents an uneven
surface due to the random deposition of Zn**, which leads to
the rampant growth of Zn dendrites. However, before the Zn
dendrites form, STA addition will preferentially adsorb on the
Zn anode's surface, thereby shielding the tip electric field. At
the same time, its adsorbed concentration is adjusted
according to the surface curvature of the electrode,
accelerating the filling of the concave surface,®* so that the
surface of the Zn foil is in a flat and uniform state (Fig. 5f).
The battery's electrochemical performance is also a
significant marker of its commercial viability.®> Therefore,
V,05 was used as a cathode and the Zn sheet as an anode to
fabricate the full cell to verify the feasibility of adding STA. In
the initial stage, cyclic voltammetry (CV) was carried out on
the Zn||V,O5 full cell in the blank electrolyte and the
electrolyte containing STA, as shown in Fig. 6a and S14.F It
can be observed that the reduction peak in the first cycle of
the battery has a large shift compared with the reduction
peak in the subsequent cycles, which is caused by the
formation of the SEI film on the electrode surface during the
first discharge. In the subsequent cycles, there was no
significant difference between the peak position of the
battery after the addition of STA and the battery without the
addition of STA, indicating that the introduction of STA had
no effect on the redox reaction of the full battery. Fig. 6b and
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Fig. 6 (a) The CV curves of the Zn||V,Os cells with the STA additive at a scan rate of 1 mV s™%; (b) the discharge/charge curves of the Zn||V,Os
cells from 0.2 A g™* to 2 A g* with the STA additive; (c) rate performance of the Zn||V,Os cells in the electrolyte with/without the STA additive. (d)
EIS and fitting curves recorded in the two different electrolytes after 10 cycles; (e) long-term cycling performance of the Zn||V,0s cells in the

electrolyte with/without the STA additive at 2 A g™*.
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S15% show the charge-discharge profiles of the Zn||V,0s full
cell in the blank electrolyte and the electrolyte containing
STA, which matches well with the CV curves and still has a
stable voltage profile at a current density of 2 A g,
indicating that the Zn anode has good stability. The rate
performance of the Zn||V,Os full cell in both electrolytes is
displayed in Fig. 6¢c. The average specific capacity of the Zn||
V,0s5 full cell containing STA is 280, 200, 150, and 120 mA h
g™ at the current density of 0.2, 0.5, 1.0 and 2.0 A g,
respectively. When the current density returns to 1.0 A g,
the capacity of 150 mA h g ' can still be maintained, which is
superior to the blank electrolyte, demonstrating that the rate
performance of the full cell has been improved. This might
be a result of the fact that the adsorption layer formed by
Zn>* and STA decreases the charge transfer resistance after
the introduction of STA, which can also be confirmed by the
electrochemical impedance spectroscopy (EIS) measurement
of the Zn||V,Os full cell. The equivalent circuit fitting Nyquist
curve and the fitting results can be acquired in Fig. S16 and
Table S1.7 As shown in Fig. 6d, after 10 cycles in the two
electrolytes, the interfacial resistance (Ry) and charge-transfer
resistance (R.) of the electrolyte containing STA were both
lower than those of the blank electrolyte, suggesting that a
stable and uniform electrode-electrolyte interfacial layer was
formed after the addition of STA, which promoted charge
migration.

The benefits of STA can be further reflected in the long-
term cycling stability of the Zn||V,Os full cell (Fig. 6e). The
high CE values of both electrolytes at a current density of 2 A
g are close to 100%. Furthermore, the full cell containing
STA maintains a discharge capacity of 142.5 mA h g™* after
200 cycles with a retention rate of 58.0% at 2 A g~*, while the
full cell using the blank electrolyte shows dramatic capacity
fading with only 40.0% capacity retention, which may be
caused by severe dendrite growth and formation of by-
products. In addition, the cycle performance of the full
battery at 10 °C and 40 °C was also tested, and the battery
containing 0.2 g L™ STA performed better than the blank
electrolyte (Fig. S17 and S187).

3 Conclusion

In this study, STA is added to the electrolyte to protect the Zn
anode. STA can prevent dendrite as well as H, formation,
extending the cycle life and durability of ZIBs. The effect
mechanism of STA is that STA interacts with Zn>" in the Zn
electrode surface, which forms a stable adsorption layer,
promotes uniform deposition of Zn**, and inhibits the
growth of dendrites. Additionally, the stronger interaction
between STA and Zn>* makes STA replace the water
molecules around Zn** and enter the solvated shell, reducing
the occurrence of side reactions, especially H, precipitation.
It is important to note that it is relatively new to measure the
hydrogen precipitation content of a Zn anode submerged in
an electrolyte using gas chromatography, which demonstrates
intuitively how well STA inhibits hydrogen development.

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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Therefore, Zn||Zn symmetric cells with the STA electrolyte
show excellent cycle stability for around 500 h at a current
density of 10 mA cm™ and a capacity of 2 mA h cm™, and
Zn||V,05 full cells with the STA electrolyte show long-term
cycle stability at a current density of 2 A g . To sum up, this
work offers a general framework for the future development
of high-efficiency and cheap low-cost electrolyte addition.

4 Experimental section
4.1 Materials

Zn foil with a thickness of 0.2 mm (purity of 99.99%) was
procured from Suzhou Fosai New Materials Co., Ltd. Zinc
sulfate heptahydrate (ZnSO,-7H,O, AR) and vanadium
pentoxide (V,0s, AR) were purchased from Shanghai Aladdin
Bio-Chem Technology Co., Ltd. Sodium tartrate (C,HsO4Na)
was purchased from Shanghai Macklin Bio-Chem Technology
Co., Ltd. A glass fiber separator was supplied by Germany
Merck Millipore Co., Ltd.

4.2 Preparation of electrolytes

1 mol L' ZnSO;, solution as a blank electrolyte was prepared
by dissolving zinc sulfate heptahydrate powder in deionized
water. Different amounts (1 mg, 2 mg, and 5 mg, respectively)
of STA were added to 10 mL of 1 mol L™ ZnSO, solution to
obtain the corresponding concentration of STA followed by
0.1 gL' 0.2¢gL™", and 0.5 g L. Among them, the optimal
concentration of STA was 0.2 g L', and its electrolyte was
denoted as 1 mol L™ ZnSO, + 0.2 g L™ STA.

4.3 Material characterization

A scanning electron microscope (SEM, HITACHI SU8010) was
used to investigate the surface morphology of the Zn anode.
Analysis of element species and content was carried out by
energy dispersive spectroscopy (EDS). X-ray photoelectron
spectroscopy (XPS) was performed on a Thermo Scientific K-
Alpha+ spectrometer (monochromatic Al Ko radiation (1486.6
eV) as an X-ray source) to determine the surface composition
of the Zn anode. An FT-IR spectrometer (VERTEX 80v, Bruker)
was employed to characterize FT-IR spectra. The ionic
conductivity of the electrolyte mentioned above was
conducted on a conductivity meter (Shanghai Shiyi Precision
Instruments Co., Ltd.). Differential capacitance was tested on
an electrochemical comprehensive tester (Solartron 1287) by
the electrochemical impedance method (scan rate: 10 mv s ',
potential window: -0.4-0.4 V, frequency: 1000 Hz). The
contact angle between the electrolyte and Zn anode was
measured using a contact angle meter (JC2000D2A,
POWEREACH). The roughness of the surface of the Zn anode
after cycling was performed by atomic force microscopy
(AFM, Dimension Icon, Bruker). In a mild aqueous
electrolyte, hydrogen evolution reactions (HERs) inevitably
occur during the battery's resting and charging/discharging
process. The decomposition of water molecules in the Zn**
solvated shell can lead to an increase of local OH™
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concentration and the precipitation of hydrogen. The
hydrogen evolution device was assembled and the amount of
hydrogen precipitation during Zn deposition/stripping was
measured using a gas chromatograph (GC9790II). 40 mL of
electrolyte was added to a 50 mL test tube, two zinc sheets of
the same size welded on a stainless steel column were placed
in the electrolyte, and 10 mL of nitrogen gas was passed
through. The charging/discharging test was carried out at a
certain current density, and the gas in the test tube was
extracted at a certain time interval for detection.

4.4 Electrochemical measurements

The electrochemical measurements were conducted by
assembling coin-type cells (CR2032), which were composed of
a cathode, an anode, the as-prepared electrolyte with/without
the STA additive, and a glass fiber separator. Galvanostatic
cycling performance tests were carried out in the battery test
system (Neware BTS-4000) after 4 hours of rest. The Zn||Zn
cells were tested at constant current densities of 2, 5, and 10
mA cm?, and corresponding area capacities of 4, 2, and 2
mA h ecm™, respectively. The Zn||Cu asymmetric cells were
measured to investigate coulombic efficiency (CE). The Zn||
V,0s5 cells were used to test long-term cycling stabilities and
life span. For the V,0; synthesis method, it has been
reported in previously published literature. V,O5 as an active
material, Super P as conductive carbon, and PTFE
(polytetrafluoroethylene) as a binder were mixed in an
ethanol solvent at a mass ratio of 7:2:1 to obtain a slurry.
Then, the slurry was rolled out into slices and tailored into
suitable sizes. The active loading masses for the V,Os
electrodes were about 2.6 mg cm . The Tafel curve which
reflects the corrosion behavior of the Zn anode was recorded
by scanning in a potential range (0.3 V) at 1 mV s* of three-
electrode systems. Linear sweep voltammetry (LSV) was
performed to figure out the hydrogen evolution reactions
(HERs) using Zn||Ti asymmetric cells with a scan rate of 10
mV s between —-0.3 V and 0 V. The current-time curves
reflecting corrosion behavior were collected by the
chronoamperometry (CA) method with a voltage of 150 mV
over 200 s. Electrochemical impedance spectra (EIS) and
cyclic voltammetry (CV) curves were measured using a
CHI604E electrochemistry workstation (Shanghai Chen Hua
Instrument, Inc.).

4.5 Theoretical calculations

The density functional theory (DFT) calculations were carried
out with Gaussian 09. Molecular geometry optimizations and
frequency calculations were performed using the B3LYP®
functional with the D3(BJ) dispersion correction and the
def2-SVP®* basis set for all atoms in the SMD® solvation
model (H,O as solvent). The binding energy is defined by the
equation as follows: Epinding enerey = Ecomplex
Emolecular/anions Where Ecompiex IS the total energy of the
cation-solvent complex, E.aion iS the total energy of the

Ecation —
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cation, and Ejolecular/anion 1S the total energy of H,O or the
tartrate ion.

Electronic structure calculations were performed by using
the Vienna ab initio simulation package (VASP).®® The
generalized gradient approximation (GGA) with the
exchange-correlation functional Perdew-Burke-Ernzerhof
(PBE) was used. A cutoff energy of 400 eV was employed for
the plane-wave basis set, and the projector augmented wave
(PAW) method was used to describe core electrons. The
convergence criteria for geometry optimization conversion
with forces on atoms and energy differences were set to 0.05
eV A and 10~ eV. Under the periodic boundary conditions,
the calculations were carried out within a 10.6596 x 10.6596
x 22.4202 A® box. For all slabs, a vacuum layer of 15 A in the
Z direction was used to avoid the effect of periodic
conditions. The Zn slab (002) used four layers of the 4 x 4
supercell (64 Zn atoms with the bottom two layers fixed) to
represent the adsorbed surface. The adsorbed energy of the
Zn slab and different species is defined by the equation as
follows: Eadsorbed energy — Eslab+species = Egap — Especies7 where
Egabrspecies 1S the total energy of the optimized adsorbate
surface, and Egjp, and Egpecies are the total energy of the bare
surface and adsorbate.

2D models of electrolyte systems were established to
simulate the deposition/stripping process of zinc based on
COMSOL Multiphysics software. Here the model using the
Level Set interface can handle topological changes, thus
allowing observation of the entire growth process of electrode
boundaries. The complete simulation is characterized as a
transient phenomenon where the cathodic boundary
continuously shifts, demonstrating the progression of the
deposition process. The simulation was executed for a total
duration of 700 seconds. The model is 30 um in length and
65.5 um in height, with a Zn layer thickness of 5.5 um at the
bottom and an electrolyte thickness of 60 um. The mesh is
chosen to be triangular or tetrahedron-based while using an
increasing refinement toward the electrode bands. The
cathodic reaction is defined by the Butler-Volmer equation.
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